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MULTIPLE TAGGING OF LONG DNA FRAGMENTS

RELATED APPLICATIONS

[0001] This disclosure claims priority to U.S. patent application No. 14/205,145, filed March 11, 2014,
and to U.S. provisional application No. 61/801,052, filed March 15, 2013.

FIELD

[0002] This disclosure relates to analysis of nucleic acids, such as genomic DNA, including sequencing

and haplotype determination.

BACKGROUND OF THE INVENTION

[0003] There is a need for improved methods for determining the parental contribution to the genomes
of higher organisms, i.e., haplotype phasing of genomes. Methods for haplotype phasing, including
computational methods and experimental phasing, are reviewed in Browning and Browning, Nature
Reviews Genetics 12:703-7014, 2011.

[0004] Most mammals, including humans, are diploid, with half of the homologous chromosomes being
derived from each parent. Many plants have genomes that are polyploid. For example, wheat ( Triticum
spp.) have a ploidy ranging from diploid (Einkorn wheat) to quadriploid (emmer and durum wheat) to
hexaploid (spelt wheat and common wheat [T. aestivum]).

[0005] The context in which variations occur on each individual chromosome can have profound
effects on the expression and regulation of genes and other transcribed regions of the genome. Further,
determining if two potentially detrimental mutations occur within one or both alleles of a gene is of
paramount clinical importance. For plant species, knowledge of the parental genetic contribution is
helpful for breeding progeny with desirable traits.

[0006] Some of the current methods for whole-genome sequencing lack the ability to separately
assemble parental chromosomes in a cost-effective way and describe the context (haplotypes) in which
variations co-occur. Simulation experiments show that chromosome-leve! haplotyping requires allele
linkage information across a range of at least 70-100 kb.

[0007] Single molecule sequencing of greater than 100 kb DNA fragments would be useful for
haplotyping if processing such long molecules were feasible, if the accuracy of single molecuie
sequencing were high, and detection/instrument costs were low. This is very difficult to achieve on short

molecules with high yield, let alone on 100 kb fragments.

[0008] Most recent human genome sequencing has been performed on short read-length (<200 bp),
highly parallelized systems starting with hundreds of nanograms of DNA. These technologies are

excellent at generating large volumes of data quickly and economically. Unfortunately, short reads,
1
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often paired with small mate-gap sizes (500 bp-10 kb), eliminate most SNP phase information beyond
a few kilohbases {(McKaman et al., Genoma Res. 19:1527, 2008). Furtharmore, it is very difficull to

mainiain iong DNA fragments in multipie processing steps without fragmenting as a resuit of shearing.

{8008] Until recently, only about three personal genomes have been sequenced and assembied as
diploid: thosa of J. Craig Vanter (Levy et al., PLoS Biol 5:0254, 2007), a Gujarall Indian (HapMan
sample NA20847; Kitzman et al., Nat, Biotechnol. 28:59, 2011), and two Europeans {Max Planck One
[MP1}; Suk et al., Genome Res., 2011; and HapMap Sampia NA 12878; Duitama et al,, Nucl, Acids
Res. 40:2041-2053, 2012}, All have involved cloning long DMA fragments into constructs in a procass
similar to the bacterdal artificial chromosome (BAC) sequencing used during construction of the human
raference genome (Venter et al,, Sclence 291:1304, 2001; Landsr et al., Nature 408:8680, 2001},

While these processes generate long phased contigs (N50s of 350 kb [Levy et al., PLoS Biol. 5:e254,
20077, 388 kb [Kitzman ot al., Nat, Biotechnol, 28:59-83, 2011} and 1Mb [Suk et al., Genoma Res.
21:1872-1885, 2011)) they requirs a large amount of initial DNA, extensive library processing, and are
too expansive to use in a routine clinical environment,

{0010} Additionally, whole chromosome haplotyping has been demansirated through direct isclation
of metaphase chromosomes (Zhang et al., Nat. Genet. 38:382-387, 2006; Ma ef al., Nat. Methods
7:290-301, 2010; Fan ot al, Nat. Bictechnol. 28:51-87, 2011; Yang at ab., Proc. Nati. Acad. Sci. USA
108:12-17, 201 1), These methods are useful for long-range haplotyping but have yet to be used for
whole-genome sequencing; they require preparation and isolation of whole metaphase chromosomes,

which can be challenging for some clinical samples.

{8011} There is also a need for improved methods for obtaining sequence information from mixtures
of organiems such as in metagenomics (e.g., gut bacteria or other microbiomes). There is also a nead
for improved methods for genome seguencing and assembly, including ds nove assembly with no or
minimal use of a refarence sequencea), or assembly of genomes that include varicus types of repeat
sequences, including resolution of pseudogenes, copy number varations and structural variations,

e<pecsa fin o genomes,

{0012} We have described long fragment read (LFR) mathods that provide enable an accurate
assembly of separate sequences of parental chromosomes (iL.e., complete haplotyping) in diploid
genomes at significantly reduced experimental and computational costs and without cloning into
vectors and celi-based replication. LFR iz hased on the physical separation of long fragments of
genomic DNA {or other nucleic acids) across many different aliquots such that there is a low
probability of any given region of the genome of both the matemal and patemal component being
represeniad in the same aliquot. By placing a unique identifier in each aliquot and analyzing many
aliguots in the aggregate, DNA saquance dala can ba assembled info a diploid genome, e.g., the
sequence of each parental chromosome can be determined. LFR does not require cloning fragments
of @ complax nucleic acid into a vector, as in haplolyping approaches using large-fragment {8.g.,
BAQC) libraries. Nor does LFR require direct isolation of individual chromosomes of an organism. in
addition, LFR can be performed on an individual organism and does not require a population of the

organism in order o accomplish haplotype ghasing.
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[0013] LFR methods have been described in U.S. Patent Application Nos. 12/329,365 and 13/447,087,
U.S. Pat. Publications US 2011-0033854 and 2009-0176234, and U.S. Patents Nos. 7,901,890,
7,897,344, 7,906,285, 7,901,891, and 7,709,197.

SUMMARY OF THE INVENTION

[0014] The invention provides methods and compositions for Multiple Tagging of Individual Long DNA
Fragments (referred to herein by the abbreviation Multiple Tagging, or MT). MT is useful for analysis of
nucleic acids, such as genomic DNA, including sequencing and for analyzing the resulting sequence
information to reduce errors perform haplotype phasing, among other things, and perform accurate
variant calling, especially for heterozygotes.

[0015] Methods are provided in this disclosure for sequencing a target nucleic acid by: (a) combining in a
single reaction vessel (i) a plurality of long fragments of the target nucleic acid, and (ii) a population of
polynuclectides, wherein each polynucleotide comprises a tag and a majority of the polynucleotides comprise a
different tag; (b) introducing into a majority of the long fragments tag-containing sequences from said population
of polynucleotides to produced tagged long fragments, wherein each of the tagged long fragments comprises a
plurality of the tag-containing sequences at a selected average spacing, and each tag-containing sequence
comprises a tag; and (c) producing a plurality of subfragments from each tagged long fragment, wherein each
subfragment comprises one or more tags. Such methods are suitable for preparing a target nucleic acid for
nucleic acid sequencing, and may comprise sequencing the subfragments to produce a plurality of sequence
reads; assigning a majority of the sequence read to corresponding long fragments; and assembling the

sequence reads to produce an assembled sequence of the target nucleic acid.

[0016] Producing the tagged subfragments by such methods may comprise performing an amplification
reaction to produce a plurality of amplicons from each long fragment. Each amplicon may comprise a
tag from each of the adjacent introduced sequences and a region of the long fragment between the
adjacent introduced sequences. Such methods may comprise combining the long fragments with an
excess of the population of tag-containing sequences; and/or combining the long fragments with the
tag-containing solution under conditions that are suitable for introduction of a single tag-containing

sequence into a majority of the long fragments.

[0017] Such methods may comprise combining the long fragments with the tag-containing solution
under conditions that are suitable for introduction of a different tag-containing sequences into a majority
of the long fragments. The population of tag-containing sequences may comprise a population of beads,
wherein each bead comprises multiple copies of a single tag-containing sequence, or a concatemer
comprising multiple copies of a single tag-containing sequence. In such methods the tag-containing
sequences typically comprise transposon ends, the method typically comprising combining the long
fragments and the tag-containing sequences under conditions that are suitable for transposition of the

tag-containing sequences into each of the long fragments.

3

CA 2902882 2020-03-13



CA 02902882 2015-08-27

WO 2014/145820 PCT/US2014/030649

Alternatively, the tag-containing sequences may be a hairpin sequence. The target nucleic acid may
be a complex nucleic acid, such as a genome of an organism. Such methods may be done for

determining a haplotype of the genome, or for any other worthwhile purpose.

{8018} Unless otherwise stated or required, any method for analyzing or sequencing according to
this invention may comprise amplifying portions of the target nucleic acid to form the initial fragments.
This can be done, for example, by inserting transposons into the target nucieic acid; and replicating
tha farget nucleic acid using primers that bind within the transposons, thereby forming the initial
fragments. The amplifying may therefore comprise the steps of ligating adapter oligonucleotides info a
plurality of the nicks or gaps,; and raplicating the target nucleic acld using primers that bind within the
adaptor oligonucleotides, thereby forming the initial fragments. The amplifying may be conducted with

fransposcns, nicks, or gaps introduced into the target polynucleotide at a frequency of one in about

avary 3 1o 20 kb, or as exemplified elsewhers in this disclosure.

[8048] The targset nucieic acid may be & comglex nucleic asid, such as a genome of an organism.
Tha analyzing can include determining the haplotype of a ganome, determining methyiation pattemns
of a genome; andfor datarmining copy numger variation in a cell sample present, for example in the
biopsy sample taken from a cancer patient. The methods of this invention can be used for diagnosing

or assassing cancar in 8 patient, or for pre-implantation genetic diagnosis.

{0020} This invention aiso providas groducts for carrying out a mathed of this Invention. Such
preducts include any new nucleic acid construct or complex described below or shown in the figures,
optionally in combination with other components useful for sequencing or analysis of complex DNA,
Such components may include a starting substrate or reagent, an intermediate, or a final product of a
mathod of the invention as described below. For exampla, this invention provides a system for
sequencing or analyzing 8 target nucleic acid. The system includes (@} fragments of the target nucleic
acid that of a spacific size (for example, about 2 t© 5 or about 5 to 750 basge pairs in length), a plurality
of which sach contain or are annealed with multiple copies of an insert sequance comprising a
particular tag, wherein different fragments contain insert sequences with a different tag and a
common primer sequence; and (b} a set of primers comprising a saquence that spacifically anneals to

the common primer seguence.

{00211 In an aspect the invention provides a method for sequence analysis of a target nucleic acid
comprising: (8) combining a glurality of long DNA fragments of the target nuclels acid with a
population of tag-containing sequences, wherein the population comprises at least 1000 different tag
sequencas; (b) producing tagged long fragments, wherein sach tagged long fragment comgprises
target nucleic acid sequence and multiple interspersed lag sequences, wherein the multiple

interspersed tag sequences in an individual tagged long fragment may be the same or different; {¢)

3

producing from each tagged long fragment a plurality of tagged subfragments, wharein the tagged
subfragments each comprise one or more tag sequences; (d) obtaining sequence of individual tagged

subfragiments, wherein the obtained sequenca includes targat nuclsic acid saguence and at least one
{ag sequence; (e) combining sequences obtained in {d} fo produce assembled saquence(s) of the

target nucleic acid, wherein the combining comprisas (i} determining that sequences obtained in (d)

4
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originated from the same long DNA fragment If said sequences comprise the same tag sequence

andfor {il) identifying pairs of sequences as being adjacent sequences in the target nucleic acid if the
pair comprise the same tag sequence. In an aspect, steps {a) - (¢) are carred out in & single vessel or

mixture. In an aspect, steps the plurality of long DNA fragments are genomic DNA sequence. Inan

langth, or are in the range 50 kb {0 200 kb. In some embodiments the tagged long fragments
comprise a plurality of the tag-containing sequances at a selected average spacing. In some
embodiments the average spacing is in the range 100 to 5000 bases. In some embodimenis the
average spacing is in the range 200 and 1500 bases. In some embodiments the average spacing is in
the range 250 and 1000 bases.

{00221 In anaspect, Steps (a) - (¢) are carried out in a single vessel or mixture and the single vessel
or mixiure comprisas more than & haplold (N) amount of genomic DNA. In some embodiments the
genomic ONA is from a single organism. In some embodiments the genomic DNA comprises fetal
DNA and matarnal DNAL In soms ambodiments the genomic DNA is DNA from 1-100 aukaryotic cells.
in some embodiments the genomic DNA is DNA from 2- 10 eukaryotic celis. in soms embodiments
the genomic DNA is DNA from more than 50 eukaryotic cells. In some embodiments the genamic
DNA is obtained from a mixture comprising mors than one cell type. In some smbodiments the DNA is
obtained from & mbdure comprising more than one cell type from the same specias. Insoms

embedimants the celis are {i) felal celis and maternal celis or (1) tumor cells and normal cells,

{88221 In some embodiments the long DNA fragments are fragments of chromosomal DNA. In some
ambodiments tha long DNA fragmenis are amplicons of cellular DNAL in some embaodiments the long
DNA fragments are products of whole genome amplification. in some embodiments comprises

amplifying portions of the target nucieic acid to form the long DNA fragments used in Step (a).

{8024} In an aspect the tag-containing sequences are clonal tags and the population of tag-
containing sequences is a population of sources of clonai tags. in some embodiments the sources of
clonal tags comprise beads or other carriers, wherein each bead or carrier has multiple copies of a
single tag seguance immobilized thareupon. In some embodimants the sources of clonal tags each
comprise at least 1000 copies of a single tag sequence. In some embodiments the population of tag-
containing saquences comprises a population of concatemsrs, each concatamer comgrising multiple
copies of a single tag-containing sequence. In some embodiments the tag-containing sequences
comprise transposon ends. In some embodiments the tag-containing sequencas comprise fransposon
ends. In some embodiments the tag-containing sequences are oligonuclectides that adopt a hairpin
conformation. In soma embodiments each oligonuclectide comprises two tag sequences. in some
embodimants the two tag sequences are the same. In some embodiments the {ag-containing
sequences of the population comprise primer binding seguences, In some embodiments each of the
fag-containing sequences of the popuiation comprige the same primer binding sequences o

combination of primer binding sequences.

{8025} In an aspect Step {a) comprises combining the long DNA fragments and the {ag-containing

sequences under conditions that are suilable for transposition of the tag sequences into the long DNA

feg
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fragments. In a related aspect Step {a) comprises combining the long DNA fragmenis and a
population of sources of clonal tags. In some embodiments the method comprises combining the long

DNA fragments with an excess of tag-containing sequences or sources of tag containing sequences.

[0028] In an aspect the invention comprised combining the long DNA fragments with the tag-
containing sequences under conditions that are suitable for introduction of multiple cogias of a single
tag sequence into the long DNA fragments, wherein at lsast 20% of the long DNA fragments comprise
only ohe tag sequence. In some embodiments the conditions are such that a majority of long DNA

fragments info which a tag sequance is introduced comprise a unique introduced tag sequence.

{0027} In an aspect, on average, sach tagged long fragment that comprises interspersed tag
sequences comprises at keast 10 tag sequencas. In soma ambodiments the mulliple interspersed tag
sequences in an individual tagged long fragment are the same. In some embodiments, more than

10% the DNA length of a long DNA fragment is represanted tagged subfragments.

{80028} In some embodiments Step (b} comprises annealing multipie halipin oligonuclectidas onto a
plurality of the long DNA initfal fragments, wherein each hairpin contains at least two copies of a tag
sequence. in some embodiments different hairpins inserted into one of the initial fragments have
different tag sequences. In some embodiments Step (b} comprises (i} annealing muitipie halrpin
oligonucieotidas onto single strands of a plurality of the long BNA fragmants; (i) filling in gaps
betwaen hairpin oligonuclectidas annealed to the single strands by polymerase extansion and

ligation.

{8028} In some embodiments Steps (b) and (¢} comprise: {i) creating nicks or gaps in the long DNA
fragmenis producing free 3 termini, {1i) ligating a 3’ common adaplor sequenca o the free 3 tamini
(iil} annealing oligonuciectides to the 3' common adaptor sequence, wherein the oligonuciectides
aach comprise a tag sequence; and then (iv) extending the first oligonuciectide to form tagped
subfragments. In some embadiments in Step (b), transposons, nicks, or gaps are introduced into the

fong DNA fragment at a frequency of one in about every 300 o 1000 basas.

{00301 In an aspect producing the subfragments comprisas garforming an amplification reaction o
produce amplicons from the fagged long fragments. in some embodiments the amplification reaction
is PCR. In some embodiments each amplicon comprises a tag from each of the adjacent introduced

sequences and a region of the tagged long fragment between the adjacent introduced seguences.

¥

{8031} In some embodiments Step (¢) comprises forming multiple tagged subfragments that each
contain a portion of & tagged transposon and a gortion of the long DNA fragment. in some
embodimants the tagged transposons have a tag sequence at or near one end that is the same as a

tag or sequence at or near the other end.

{80032] In an aspect tagged subfragmaents are formed by amplification, using a primer or grimers that
anneal o a sequence or sequences within a tag-containing sequence(s).

{6033} Inan aspect the method comprises: (i} providing primers that each comprise a tag sequence

i} annealing the primers by way of their respective probe sequences

and a random probe saguance; {

i
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fo the long DNA fragmaents; and (ill) axtending the primers to form multiple tagged subfragments. In
soma ambodiments step (1) comprises: annasling copies of a common adaptor oligonuciectide to a
tag sequence on each of a plurality of concatemers or beads that is different fron tag sequences on
ofher concatemers or beads; and annealing the copies to a plurality of different random probe
sequences; and extending the coples to form said primers. In some embodiments formation of the
nick or gap and release of tag sequencas from the concatemers or beads is done in the same

reaction mixture.

[8034] In an aspect tagged subfragments are formed by cleaving between two barcodes present in

the same tag-containing sequance.

{8638} in an aspects of the invention, the sequence of individual tagged subfragments Is obtained by
seguencing by hybridization, sequencing by figation, sequancing by synthasis, single-maolecule
sequencing, optical sequence detection, lectro-magnetic sequence delection, or voltage-change

seguence detection

[0038] In some embodiments, combining in Step (e) comprises determining that sequences obtained
in {d} originated from the same long DNA fragment if said sequences comprise the same tag
seguence. in some ambodiments, combining in Step {8} comprises identifying pairs of sequences as
being adjacent sequences in the target nucleic acid if the pair comprise the same tag sequence,

{8037% In aspecis of the invention, the method comprisas determining a hapiotype of the genome. In
aspects of the invention, the method comprises methyiation analysis of a genome. in aspects of the
invention, the mathed compriseas detarmining copy numbar variation in cancer calls. In aspects of the

invention, the method comyprisas gre-implantation genetic diagnosis.

[0038] In aspects of the invention, the target nucieic acid is genomic DNA of an organism. In some
ambodiments. the genomic DNA is from a plant or animal. In some embodiments the animal is a

mammal. In some embodiments the animal is a human.

[0038] In an aspect the invention provides a method for sequence analysis of one or more target
nucleic acid moleculas comprising: (@) producing a population of subfragments of a single tagged long
fragment of the targat nucleic acid, whersin the tagged long fragment comprises target nuclelc acid
seguence and mulliple interspersed tag sequences, wherein a majority of the subfragments comprise
target nucleic acid sequance and at least one tag sequance; (b) oblaining segquance of Individual
tagged subfragments, whearein the obtained sequence includes target nucieic acid seguence and at
least ons tag sequences; () combining sequences cblained in {d) to produce assembled saguance(s)
of the target nucleic acid, wherain the combining comprises {i) determining that sequsnces obiained
in (d} originated from the same long DNA fragment if said seguences comorise the same tag

sequence and/or {ii) identifying pairs of sequences as being adjacent sequences in the targetl nucleic

1]

acid if the pair comprise the same tag sequence.
{08401 in an aspect the invention provides a method for sequenca analysis of ong or more targst

nucleic acid moleculeas comprising: (8) obtaining a population of subfragments of a tagged long

fragment of the target nucleic acid, wherein the tagged long fragment comprises targat nuclaic acid

-
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sequence and multiple interspersed tag sequences, wherein a majority of the subfragments comprise
target nucleic acid sequance and at least one tag seqguance; (B) oblaining sequence of individual

tagged subfragments, wherein the oblained sequence includas target nucleic acid seguence and at
least one {ag sequence; (¢) combining sequences ottained in {9) to produce assembeled sequance(s)
of the target nucieic acid, wherein the combining comprises {i) determining that sequsences oblained
in {d) originated from the same long DNA fragment if sald sequances comprise the same tag
sequence and/or (i) identifying pairs of sequencss as being adjacant sequences in the target nucleic

acid if the pair comprise the same tag sequence.

{80411 In an aspect the invention provides a method for sequenca analysis of ona or more fargst
nucleic acid molecules comprising: (&) oblaining segusnce reads from subfragments of a tagged long
fragment of the target nucleic acid, wherein the subfragments from which sequence reads are
obtainad comprise & target nudieic acid sequencs and a tag sequence; {b) assambling the sequence
reads 1o produce assambled sequence(s) of the targst nudleic acid(s), wherein the assembiing
comprisas assambling adjacent target seguences based on tha presenca of common tag seguences

in pairs of reads corresponding fo pairs of adjacent targat sequences

{00427 In an aspect the invention provides a method of sequencing a target nuclelc acid comprising:
combining in a single reaction vessel (i} a plurality of iong fragmants of the target nucleic acld, and (i)
a population of polynuclectides, wherein each polynucleotide comprises a tag and a majority of the
polynuclectides comprise a different tag; infroducing into a majority of the long fragments tag-
containing sequences from said population of polynuciectides to prodused tagged long fragments,
wharein sach of tha tagged long fragments comprises a plurality of the tag-containing sequences at a
selacted avarage spacing, and each tag-containing sequence comprises a tag. In an aspact the
invention provides a method for sequence analysis of a target nucleic acid comprising: (&) combining
a plurality of fong DNA fragments of the targel nucieic acid with a population of tag-containing
seguences; (b) producing tagged long fragments, wherein each tagged long fragment comprises
target nucleic acid sequance and muitiple interspersed fag sequences, wherein the muitipie
interspersed tag sequences in an individual tagged long fragment may be the same or different. In
some embodimants Steps (a) and {b) are carriad cut in a single tuke or mixture. In an aspect the
method include (€) producing from sach tagged long fragment a plurality of tagged subfragments,
wherein the tagged subfragments each comprise one of more fag sequences.

{0043} in an aspect the invention provides a method of sequencing a target nucleic acid comprising:
combining in a single reaction vessel (i} a plurality of iong fragments of the target nucleic acid, and (i)
a population of polynuciectides, wherein each polynuclectide comprises a tag and a majority of the
polynuciactides comprise a different tag; infreducing into a majority of the long fragments tag-
cortaining segquences from said population of polynuciectides to produced tagged long fragments,
wharein sach of the tagged long fragments comprises a plurality of the tag-containing segusnces at a
selected average spacing, and each tag-containing sequence comprises a tag; producing a plurality
of subfragments frony each tagged iong fragment, wherein each subfragment comprises one or more

tags; sequencing the subfragments o produce a plurality of segusnce reads; assign a majority of the
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sequence read to corresponding long fragmeants; and assembling the sequence reads to produce an
assembled sequence of the target nucleic acid. In some embodiments produsing the subfragments
comprises performing an amplification reaction o produce a plurality of amplicons from each iong
fragment. In some embodiments each amplicon comprises a tag from sach of the adjacent introduced
sequences and a region of the long fragment batween the adjacent introduced sequences. In some
ambogiments the method comprises combining the long fragments with an excess of the popuiation
of tag-containing sequences. In some embodiments the method comprises combining the long
fragments with the tag-containing solution under conditions that are suitable for introduction of a
single tag-containing sequence info a majority of the long fragments. in soma embodiments the

method compr

aes combining the long fragments with the tag-containing solution under conditions
that are suitable for intreduction of a different tag-containing sequences info a majority of the long
fragments. In some embodiments the population of tag-containing seguences comprises a population
of beads, wherein each bead comprises multiple copies of a single tag-containing sequence. {n some
embodimants the population of tag-containing sequences comprises a population of concatemers,
gach concatemer comprising multiple copies of a single tag-containing sequence. In some
ambodiments the tag-containing sequences comprisa transposon ands, the mathod comprising
combining the long fragments and the tag-containing sequences under conditions that are suitable for
transposition of the ag-containing sequences into each of the long fragments. In some embodimenis

the tag-containing sequences comprise a hairpin sequence. In some embodiments the target nucleic

&

acid is & complex nucleic acid. {in some embodiments the target nucleic acid is & genome of an

organism, in some embodiments the method comprisas detarmining a haplotype of the genome. in

some embodimeants the population of tag-containing sequences comprises at least 10,000 different
tag sequences, In some embodimants the population of ag-containing sequences comprises at lsast

10C,000 different tag sequencas.

{88441 inh an aspsact the invention provides a composition in comprising &l least 1 3° diffarent tag-
sontaining nucleic acid elaments and at least one of {i) genomic DNA and (i} primars that bind the
tag-containing nucleic acid elements. In some embodiments the composition comprises atleast §
genome aguivalents of genomic DNAL In somas embodiments the composition comprises both
genomic DNA and primers. In some embodiments the composition that comprises tagged long

fragments comprising genomic nucieic acid sequence and multiple interspersed fag sequances.

{8045Y in an aspact the invention providas a Kit comprising a Hbrary compriging 10% or more distinct
bar codes or sources of clonal bar codes: i) a library of barcodes assodiated with transposon ends,
and optionally adaptor sequences; i} a library of cional barcaodes, optionally with adapior seguances,
comprising a plurality of 10* or more distinct sources of clonal bar codes; i) a library of concatemers
comprising monomers, wherein the monomers comprisa bar codes; iv) a Hibrary of templates suitable
for rolling circle amplification, wherein the templates comprise a monomer as described in (i), and/or
v} & library of hairpin oligonucleotidas, each oligonuclectide comprising two copies of & barcode
sequence, wherain the library comprises a plurality of at ieast atbout 10* parcodes. In soma
ambodiments the kit comprises an enzyme salectad from a transposase, a polymerase, a figase, an

andonucleass and an exonucleasa. in some embodiments the kit comprisas atl lpast about 107, at
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least about 10%, at least about 108, or at least about 107 different barcodes. In some embodiments
the kit comprises at least about 104, at least about 105, at least about 10°, or at least about 107
different barcodes or sources of clonal barcodes. In some embodiments the library members
comprise one or two common sequences for primer binding. In some embodiments the kit
comprises a primer or primers that anneal to a sequence or sequences within tag-containing

sequence.

[0045A] In an aspect the invention provides a method of preparing genomic DNA for sequence
analysis, by homogeneous reaction without the use of physical compartmentalization, the method
comprising: (&) combining a plurality of long fragments comprising genomic DNA sequences in a
single mixture with a population of beads, wherein (i) the long fragments are from 5 kilobases to 750
kilobases in length, (ii) each bead comprises at least 1000 copies of an oligonucleotide immobilized
thereon, said oligonucleotide comprising a tag-containing sequence, (iii) each tag-containing
sequence comprises a tag sequence, and (iv) the population of beads comprises, in aggregate, at
least 10,000 different tag sequences; (b) producing tagged long fragments by incorporating into
each of a plurality of individual long fragments muitiple copies of a tag sequence under conditions
that promote the interaction of only one tag sequence per long fragment, wherein in a plurality of
said individual long fragments said multiple copies are from a single bead; (¢) producing
subfragments of the tagged long fragments, wherein a plurality of subfragments of the same tagged

long fragment comprise tag sequences from the same bead.

[0045B] In an aspect the invention provides a method for preparing genomic DNA for sequence
analysis, the method comprising: (a) providing a reaction mixture, the reaction mixture comprising a
plurality of long fragments of the genomic DNA and a population of beads, in a single vessel or
without physical compartmentalization of the long fragments or the beads, wherein the reaction
mixture is not compartmentalized into aliquots or nanodrops, wherein the reaction mixture comprises
more than a haploid amount of said genomic DNA, wherein each bead comprises at least 1000
oligonucleotides immobilized thereon, said oligonucleotides comprising a tag-containing sequence,
wherein the oligonucleotides immobilized on the same individual bead comprise the same tag-
containing sequence, wherein each tag-containing sequence comprises a tag sequence, wherein
the population of beads comprises, in aggregate, at least 1000 different tag sequences, and wherein
the long fragments are from 5 kilobases to 750 kilobases in length; (b) producing tagged long
fragments by incorporating multiple copies of a tag sequence into at least some of the long
fragments under conditions that promote the interaction of only one tag sequence per long fragment,
wherein in a plurality of the tagged long fragments said multiple copies are from a single bead; (c)
producing a plurality of tagged subfragments of the tagged long fragments, wherein a plurality of
subfragments of the same tagged long fragment comprise tag sequences from the same single
bead.

[0045C] In an aspect the invention provides a method of sequencing a target nucleic acid without

the use of nanodrops comprising: (a) combining in a single mixture (i) first fragments of the target
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nucleic acid, and (ii) a population of beads, wherein each bead comprises oligonucleotides
immobilized thereon, said oligonucleotides comprising a tag-containing sequence, wherein each tag-
containing sequence comprises a tag sequence, wherein the oligonucleotides immobilized on the
same individual bead comprise the same tag-containing sequence and the population of beads
comprises beads with at least 100,000 different tag sequences; (b) introducing into each of a
plurality of the first fragments multiple copies of a tag sequence, from the same bead ; (¢) producing
a plurality of subfragments from the plurality of first fragments, wherein a plurality of the
subfragments comprise one or more tags; (d) sequencing the plurality of subfragments to produce a

plurality of sequence reads.

[0045D] In an aspect the invention provides a method of generating tagged sequence reads
comprising: (@) combining: (i) a plurality of long fragments of a target nucleic acid, wherein the
fragments are from about 5 kilobases to about 750 kilobases in length; (ii) a population of beads,
wherein each bead comprises multiple copies of a single polynucleotide comprising a tag-containing
sequence, wherein said tag-containing sequence comprises a tag sequence and a transposon end
sequence, and wherein different beads comprise different tag sequences; and (iii) a transposase,in
a single reaction vessel under conditions in which, for a plurality of beads, the tag sequence
associated with an individual bead is transposed into multiple sites of an individual long fragment;
(b) producing a plurality of tagged subfragments of the long fragments; and, (c) sequencing the

tagged subfragments from (b) to produce a plurality of sequence reads including tag sequences.

[0045E] In an aspect the invention provides a method for sequence analysis of a target nucleic acid
in a single vessel or mixture, the method comprising: (a) combining a plurality of DNA fragments of
the target nucleic acid with a population of tag-containing sequences in said single vessel or
mixture, wherein the population comprises at least 1000 different tag sequences; (b) producing
tagged fragments, wherein each tagged fragment comprises target nucleic acid sequence and
multiple interspersed tag sequences; (¢) producing from each tagged fragment a plurality of tagged
subfragments, wherein the tagged subfragments each comprise one or more tag sequence; (d)
obtaining sequence of individual tagged subfragments, wherein the obtained sequence includes
target nucleic acid sequence and at least one tag sequence; and (e) combining sequences obtained
in (d) to produce assembled sequence(s) of the target nucleic acid, wherein the combining
comprises (i) determining that sequences obtained in (d) originated from the same DNA fragment if
said sequences comprise the same tag sequence and/or (i) identifying pairs of sequences as being

adjacent sequences in the target nucleic acid if the pair comprise the same tag sequence.
[0046] Other aspects of the invention will be apparent from the description that follows.

BRIEF DESCRIPTION OF THE DRAWINGS

[0047] Figures 1A and 1B show a method for tagging and fragmenting of long fragments of a target

nucleic acid with transposon-mediated barcodes.
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[0048] Figures 2A and 2B show a method for tagging and fragmenting of long fragments of a target

nucleic acid with hairpin-mediated barcodes.

[0049] Figure 3 shows a method for transposon-mediated tagging and fragmenting of long

fragments of a target nucleic acid.

[0050] Figure 4A shows a method for tagging long fragments of a target nucleic acid using a
tagged adaptor. Nickase and Klenow 3-5’ exonuclease, without dNTPS, are used to create random
sites along long dsDNA for ligation of 3’ common adaptor. Similar results can be obtained using any
other nicking enzyme and/or exonuclease activity. DNBs or beads with many copies of the tag and
complementarity to 3° common adapter are added and fragmented with restriction endonuclease.
DNB or bead is close to dsDNA and so most tag copies do not diffuse away, but instead hybridize to
3’ adaptor. Long dsDNA and DNB or bead can both be tagged on one end to force interaction if
necessary. Primer extension creates tagged genomic DNA fragment. Additional primer extension
creates dsDNA that can be ligated and PCR amplified and sequenced. In-silico assembly into long

DNA fragments is similar to Figure 3.

[0051] Figure 4B shows an alternative method for tagging long fragments of a target nucleic acid

using a tagged adaptor.

[0052] Figures 4C and 4D show a second alternative method for tagging long fragments of a target

nucleic acid using a tagged adaptor.

[0053] Figures 4E and 4F show methods for creating a series of tagged subfragments of with

shorter and shorter regions of the long DNA fragments.

[0054] Figure 4G shows a method for tagging long fragments of a target nucleic acid using

controlled nick transiation.
[0055] Figures SA and 5B show examples of sequencing systems.

[0056] Figure 6 shows an example of a computing device that can be used in, or in conjunction

with, a sequencing machine and/or a computer system.
[0057] Figure 7 shows the general architecture of the MT algorithm.
[0058] Figure 8 shows pairwise analysis of nearby heterozygous SNPs.

[0059] Figure 9 shows an example of the selection of an hypothesis and the assignment of a score

to the hypothesis.

[0060] Figure 10 shows graph construction.
[0061] Figure 11 shows graph optimization.
[0062] Figure 12 shows contig alignment.

[0063] Figure 13 shows parent-assisted universal phasing.
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[0064] Figure 14 shows natural contig separations.
[0065] Figure 15 shows universal phasing.
[0066] Figure 16 shows error detection using MT.

[0067] Figure 17 shows an example of a method of decreasing the number of false negatives in which
a confident heterozygous SNP call could be made despite a small number of reads.

DETAILED DESCRIPTION

[0068] As used herein and in the appended claims, the singular forms "a," "an," and "the" include plural
referents unless the context clearly dictates otherwise. Thus, for example, reference to "a polymerase"
refers to one agent or mixtures of such agents, and reference to "the method" includes reference to

equivalent steps and/or methods known to those skilled in the art, and so forth.

[0069] Unless defined otherwise, all technical and scientific terms used herein have the same meaning
as commonly understood by one of ordinary skill in the art to which this invention belongs. Publications
mentioned herein may be referenced for the purpose of describing and disclosing devices,
compositions, formulations and methodologies which are described in the publication and which might
be used in connection with the presently described invention.

[0070] Where a range of values is provided, it is understood that each intervening value, to the tenth of
the unit of the lower limit unless the context clearly dictates otherwise, between the upper and lower limit
of that range and any other stated or intervening value in that stated range is encompassed within the
invention. The upper and lower limits of these smaller ranges may independently be included in the
smaller ranges is also encompassed within the invention, subject to any specifically excluded limit in the
stated range. Where the stated range includes one or both of the limits, ranges excluding either both of
those included limits are also included in the invention.

[0071] In the foyllowing description, numerous specific details are set forth to provide a more thorough
understanding of the present invention. However, it will be apparent to one of skill in the art that the
present invention may be practiced without one or more of these specific details. In other instances,
well-known features and procedures well known to those skilled in the art have not been described in
order to avoid obscuring the invention.

[0072] Although the present invention is described primarily with reference to specific embodiments, it
is also envisioned that other embodiments will become apparent to those skilled in the art upon reading
the present disclosure, and it is intended that such embodiments be contained within the present

inventive methods.
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[0073] The practice of the present invention may employ, unless otherwise indicated, conventional
techniques and descriptions of organic chemistry, polymer technology, molecular biology (including
recombinant techniques), cell biology, biochemistry, and immunology, which are within the skill of the
art. Such conventional techniques include polymer array synthesis, hybridization, ligation, and detection
of hybridization using a label. Specific illustrations of suitable techniques can be had by reference to the
example herein below. However, other equivalent conventional procedures can, of course, also be
used. Such conventional techniques and descriptions can be found in standard laboratory manuals such
as Genome Analysis: A Laboratory Manual Series (Vols. I-IV), Using Antibodies: A Laboratory Manual,
Cells: A Laboratory Manual, PCR Primer: A Laboratory Manual, and Molecular Cloning: A Laboratory
Manual (all from Cold Spring Harbor Laboratory Press), Stryer, L. (1995) Biochemistry (4th Ed.)
Freeman, New York, Gait, “Oligonucleotide Synthesis: A Practical Approach” 1984, IRL Press, London,
Nelson and Cox (2000), Lehninger, Principles of Biochemistry 3rd Ed., W. H. Freeman Pub., New York,
N.Y. and Berg et al. (2002) Biochemistry, 5th Ed., W. H. Freeman Pub., New York, N.Y.

Overview

[0074] According to one aspect of the invention, methods are provided for multiple tagging of individual
long fragments of target nucleic acids, or polynucleotides, including without limitation complex nucleic
acids. Long fragments of a target nucleic acid or polynucleotide are tagged by a method that introduces
a tag or barcode into multiple sites in each long fragment. In principle, each fragment may have
introduced into it multiple copies of one unique tag — a fragment-specific tag — or a unique pattern of
insertion of multiple tags — a fragment-specific tag pattern. However, this is not required. As discussed
below, in some embodiments some long fragments may have no tag inserted. Further, in some
embodiments, a long fragment may have inserted into it more than one distinct tag, and two or more
fragments may have inserted into them the same tag.

[0075] “Long fragments” are polynucleotides greater than 10 kb in length, more often greater than 20
kb in length, even more often greater than 50 kb in length, and very often 100 kb or longer. For

haplotyping, long fragments 100 kb or longer are particularly useful.

[0076] After tagging, subfragments of the long fragments are produced. In principle, each subfragment
may include at least one tag. Again, this is not required. As discussed below, in some embodiments

some subfragments may have no tag inserted.
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{00771 Commonly, the tag-containing subfragments are ampiified (e.g., by PCR). The subfragments,
including the tags that are part of each subfragment, are then sequenced. The fag sequence permits
the sequence data obtained from each subfragment to be assigned to the long fragment from which
the subfragment is derived. This facilitates sequance mapping and assembly and the ordering of

allsles {or hetls) into a haplotype of the target nucieic acids.

[0078] Altaching or inserting barcodss into long DNA fragmenta can be paiformed in a single mixture
or container {e.g., single fube or single well in a muithwell plate) and the process may be automated.
Using MT, the single mixture in which tagging occurs contains more than one genome eguivalenti. In
various embodiments the mixture may comorisa at least 5 genome equivalents, at least 16 genome
equivalents, at least 25 genome eguivalents, at least 50 genome equivalents, at least 100 genome
equivalents, at least 500 genome eguivalents, or at least 1000 genome equivalents, such as from 5-
20 genome aguivalents, such as from 5-100 genome equivalents, such as from 50-1000 genome

eguivalents

[0078] In some applications, a single cell may be analyzed in a single MT mixture, providing only two
complementary strands (Le., two genoma aquivalents) for discriminating natural variation from errors

introduced by DNA processing, &.g. amplification of sub-fragments.

{0080} According to one embodiment, a majority of the subfragments, or 60%, 70%, 80%, 0% o
more, or substantially all of the subfragments, include a tag segquence. In ona aspect, this invention
provides a system for tagging of long DNA fragments using clonal barcodes. As is detalied beiow,
“wlonal barcodes” refers to & plurality of barcodes or tags that have a common sequence and which
are physically associated with each other {rather than physically separate and, for example, free to
diffuse in sofution}. In this approach, a source of clonal tags can ba associated with a single long DNA
fragment. The result is that a plurality of identifiable clonal tags or barcodss may be associatad with
one BINA fragment and not with others. The clonal tags or barcodes may be kept together in the form
of, without limitation, concatemers, dendrimers, or on a carrier such as a polymer {2.g., DNA

fragment) or micro-size beads. Using clonal barcodes aliows preparation of millions of distinct

barcodes at relatively modest expanse for use in "single-tube” MT.

[0081] In one aspect MT involves (&) providing (i) & library of clonal barcodes and (i) long DNA
fragments; (b} preparing {by nicking-gaping, random primer extension or fransposon insertion) the
DNA fragmants for altaching barcodes {e.q., at predefined average distance on the long BNA

fragments); {c) attaching muitiple barcode copies par long DNA molecule {(e.g., &t the predetermined

avaerage distance); {d) prepariag (by primer extension or PCR or BNA fragmenting) mutiple short
DNA fragments from a long fragment tagged with copies of the same barcode. Before step (¢}
individual barcode coplas are produced from, .., released from, a concatemer (DNB) or support

{i.e., a bead or other carriar).

{8882} In ancther aspact, MT involves (&) providing (I} a lbrary of barcodes and (i} long DNA
fragments; (k) incorporaling the barcode sequences into the long DNA sequences {e.q., at predefined

average distance on the long DNA fragments); (¢} preparing multiple subfragments in which
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sequences that are from the same long fragment, such as sequences thal are adjacent to each othar

in tha long fragment sequence, ara tagged with copies of the sama barcode. In one approach, a

&

library of copy-paste transposons containing barcodes is used to get muitinle barcode copies per one
fong DNA fragment. A copy-paste transposon with a barcods attached to the end of a long BNA
fragment is able to insert copy of barcode and associated sequences at muitiple places in the long

fragment.

{8083} Foraccurate clinical sequancing and haplotyping of individua!l human genomes from a smaill
number of cells, long genomic fragments {(~100 kb or [onger) ars preferable, although shorter
fragments may be usad. / ming 100 &b fragmants, a human genome would have about 8x1 o
ragments per cell, and ~18 cells would gensrate about 1 million fragments. DNA tags that are 12
bases long {12-mers) or longer have enough sequence diversity (16 miilion to over one billion) o tag

asach fragment with a unicue tag.

[0084] We provide savaral Hustrative methods for associating copias of the same long tag o
hundreds of ~1 kb sub-regions of ~100 kb genomic fragments in & homogenous reaction without any
physical comparimentalization (8.9, droplels in an emuision). It will be racognized that the MT is not

limited to these particular methods.

{BO8S] In some embodimants of the invention, such methods lead o a majority {e.¢., 50%) or 60%,
70%, 80%, 90% o mora of the long fragments of a target nucleic acid being tagged with multipie tag-
containing sequences that inciude the same tag sequance. Such methods minimize tagging with
differant tag sequences, for example: selecting the proper ratio of tag-containing sequences to long
fragments; selecting the proper dilution or DNA concentration; minimizing molecule movement after
initiation of the tagging process, for example, by mixing DNA fragmanis, tag-containing seguances,
and enzymes and buffers al low temperature, waiting for liquid movements to stop, and then
incraasing the tempearature of the mixture in order to activate anzymatic processes); tethering a single
tag-containing segquance to a single long DNA fragment by covalent or non-covalent binding; and
other techniques. There are several ways to attach or tether a single bead or nanchall with muitiple
copies of a garticular tag-containing saquence to a single fong fragmant of a target nucleic acid. For
example, a homopoiymer sequence (e.g., and A-tall} may be added to the long fragment using
terminatl transferase or an adaptor with a selected sequence may be ligated to an end or ends of the
long fragment. A complementary segusnce may be added to the end of or included within the tag-
containing sequence or nanckall such that, under selected appropriate conditions, the tag-containing
seguence or fag assembly anneals with the corresponding complementary sequence on the long
fragment. Preferably, a iong fragment can anneal to only one fag-confaining sequence or tag
assambly.

{0088} MT avoids subcloning of fragments of a complex nucleic acid into a vector and subsaguent
repiication in a host cell, or the nead to isolate individual chromosomes {8.g., metaphase
chromosomes). it also does not requira aliguoting fragments of a target nucleic acid. MT can be fully
automated, making it suitable for high-throughput, cost-effective applications. Tagging ~1kb sub-

ragions of long (~100 kb or longer) genomic fragments with the same unigue tag has many
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applications, including haplotyping diploid or polyploid genomes, efficient de nove genome seguence

assembly, resolving genomic rapeats, acourate varant calling, and error correction.
{0687] The advantages of MT Include:

e A practically unlimited number of individual DNA fragments can be unigusly tagged, providing

maximal information for de novo assembly, for example.

+  MT may be performed in a single reaction vesssi (e.g., tube, well in a multi-well plate, et} in
a small number of steps and is easy to scale and automate; there is no need for a large

number of aliquots or nanedrops.

¢+ One MT method, which employs nicking and a primer-igation procass, uses both strands of
the dsDNA, thereby doubling the sequence coverage per fragment (longer mate-pairs for the

same read-length).

s MT reduces the computational demands and asscciated costs of sequence mapping and
assembly.

« Substantial reduction in errors or gquestionable base calis that can result from current
saquancing technologies, including, for axample, systematic errors that are characteristic of a
given seguencing platform or mutations introduced by DNA amplification. MT thereby
providas a highly accurate seguance of & hurnan genome or other complax nuclalc acid,
minimizing the need for foliow up confirmation of detected variants and facilitates adoption of

human genomea sequencing for diagnostic applications.

{00881 MT can be used as a pregrocessing method with any known seguencing technology,
including both shori-read and longer-read methods. For example 1-10 kb tagged subfragments can
be saquanced with single molecule mathods, without a need to make male-pairs, and used in
accurate genome assembly or genetic variant detection in spite of having high error rate in raw-reads.
MT aiso can be used in conjunction with various types of analysis, inciuding, for example, analysis of
the transcriptome, methylome, stc. Bacause i requires very little input DNA, MT can be used for
sequencing and hapiotyping one or a small number of cells, which can be particularly useful for
cancear, pranatal diagnostics, and personalized medicing, This can facilitate the identification of
familial genetic disease, efe. By making it possible to distinguish calls from the two sets of
chramosomes in a diplaid sample, MT also aliows higher confidence calling of variant and non-variant
positions at low coverage. Additional applications of MT inciude resolution of extensive

rearrangemernts in cancar genomes and fuli-length sequancing of alternatively spliced transcripis.

genomic DNA, that is purified or unpurified, including celis and tissues that are gently disruptad to
release such complex nucleic acids withoul shearing and overly fragmenting such compiex nucieic

acids.

{0090} In one aspect, MT produces virtual read lengths of approximately 100-1000 kb or longer in

length, for example.

-
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{06091} In addition to being applicable to all sequencing platforms, MT-based sequencing is suitable
for a wida variety of applications, inciuding without limitation the study of structural rearrangaments in
cancer genomes, full methylome analysis including the haplotypes of methvlated sites, and de novo
assemdbly appiications for individual human genomes, metagenomics or novel genome sequencing,

geven of complax poiypioid genomes such as those found in plants.

[0092] MT provides the abliity to obtain actual sequences of individual chromosomes as opposed to
just the consensus sequances of parental or related chromosomes {in spite of their high simiiaritias
and presence of long repeats and segmental duplications}. To generate this type of data, the

continuity of sequernce is in genaral establishad over long DNA ranges.

{0093} A further aspact of the invantion includes software and algorithms for efficiently utilizing MT
data for whole chromosome haplotype and structura!l variation mapping and false positive/negative

rror correction

{0034} Controlied primer axdension and controlied nick transiation can be used o randomize ends of

clonal fragments generated by initial amplification of tagged DNA.
{6085} One or more of the following features may be part of the MT protoco

{0886} 1) Minimizing instances in which more than one differant barcode is insertad
par iong DNA fragment, by selecting appropriate concentrations (Le., appropriate dilution) of
clonal barcodes and long DNA fragments so that less than 0.1%, iess than 1%, orless than

10% of long DNA fragments are taggad with multiple barcodes sequencas. There optimal
diiutions will depend on factors such as the amount of target DNA available. For example, an
excass of long DNA fragmants over barcodes may be used when DNA is not imiting (8.9,
using a blood or saliva sampie), while an excess of barcodes over DNA may be used we the
starting matarial is limited to a few cells and it is desirable to tag every fragment. When DNA
is not limiting (e.g., more than 20, more than 50, more than 100 or more than 500 genome
equivalents in the reaction mixture) it is not necassary to optimally tag every single fragment.
instead, it may be advantagaous to sacrifice soma yield to minimize the tagging of a2 DNA
fragment with different barcodes, In one approach DNA fragments are presant in excess
amount relative {o clonal barcodes. Using an excess of DNA fragments over the number of
different clonal barcodes increases the likelihood that only one or a few DNA fragments are
close {0 any one barcode 1o allow tagging. It also aliows to have more space between clonal
barcodes to minimize having two different barcodes per one DNA fragment. An axcess of
about 3- 10-, 30-, 100- or even 300-fold may be used in different reaction configurations.
Maore than 10,000, more than 100,000, or more than 1,000,000 different barcodes may bae

used.

{0087} 2) A gel-iike medium (e.g. low malting agarose gal biocks or ofher polymars
such ag PEG) may be used {o minimize movemant of liquid, limiting mixing and interactions of

different clonal barcocdes and different long DNA molecules.

s
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{0088] 3) Using pre-gaped DNA, where, before mixing DNA with clonal barcodes,
gaps are introduced in DNA 2.9, by transposon and ready for barcode figation. In this
approach, gapped-DNA is prepared {e.g., by nicking and gapping), followed by addition of
barcodes and a tagging {igation) step performed on pre-gapped DNA. This approach reduces

the enzymatic complaxity of the reaction mixture.

[0089] 4) in-gap ligating of adapter-barcode to 3° DNA and without complementarity

to target DNA or o & end using 2-8 dageneratad bases; and/or

{B100] 5) Long DNA gaping, releasing individgual barcode coples and atlaching of
barcodes to INA is done as one reaction {i.e. ali need enzymes, clonal barcodes and long
DNA present in the mix hefore starting incubation). Alternatively, only barcede releasing and

attaching is done as one reaction; DNA gapping is done as a preceding step.

{0101] 6) When copy-paste transposons are used the DNA concentration should be
approgriately low to minimize “jumping” transposons batwean fong DNA fragmenis. A
moelecule of copy-paste transposon with a barcode sequence provides clonal barcodes within
one long DNA fragment and not the other DNA fragments if such DNA fragments are

saparated shough to prevent tranaposon jumping from ona DNA to the other.

{8102} In one approach, a small amount of DNA {e.g.. from 10 cells) is tagged in a single container,
Clonai tags are inferactad with DNA in a small voluma o give high probability that almoest all tong DNA
fragments will find & cional barcode (DNB or a bead with DNB or a bead with a clonaily amplified
adapter-tarcode oligonuciectide). An excess of BNA hinding capacity is provided by the clonal
barcodas and associated carriers. DNA binding capacity is defined by the number of DNBs or beads
or other carrier and the number of DNA fragments that can be bound per DNB or bead or other
carrier, For flustration, the genomes of 10 human calls are equivalent to 1 million 80 kb-fragments. if
an excass of clonal barcode DNEBs is used, such as 10 milion DNBs, this would correspond to the
number of DNBs per ~10 [# reaction 1o tag ~10 million fragments (as described in the example of
using 100-fold excess of DNA or one billion fragmentis). Note that even for the case of having excess
of DNA and the need to tag 10 million fragments, & carrer can bind muitiple DNA fragments, then

~108 cional tags may be sufficient.

[0103] Almost all long DNA fragments from a limited DNA amount {e.g. 3-30 human cells) can be
tagged with multiple copies of the same barcode per long DNA fragment. This can be done by {a)
providing >10K or 100K or 1M clonal barcodes and a small amount of long DNA fragments, wherain
fotal DNA binding capacity of “clonai barcode entities” exceeds provided amount of DNA; (b}
associating almost all long DNA fragment(s) in high concentration to the carrier of the clonal barcodes
or modified clonal barcode entities (for certain applications, each clonal barcode entity has limited
DNA binding capacity of <100 kb, <300 kb, less than TMb); (¢} diluting or spacing clonal barcoda
entities before barcode cutting/raieasing and DNA tagging (fo minimize having more than one distinct
barcode per BNAY; (d) tagging long DNA fragments {at predefined avearage distance) with barcode

copies from the associated clonal barcode sntity. In some embodiments, longer sequence reads,
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such as 2x100-300 bases or entire 1-3kb sub-fragments, are preferred, so that more bases are read

per sach iong fragment.

{0104] Using excass of clonal-barcode particies or excess of total binding capacity can halp ensure
that almost all DNA fragments are used and that either {i) it is rare that more than one fragment is
bound {o the same clonal -barcode carrier or (it) a predefined avarage number of fragments is bound
{o the same clonal barcode entily. The clonal or synthetic barcodes can be attached on a surface
such that there is no dilution after DNA binding to barcode spots. Surface oound spaced clonal
barcodes can be arranged as follows: A 1 o’ chip with 10° distinet tags bound to spots that are ~0.5-
2 um in size and spaced at 10um, with total binding capacity »68pg DNA, preferably >100pg, more
than 300pg, or »ing. DNA is loaded from 10 cells in 5-10 ul volume. With proper incubation time and
optional mixing most of DNA fragments may bind to cional barcode spots. Barcodes on such chip can
be prepared by oligo synthesis instead of by cloning process. The surface i configured such that fong

DNA does not altach to the surface between spois.

{§1058] This invention provides products for advanced DNA bharcoding. Such products include a
parcodad DNA library (optionally pregared in a single reaction) comprising >10K, »100k, >1M, or
>10M parcodes and on average >15%, »20%, >25%, >30%, 40%, or >»50% of sequence of a long
DNA fragment are representad in barcoded fragmeants (oplionaily, the long DNA fragments ara not
amplified). The long fragment is represented in short DNA fragments tagged with the coples of the
same barcoda. Tagged DNA fragments can be amplified and opticnally ore or both fragment ends

are randomized. As few as 100, 50, 30, 20, or 10 cells or fewer are used 1o make the library.

Preparing long nucleic acid fragments

{84068) Target nucleic acids, including but not limited to complex nucleic acids, may be isolated using
conventional technigues, for example as disclosed in Sambrook and Russell, Molecular Cloning: A
Laboratory Manual, cited supra. In some cases, particularly if smali amounts of the nucleic acids are
employed in a particular step, it is advantageous o provide carrier DNA, e.q., unralated circular
synthetic double-stranded DNA, to be mixed and used with the sampie nucleic acids whensvar only
srall amounts of sample nucleic aclds are availabie and there is danger of fosses through nonspecific

binding, .q., to container walls and the fike.

{8107} According fo some embadiments of the invention, genomic DNA or other complex nucleic
acids are obtainad from an individual cell or small number of calls with or without purification, by any

known method.

{0108} Long fragments are desirable for the methods of the present invention. Long fragments of
genomic DNA can be isolated from a cell by any known method. A protocol for isclation of long
genomic DNA fragments from human cells is described, for example, in Peters et al,, Nature 487:190—
185 (2012).0n one embodimant, cells are lysed and the intact nuciel are pellatad with a gentle
centrifugation step. The genomic DNA is then released through proteinase K and RNase gigsestion for

several hours. The material can be treated to lower the caoncentration of remaining celiular waste, .G,

s
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by dialysis for a pericd of time {i.e., from 2 -16 hours) andior dilution. Since such methods need not

amploy many disrupltive processas {(such as ethanol precipitation, centrifugation, and vortexing), the
genomic nucleic acid remains largely intact, vielding a majority of fragments that have iengths in
excess of 150 Kilokasas. In some ambodiments, the fragments ara from about 5 1o about 750
Kilobases in lengths. In further embodiments, the fragments are from about 150 to about 800, about
20C to about 500, about 250 1o about 400, and aboul 300 o about 350 kilobases in langth. Tha
smallsst fragment that can be used for haplotyping is one containing at least two hets {approximately

2-5 kb, there is no maximum theoretical size, although fragment length can be limited by shearing

rasulting from manipulation of the starting nucleic acid preparation.

{61081 In other embodiments, fong DNA fragments are isolatad and manipulated in a manner that
minimizes shearing or absorption of the DNA fo a vessel, including, for example, isolating cells in

agarose in agarase gel plugs, or oil, or using spacially coated tubes and plates.

[8140] A controilad use of a & exonucleass {elther before or during amplfication} san promote
multiple replications of the original DNA from a single call and thus minimize propagation of early

grrors through copying of copies.

{8111] Fragmented DNA from a single call can be duplicated by ligating an adaptor with single
stranded priming overhang and using an adaptor-specific primer and phiZ8 polymerase to make wo

copies from each long fragmant. This can generate four celis-worth of DNA from a single cell.

[0112] According to one embodiment of the invention, one starts with more long fragments than are
naeded for saquancing to achieve adeguale sequence coverage and fags only a only a pertion of the
fong fragments with a limited number of tag-containing sequences, or tag assemblias — which include
many, perhaps hundreds, of copies of one fag sequence ~ to increase the probability of unique
tagging of the long fragments. Non-tagged subfragments lacking introduced sequences that provide
primer-binding or caphire-olige binding and may be eliminated in downstream processing. Such tag
assamblies include, for example, end-to-and concatemars of tag-containing sequences created by
rolling circle replication (DNA nanobailis), beads to which are attached many copies of the tag-
containing sequencas, or other embodimants.

{81131 According to another embodimant, in order to obtain uniform genome coverage in the case of
samples with a smali number of cells {e.g., 1, 2, 3, 4, 5, 10, 10, 15, 20, 30, 40, 50 or 100 calis from a
microkiopsy or circulating tumor or fetal cells, for axampie), all long fragments obtained from the calls

are taggad.

Preserving fragment ends

[0114] Once the DNA is isolatad, it is advaniageous to avoid loss of sequences from the ends o

aach fragment, since loss of such material can result in gaps in the final genome assembly. In one

embodiment, sequence loss is avoided through use of an infrequent nicking enzyme, which creates

starting sites for a polymarase, such as phi28 polymerase, at distancas of approximately 100 kb from

s
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zach other. As the polymerase creates a new DNA strand, it displaces the old strand, creating
overlapping sequences near the sites of polymerase initiation. As & rasult, thera are very few

deletions of seguence.

MY can be carried oyt using clonal barcodes, including synthetically made clonal barcodes

{8118} Theterms "barcode”, “tag’, “barcoda sequence”, “tag sequeance”, and cbvious variations of
these are used interchangeably, have the normal mesaning in the art, and refer generally to an
identifiable (usually unigue) or sequence of nucleciides, heferologous to the targat sequence. In a
population or Hibrary of tags, unigue barcodes are sometimes associated with common adaptor
aequences, on one or both sides of the barcode, that may be shared by many or all members of the

population or library.

{8118] Tagging” refers to associating (e.q., inserting) a tag sequence with a polynucleotids. Tagging

long fragments involvas introducing into long fragments muitiple copies of sequencas {adaptors,

fransposans, elc.) that include tags. Such “Introduced sequences” are spaced apart on the fragment,
Tvpically the average spacing between adjacent infroduced sequences s selected o permit the
creation of tag-containing subifragments of the long fragments. Subfragments can be made by any
suitable method, e.g. by PCR amplification using primers that have primer binding sites in adjacent
introduced sequences; by rastriction digastion; or by other methods Known in the ant. Subsaguently,
sequence reads are generated by sequencing subfragments of the tagged long fragments. Such
sequence reads can be assignad to the individual long fragment from which they are ultimately

darived.

[0117] In some embodiments of MT, a source of clonal fags or barcodes is used. By “cional” is
maant tags or barcodas containing {i.e., comprising) the sama sequence and physicaily associated
with each other (rather than separate and free to diffuse in solution) such that a source of clonal tags
can be associated with & single long DNA fragment. The result is that a plurality of identifiable clonal
tags or barcodes may be assoclated with one DNA fragment and not with others. The clonal tags or
barcodes may be kept together in the form of concatemers, dendrimers, or on a carrier such as a
polymer {2.g., DNA fragment) or micro-size beads. The terms “particie” and “sourca of clonal
harcodes’ are also used in this disclosure {o refer to a delivery system for multiple copiss, of a tag

sequeaence.

{6118] An example of a sourca of clonal barcodes is 8 concatemer, the monomaers of which contain a
barcode and optionally other associated sequences, such as transposon sequences, of restriction
enzyme recognition sites. In one approach, concatemers are made using RCR, e.g., as describad
below. The concatemers can be single- or double-stranded. Double-siranded concatemers may be
prepared, for axampie, by primer exiension of single siranded concatemers. Sequences can be
raleased from concatamers using, for example, (1) by treatment with restriction or nicking enzymes
that recognize sites in each monomaer; {2} by treatment with a transposase; (3} by ampiffication {e.q.,

A
H
PCR amplification) using, for example, primer binding sites in each monomer (4) by delivering a
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cieaving reagent {e.g. a chemical group or a binding site for a restriction or nicking enzyme cutting
downstream from the binding site) on a fully or partialiy complemeantary cligonucieotide, or (8) random

fragmenting by non-specific endonuciease {which would gensrate only a fraction of usable barcodes).

[0118] Ancother example of a source of clonal barcodes is a particie {e.g., a bead or other support
structure) with a plurality of oligonuciectides immaobilized thereon. In one apgroach the
oligonucieotides are covalently aftached to the support, e.g., by a cleavable linker. In ancther one
approach the oligonucisotides are non-covalently attached to the support. The oligenuclectides may
be releasad from the support using any suitable method such as treatment with a restriction enzyme
that released a fragment of the attached cligonuclaotide. Allernatively a linker may be cleaved. Inone
approach a linker can be nucleic acld with medifled bases such as uraci that can be cleaved

enzymatically or chemically. Any of a number of meathods of disassociating oligonuciecotides may be

[0120] Also conternplatad are use of scurces with a small number {e.q. 2 or 3) of different tag

H

sequences, such as a bead associated with "sequence a” and “saquance b In this case itwould be
racognized that “sequence & and “sequence &7 will be inserted into the same long fragment, and

“sequence a” and “sequence b7 will be treated as equivalent in the procass of sequence assembly.

Making sources of clenal tags or barcodes

Concatemers {e.q., DNA nancballs) of tag/ransposon sequences

[8121] One source of clonal tags (especially tags including or assodlated with transposon
sequences) is a concatemer, the monomers of which contain the clonal sequence. A circular or
circularized {e.q., as with padiock probes) DNA tamplate can te amplified by rolling circle replication
(RCR). RCR uses the phi28 DNA polymerase, which is highly procassive. The newly synthesized
strand is released from the circular templatas, resulting in a long single-stranded DNA concatemar
comprising many head-to-tall copies of the circular DNA template. The concatemar folds into a
substantially globular ball of DNA that is called a DNA nanoball (ONB). The length of the DNB and the
number of copies of the DNA template can be conirolied by the length of the RCR rsaction, The

nanobalis remain separated from sach other in sciution.
Tag/fransposon sequences associated with beads or ofher suppaorts

{81221 A source of clonal barcodes such as & bead or othar support associaled with multiple copies
of tags can be prepared by emuision PCR or CPG (controlied-pore glass) or chemical synthesis other
particles with copias of an adapted-barcode prepared by, A population of lag-containing DNA
sequences can be PCR amplified on beads In an water-in-cil {w/o) emulsion by known methods. See,
a.q., Tawflk and Griffiths Nature Biotechnciogy 16: 652656 (1898); Dressman et al., Proc. Natl.
Acad. Sci. USA 100:8817-3820, 2003; and Shendure st al., Sclence 309:1728-1732 (2005). This

results in many copies of each single tag-containing sequence on each bead.
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{0123} Another methed for making a source of clonal barcodes is by oligonuciectide synthesis on
micro-keads or CPG in a "mix and divide” combinaiorial process. Using this process one can creats a
set of beads each having popuiation of copies of a barcode. For example, o make all BagNisByx
where each of about 1 billion is represented in ~1000+ copies on each of 100 beads, on average, one
can start with ~100 billion beads, synthesize By common sequence {adaptor) on ali of them and then
split them in 1024 synthasis colimns {0 make a different 5-mer In each, then mix them and then split
them again in 1024 columns and make additional 5-mer, and then repeat that once again to complete
N15, and then mix them and in one big column synthesize the last By as a second adaptor. Thus, in
3050 syntheses one can make the same "clonal-like” sets of barcodes as in one big emulation PCR
reaction with ~1000 bifion beads (1% beads) because only 1 in 10 beads will have a starting template

{the cther 8 would have none} to prevent having two templates with different barcods per baad.

Characteristics of tags

[0124] According to one embodiment, a barcode- or tag-containing sequence is used that has two,
thrae or more segments of which, one, for axampie, is the tarcode sequence. For example, an
introduced sequence may include ona or more regions of known sequencs and one or more ragions
of dagenerate ssquance that servas as the barcode(s) or tag{s). The known saquence {B) may
include, for exampie, PCR primer binding sites, transposon ends, rastriction endonuclease racognition
sequences {e.g., sites for rare cutlers, e.g., Not |, Sac li, Miu |, BssH i, etc.), or other sequences. The
degenerata sequence (N) that serves as the tag is long encugh 1o grovide a population of different-
seguence tags that is equal to or, preferably, greater than, the number of fragments of a target nucleic

acid to be analyzed.

{80128] According to one embodiment, the tag-containing sequence comprisas one region of kKnown
sequence of any selected length. According to ancther embodiment the tag-containing segquence
comprisas two regions of known saquence of a selected length that flank & region of degenerate
sequernce of a selectad length, Le., B.N.B,, where N may have any length sufficient for tagging long
fragments of a target nucleic acid, including, without limitation, N = 10, 11, 12, 13, 14, 15, 16, 17, 18,
18 or 20, and B may have any length that accommodates desired sequences such as transposon

ends, primer binding sites, etc. For example, such an embodiment may be BagN1 5By,

{01261 In one embodiment, a two- or three-segment design is utilized for the barcodes used o {ag
iong fragments. This design allows for a wider range of possible barcodes by allowing combinatorial
barcode segments 1o be generated by ligating different barcode segments together to form the full
barcode segment of by using @ segment as a reagent in oligonuclectide synthesis. This combinaterial
design provides a larger repertoire of possible barcodes while reducing the number of full-size
barcodas that nead to be generated. in further ambodiments, unigus identification of each long

fragment is achieved with 8-12 base pair {or longer) barcodes.

{6127} In one embodiment, two different barcode segments are used. A and B segmenis are easily

be modified to each contain a different haif-barcode seguence to yield thousands of combinations. In
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& further embodiment, the barcode sequences are incorporated on the same adapter. This can be
achieved by braaking the B adaptor info two paris, each with a half barcode sequence separated by a
common overlapping sequence used for ligation. The fwo tag components have 4-8 bases each. An
8-hase {2 x 4 bases) fag sel is capable of uniquely tagging 85,000 sequences. Both 2 xS basz and 2

X 6 base tags may include use of degenerate bases {i.e., "wild-cards”) to achieve optimal decading

afficiency.

[8128] In further embodimants, unique identification of each sequencs is achieved with 8-12 base
pair error correcting barcodes. Barcodes may have a length, for illustration and not limitation, of from

5-20 informative bases, usually 8-1€ informative bases.

Yagaing single {ong fravments

{8128] The meathods of the present invention employ various approaches to introduce multipls cople
of a tag &t multiple spaced-apart sites along a long fragment {e.g., 100 kb or longer) of the targst

nucleic acid without the need fo divide the long fragments into aliquots (as in the long fragment read

technology): the entire process can be perfformad in a single tube or well in a microtiter plate.

{81301 According fo one embadiment of the invention, tags are introduced at intervals of betwaen
about 3040 bp and 1000 bp along the fragment. This spacing can be shorter or longer, depanding on
the desired fragment size for subsequent processing, e.g., library construction and sequencing. After
tagging, sach subfragment of the long fragment and any sequance information derived from it can be

assigned to a single long fragment.
Long fragments containing the same tag or barcode

{0131} Insoma embodiments of the invantion, such methods result in most {g.9., 50%, 60%, 70%,
80%, 80% or more) of the long fragments of a target nucieic acid being tagged with multiple tag-
cortaining seguences thal include the same {ag sequence. Steps can be faken 1o minimize tagging
with diffarent tag sequenceas, for example: selecting the proper ratio of tag-containing seguances o
long fragments; selecting the proper difution or DNA concentration; minimizing molecuie movement
after initiation of the tagging process, for examgie, by mixing BNA fragments, tag-containing
sequences, and enzymes and buffers at low temperature, waiting for liquid movements to stop, and
then increasing the temperaiure of the mixture in order 1o activale enzymalic processes); tethering a
single tag-containing segquence o a single long DNA fragment by covalent or non-covalent binding;

and other fechniquss.
Long fragments containing a unigue fingerprint

{81321 In other ambodiments of the invention, rather than maximizing the number of long fragments
with a single tag sequence inserted at multiple locations along the long fragment, MT involves
providing conditions under which multiple tags with different sequances are insertad at multiple
locations, creating a unigue pattern or “fingerprint” for each long fragment that is provided by 8 unique

patfern of insertion of the different-sequence tags.

Ny
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[0133] Exemplary methods for tagging single fragments are described below,
{1) Tagging with fransposons

[8134] Several approaches to MT make use of transposon sequances and/or transposasas. Any
suitable transposon/transposase or transposon/integrase system may be used (o introduce fagged
transposons. Examples inciude in vitro Mu transposition {(Haapa el al., Nucl. Acids Ras,, 27:2777-
2784, 1999; Savilahti et al., EMBO J. 14:4883-4203, 1995); Tyi (Devine and Boeks, Nucl. Acids Res.,
22:3785-3772, 1294, International Patent Application WO 85/23875); Tn? (Craig, Curr. Topics
Microbiol Immunol. 204:27-48, 1838); Tn 10 and IS 10 {Kleckner et al., Curr, Top. Microbiol.
immunol. 204:48-82, 1996); Mariner {Lampe et al,, EMBQ J. 15:5470-5479, 1086}, Tl (Vos et al,,
Genes Dev.,10:755-781, 1928); Tns (Park et al., Taehan Misaengmul Hakhoachi 27:381-388, 1892);
P alement (Kaufman and Rio, Cell 88:27-22, 1992); Tn3 (Ichikawa and Ohtsubo, J. Biol. Chem.
285:18823-18832, 1890}, bacterial insertion sequences {Ohisubo and Sekineg, Curr. Top. Microbiol,
immunol., 204:1-28, 1928); retroviruses (Varmus and Brown, "Retroviruses,” in Mobile DNA, Berg and

Hows, eds., American Scciety for Microbiclogy, Washington, £C, pp.53-108, 1888); and yeast

ratrotransposons (Boaka, “Transposable slements in Saccharomyces cerevisiag,” in Moblls DNA,

Berg and Howe, eds., American Society for Microbiciogy, Washington, DC, pp.53-108, 1988}, Other
known transpasons include, without limitation, ACY, Tn83EQ, Tn816, Tnds1, Tni721, Tn 241
Tni881, Tni, Tn, Tnd, Tn6, TnA, Tn30, Tn101, TnB03, Tn301, Tn1000 (v8}, Tni681, Tn2801, AC

transposons, Mp transposons, Spm transposons, En transposons, Dotted transposons, Ds

]

B

transposons, dSpm transposons and | transposons. Modified forms of the transposon ends andfor
fransposases may be used, e.g., a modified Tnb transposase as in the Naxtera™ technology

{Epicentra Blotechnologies, Madison, Wi,

[0135] Many transposases recoghize different insertion sequences, and therefore it is to be
undersiood that & fransposase-basad vector will contain insertion sequencas racognized by the
particular transposase also found in the transposase-based vector. Transposases and insartion
sequences from eukaryolic transposon-based vectors can be modified and used including. However,
non-eukaryotic transposon-based alements reduce the likelihood that a aukaryolic tranaposase in the
recipient organism {e.g., human subject) will recognize prokaryotic insertion sequences bracketing the

transgens.

{8138} A first approach involves In vifre transposition {sea Figuras 1A and 18). A population of
fagged fransposons is used 21a, 21h, 21e, 21d. Tagged ransposons are DNA construcis that include
fransposaon ends 24, and near each of the ends, pairs of unique tag (barcode) sequances 22a, 22b,
22¢, 22d (the same tag sequence near both ends), and a common POR primer binding site 23. The
population of transposons is combined with long fragments 4 of & farget nucleic acid. Addition of
transposase causes i vitro transposition of several of the tagged transposons into the long fragments
2. Each long fragment has a unigue pattern of fransposon insartion, and sach inserted transposon
has a unigue tag sequence (bar coda}. in addition, the act of transposition replicatas 9 bp of
sequence at each end of the transposon that further distinguishes each transposon inserfion event

{and may be considered ancther form of “tagging”).
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{01371 PCR s performed using primers that hind {o the PCR primer binding sites 23 of each inserted
transposon. The resuliing PCR amplicons 3 include a portion of the fong fragment 344, 33k, 3ic. 3id
that lies between adjacent transposon portions 32a. 32b. 3¢, 32d. At each end of the amplicons {i.e.,
flanking the target, or long fragment, sequence) are sequencas from the end of an adjacent

fransposon, including the unique tag (barcode) sequence for that transposon 22a, 42b, 32¢ 22d.

{8138} After sequencing the PCR ampiicons, it is possible not only to map the sequence reads to a
reference genoma, assuming such is available, bul to use the tags o build contigs 1o guide de novo
assembly. Each sequence read 42a to 42h is associated with a tag sequence 24a, 22b, 23¢, 22d. A
particular tag sequence {or patiern of tags, e.¢., a pair of tags or a chain of tags) corresponds fo a
single fragment. Thus, segquence reads from the same fragment should map within the same region of
the target nuclelc acid. In general, two different amplicons (such as 31a and 31b) have the same
unigue tag 22k from one transposon at their ends and are thus adjacent to one another in the long

fragment from which they are derived.

[0138] The sequence reads are assembiled using matched adjacent barcodes to build long reads,

each comprisi

of the initial fragment. Sequence reads are continuous or discontinuous depending on sequance read
lsngth. i more than one genome equivalent of long fragmants is analyzed (e.g., 2, 3, 4, 5, 10, or 20 or
more genome equivalents) building up contigs out of sequence reads derived from overlapping long

fragments is straightforward.
{2} Tagging with hairpins

{81401 This approach begins with long fragments of a target nucleic acid § that are denatured to form
two complementary single strands from each fragment 11, _12. See Figures 2A and 2B ltalso uses a
ceulation of cligonucientides (28a, 28b, 25¢, 284) that form hairpins, each including tag sequencas
223, 22h, 22¢c, 224 in the loop thal flank PCR primer binding sites and having a shori siretch of
random bases (e.¢g., 3-5 basas) 28a to 26h at each end. The hairpin oligos are annealed gato the
single stranded form 11 of the starting long fragments spaced apart, for example, by about 300 to
1060 bp. Each long fragment has a unigue pattern of annealed hairpins. After annealing the single
strandad region between adjacent hairpins is filled-in 2h with a 5-3° polymerase that lacks strand

displacement, followed by ligase treaiment to seal the remaining nick 2g.

{0141} PCR ampiification 3 using primers that bind to the POR binding sites 23 betwesan the bar code
sequences of each hairpin creates amplicons that have a portion of the long fragment 31a. 31b, 3¢,
31d that liss between the binding sites of adjacent hairpin oligohuciectides. At each and such
amplicons include sequences from the loop of an adjacant hairpin oligonucleotide, including the
unique tag sequence for that oligonucieotide 22a, 22k, 22¢, 22d. in the same manner as method (1)
above, the bar code sequencas al the ends of the PCR amplicons can be used to build contigs 4 fo

guide de nove mapping and assembly.

{3} Tagyging with fransposons on a DNA nancbalf or bead

>
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{0142} This approach, and several others discussed herain, use a particle {such as a DNB or bead)

containing many copies of the same tag sequence. in some

ases, the tags include ransposon
sequences. Assoclation of polynuclectides with beads is well known in the art, and is briefly described
above. Likewise, production of DNA concatemears {e.q., DNA nanobalis or BNBs) is well known in the
art, and is briefly described below.

{01431 The approach illustrated in Figure 3 employs a particle 18 from which transposon sequences

may be releasad: for example, beads covered with transposon saqusnces, of & concatamer of
transposon seguences created by rolling circle replication of a circular DNA that includes the
transposon sequence — a transposoen nanoball. As in method (1) above, the “transposon sequences”

the

are DNA constructs that include (1) transposon ends 24 and, (i) at & selecled locatic
fransposon sequences 31a to 31e between the transposon ends {near each of the transposon ends),
tag sequences 22 (optionally, the same tag sequence can ke near both ends), and (iii) @ common

PCR primer binding site 23.

{0144} The transposon-containing bead or nanoball 15 is combined with the long fragments { of a
double stranded target nuclsls acld. Conditions are selected to promoie the inleraction of only one tag
assembly, l.e., bead or nanoball bearing a single transposon sequence, with sach long fragment. For
xample, at the correct dilution, only one bead or nancball 158 interacts with each long fragment in
most cases, since diffusion is slow and most transposons don’t travet far from & long fragment,
Alternatively, the transposon sequence or ancther sequence on the transposon assembly {e.g., an
adaptor ligated to an end of the tranaposon seguence or concatemer, @ homopolymer seguenca
addad by a terminal transferase) can be used to bind by hykridization one cligonuciectide containing
one barcode sequance reprasenting one transposon molectle . Upon adaition of transposase,
fransposition occurs {not shown). In most cases, each fragment received muitiple coples of the same
transposon sequense. A minority of the fong fragments may receive cogpias of more than one
transposon. Also, in a minority of cases, a transposon with a particular tag may transpose inte more

than one long fragment.

{0148] As in method (1), POR ampiification is performed using primers that bind to the PUR primaer

binding sites 23 of each insertad transposon. The resulting PCR amplicons 3 (between about 300 bp

and 1000 bp in length) inciude a portion of the long fragment 31a, 31k, 31c, 314, 3ie thallies
between adjacent transposons; at each end such amplicons include seguences from the end of an
adjacent transposon 32a, 32b, including the unigue tag sequence (barcode) for that transposon 22 in

aither or both of the transposase portions 328 and 32b. The constructs are amplified and sequencad,

After sequencing, sequence reads 42a, 42b, 42¢, 42d, 42e are mapped and assembled. The barcode

22 is 3 label for the particular long fragment 1 .

{0148} In this method, because most long fragments are tagged with multiple copies of a aingie
fransposen, the resuiting amplicons have the same {ag at gach end. Thea {ags permit each sequence
read o be associated with the same long fragment, although it is not possible to bulld up contigs
based on the ordering of the tag sequences alone as in methods (1) and (2). If more than one

transposon inserts into a single long fragment, # is most likely that ali of the ransposons that insert

S
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into one long fragment insert only into that one long fragment and not into other fragments. As a
result, sequence reads associated with each of the insertad tags maps closely fogethear in the genome
{or other target nucleic acid). Even if this is not the case, and the same transposon jumps inic more
than one fragment, the likelihood is high that the fragments into which such transposon is insertad are
non-overlapping, in which cass the resulting sequence reads magp to widely separated regions of the
genome. Mapping and assembiy software can aceount for these events and corractly map and
assemble the saguence reads into a genome sequence and order sequence polymorphisms (hets)

into a haplotype.
{4} Tagging with tagged adapiors

{01471 In this method, long double-stranded fragments ] of a genome {(or other target nuclale acid}
are nicked 8! random locations on both strands using an agent such as DNase | that nicks DNA
double strands {i.e., a “nickase”) and DNA polymerase | large (Klenow) fragment, which retains
polymerization and 3'— &' exonuclease activity, but has lost 8'— 3’ exonuclease activity. See Figure
44, Mo dNTPs are included in the reaction. A 3’ common adaptor 27 is ligated {o the 3" end of each
strand at & nick. A particle 18 (such as a bead or DNA) with many copies of & sequence (e.g.,
oligonicleotide) that includes {i) the tag sequence 22 and (i} a sequence 28 that is complementary to
the 3 common adapter 27 is added under conditions that permit tha 3’ common adapter to hybridize
{o the compiementary sequence. For example, the DNBE may be fragmented {e.g., with a restriction

endonuciease or nickase) or oligonuciectide released from the bead.

{0148} As also describad elsewhere herein, at the proper ratic of long fragments to beads or
rnanoballs and at the proper dilution, most of the fragments are spatially associated with one {or less
frequently 2 or more) beads or nanobaiis, and copies of the 37 commaon adaptor hykridize to the
complementary seguence on a single bead or nanchall, since a single hybridization event leads to a
physical intaraction batwean the long fragment and the baad or nanoball, bringing other
complementary sequences into closa proximity. In other words, a particle is close o the dsDMA

fragment, so most tag copies do not diffuse away, but instead hybridize to 3 adaptor.

{0148} Alternativaly, and as alsc described balow, the iong dsDNA fragments and nanobalis or
beads can both be tagged on one end to force interaction if necessary. For example, one can use
complementary DNA sequences such as an A-tail on the long fragment and a T-tail or poly-T region
on tha lag-containing sequences, or other interactive moieties, 1o force the inferaction of the long
fragment and tag-containing sequences in order {o increase the likelihood that each long fragment
has introducad into it muliipls copies of & singls tag-containing sequence. Naxi, the tag-containing
nucleic acids on the bead or nanchall are fragmentad, e.q., with a restriction endonuclease, which
results in commeon adagtors figated to the long fragment hyeridizing to complemeantary sequences that
are included in the nucleic acids releassd from the bead or nanoball. Primer extension using DNA
polymerase | large fragment {Klenow) or a similar DNA polymerase results in the creation of 2 3

tagged molecule spaced apart on the long fragment avery 300 —~ 1000 bp.

N
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{81801 The long DNA molecule can then ba denatured and an oligonuciestide can be hybridized to

tha 3 common adapior; extension with Klenow fragment or a similar polymarase rasults in a blunt-
ended, double-stranded DNA molecuie that can be ligated to a &' common adaptor and PCR
amplified. The resulting PCR amplicons {effectivaly tagged subfragments of the long BNA fragments)

are then sequenced, mapped and assembled in a fashion similar to that described in method (3).

{8481} Thus, according o this method of the invention, the MT process may comprise:

i

B “‘Clonal” copying of barcode templates and required adaplers, for example by {a)
rolling wircle replication {RCR) to make a concatemer with hundreds of coples of the same tag or by
{b} emuision PCR on beads to create thousands of copies. Optionally, the copied unit may represent

a fransposon.

i Mixing long genomic fragments and tag-adapter concatamers or keads in the propsr
ratio and in proper conceantrations t© have majority, most or aimost ali genomic fragments spatially

associated with ona concatemer and infrequently with two oF mora,

) Adding a universal primer to genomic DNA by: (a) nicking of genomic DNA af
predefined frequency (e.g., 1 kb) using partial nicking with frequent nicker or other methods;
controlled nick translation can be used to further randomize fragment start sites; optionally a small
gap may be created at the nicking site, &.g., by exo activity of Pol | or Klenow without dNTPs; (b}
ligating a primer by 5 end fo 3" end of nicked DNA by providing the primer hykridized with a shont
complementary dideoxy cligo at the 5 end; this primer is complementary to an adapter next to the

barcoda. Optionally this step can be dohe bafore step two or mixing genomic DNA with clonal tags,;

V) Copying the tag from tag donor (BNA nanoball or head) and another adapter by
primer extension using tag templates. After DNA denaturing this results in ~1kb ssDNA fragments
with an adapler-barcode-adapter extension at 3" end. These fragments can be used as seguencing
templates by a primer complementary to the 3" end adapter or converted in dsDNA by the same
primer and further process (e.g., ligate an adapter on the other end, amplify, circularize) before

sequencing.

{8152} Optionally steps 3 and 4 can be replaced by transposon insertion and fragmenting or

amplification if concatemers or beads represent ciones of tagged transposons.
{8} insertion without nicking ~Method |

{81531 An allernative approach to inserting tag-containing sequances does not rely on nicking. See
Figure 4B. Long fragments 1 are denaturad (e.g., by heating) {o produce compiementary single
strands. Random primers (N-mers) 283, 28h, 28¢ are annealed 1o the single strands and extended
with polymerase. An alkaline phosphatase {e.q., shrimp alkaline phosphatase, SAP) is added, and
polymerasa having a 3— 5 exonuclease function {e.q., Klenow) is used fo create gaps. The rasulting
partially double-stranded product comprising random N-mers 28a, 28b, 28¢ in-batween portions of
the long fragment to be sequenced 34a, 31h. 3lc is handled as described above and in Figure 4A,

baginning with 3 ligation of & common adaptor.
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{6} insertion without nicking ~ Method 2

{01541 A sacond aiternative approach inserts tag-containing sequences without nicking, using a
particle. Sae Figures 40 and 4D. In this approach, two oligonucieotides are annealed to a tag-
containing sequence carried on & particle 15 such as a bead or as a monomer unit of a DNA

concatemar or nancball: (i} a common primer 23, which is annealed upstream of the tag or barcode

sequence 22, and (i) & common adapter 27 that is annealed downstream of the tag. The primer is
axtended and ligass is added to ligate the primer extension produst to the commoen adaptor 27, This

ligation product thus includes the tag sequence 22 and, atits 3" end, the commeon adaptor 27.

{0185] A population of oligonuciectides that includes (i) a degenerate sequence (random N-mer) £28a
tits 5 and, {il} a sequenca complementary o the common adaptor 28, and (i} noncomplementary
seguence {not shown in Figure 4C) is annealad to the ligation product from the previous step and a
primer extension is parformed, adding io the 3 end of the ligation preduct a degenerate sequence
28a complamentary to that on each oligonuclectide (which is subsequently removed, for example, by
digestion). The rasulting product (8 population of “taggad adaptors” cach with a degenserats seguence
283 at their 3 ends) is then released from the bead or nanoball 18, ¢.¢., by heat denaturation. The

tagged adaptors are annealed fo a single strand of the long fragment § (produced by denaturing the

double stranded long fragmant); as shown in Figure 4D, the different dagenerate sequances at the
ends of various tagged adaptors 28a, 28b anneal to complementary sequences spaced apart along
the long fragment 1. As described above, a polymerase is added to extend the tagged adapior, and
the extension product includes a sequence complementary to a region of the long fragment 31a, 31b.
The rasulting molecules, which include a tagged adaptor joined to a sequence from the long fragment

can than be used o cragte tagged subfragments of the long fragment as described above (Figure
4A%

{7} insartion using controlied nick transiation

{01588] Figure 4G illustrates an approach similar to {4), above. Long double-sirandad DNA is nicked
and then the nicks are opened into short gaps to facilitate the subsequent ligation of adaptor to the 3-
and of the gap. Nicking can be accomplished with by partial digastion with any nicking endonucleassa
{nickase}. One sultable nickase is NL.CViPIL The recognition site for NLCVIPI is the short sequence
CCD, where D = A, G or T. The gap can be opened either by using the 3-exo activity of the
proofreading polymaerase Klenow, which will bind {o nicks and degrade tha nicked strandina 3 0 &
direction leaving a short gap in the absence of nuclectide, or by controlled nick translation {CNT),
which uses the nick-transiating polymerass Pol | and a limited amount of nuclestides o translate the

nick a short distance. This reaction leaves a shorl gap {1-3 bases) instead of a nick.

{01587} This nicking approach provides good read coverage per long DNA fragment because it uses
both DNA strands. In some ambodiments, the processes can be carriad oul in a gel block {or other
polvmaer block or fill-in at the bottom of & tube or & microtiter plate well), optionally carrving out the
anzymatic steps in series. For example, if iong DNA fragments and DNBs are entrapped in gel plugs

and then contfrolled nicking is carried out, for example by Vvn, followed by washing out the nickase is

&
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performed, one can then do a CNT reaction for 20-100 bases {g.q., about 20 bases) fo create a small
gap {and further randomize position of nick sites) foliowed by washing out polymerase. Othar ways o
create a gap inciude using Klenow or exonucleases. The resulting product at this stage would be DNA
ready for “in-gap” adapter ligation and DNBs still mostly intact, DNA would be fragmented into ~10kb
segments but they would not be able fo move significantly in gel plugs. The final step of this in-gel
mathod single tube LFR is a) fragmenting DNBs, creating adaptar by hybridization/ligation of
components addad in solution and b) ligation of such barcoded adapters in the prepared gaps in
genomic DNA. This step requires to mix specific nickase for fragmenting DNBs and ligase. The
raaction may be stopped by washing out enzymas and or hit kill that would also release DNA from gel
plugs. Beads with clonal barcode may be used instead of DNBs in this method. DNBs or beads may
be used al distance of 2-40 micromelers, preferably 5-20 um, on avarage. Long DNA maolecules,
usually occupying 3D space having about 0.5-2um’ or more in volume, may be used in concantration

creating average distance of 1 to 3 um or even 4-10um, on averags.

Subfragments series

{8158] The meathods of (4}, (5) and (8} (shown in Figures 4A to 4D) rasult in PCR amplicons that ars,
affectivaly, tagged subfragments of the long DNA fragmenis. This is advantageous if short-read

sequencing methods are used. Thare are a varlety of ways 1o creals such a series of fragmanis.

[0188] For exampie, it is possible to create a series of such subfragments with shorter and shorter
ragions of the long DNA fragments as shown in Figure 4E. This starts with the biunt-ended primer-
extended tagged subfragmaent that results from POR amplification, comprising a portion 34g of a long
fragment joined to a tag sequence 22. A 3 adaptor 27 is ligated fo the tagged subfragments. One end
of the adaptor includes an overhang; the other end is @ blunt end that includes & biocked nucleotide
{e.g., a ddNTP). After ligation of the 3’ adaptor, the subfragment is denatured and another round of
primer extension is performed using controlied nick transiation. The primer extension is stopped
bafore completion such that the primer does not extend all the way {6 the end of the complementary
strand. A 3" adaplor 27 is ligated to the and of the extended strand. This process can be repeated as
many times as desired with the extent of primer axtension varied in order to create a series of
fragments 33 having a common &' end that are shortened on their 3’ ends. Details of the blocked
adaplor strategy and of controlled nick translation are providad, for example, in U8, Patent
Applications 12/329,365 (published as U.S. 2012-0100534 A1) and 12/573,697 (published as US-
2010-0105052-A1).

[0180] Arnother approach 1o creating a serles of such subfragments with shorter and shoiter regions
of the long DNA fragments as shown in Figure 4F. This approach also uses controlled nick transiation.
Subfragments are circularized than split into two or morae separate wails, Controiied nick transiation is
parformed to a different extent in the various wells in order to create subfragments with a common &
and that are shoriened on their 3’ ends 1o various degrees. The subfragments can then be poolad and

the process continued. Another approach uses Exonuclease i, or other exonucleases.
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Strategies for obiaining high proportion of long fragments labeled with exactly one fayg

sgguance

[0181] Optimal use of the long fragments occurs when most of them have bsen tagged. Assembly of
reads into full-ength sequence or analysis of adjacent ragions of the genome is usually easier if, on
mosat or ail of the long fragmentis, there are multiple coples of a single tag sequence that differ from
the fag sequence on other long fragments. Thus, after amplification of each of the tagged
subfragments, two reads having the same tag seguence would have come from the same long
fragment. Seclions describing use of excess of DNA fragments or excess of DNA hinding capacity on
clonal-barcoda carries, above, descrived how to adjust dilutions and ratios of reacting long DNA

fragments and introduced clonal tag sequences to optimize tagging.

[0182] Cne sirategy for obtaining high proportion of long fragments labeled with exactiy one tag
sequencs involvas tethering and other ways of associating particles with single long fragments. Thera
are several ways to attach or tether a single bead or DNA nanoball (DNB) with muitiple copies of &
particular tag-containing sequence to & single long fragment of a target nucleic acid. For example, a
homogpolymear saquence (8.g., an A-talll may be added to the long fragment using terminal transferase

or an adaptor with a selected sequence may be ligaled o an end or ends of the long fragmant. A

complementary sequence may be added o the end of or Included within the tag-containing sequence

or nanchall such that, under selected appropriate conditions, the tag-containing sequence or fag

assembly anneals with the corresponding complementary sequence on the long fragment. Preferably,

a long fragment can anneal to only one tag-contalining sequernce or tag assembly.

[0183] Various heads used for clonal ampiification of adapter-barcode~-adapter oligonuclectides can
have additional weak temporary DNA binding capacity: .g. positively charged surface or surface that
binds to DNA bases. Different size beads can be used {o provide enough barcode copies and also
enough surface for binding long DNA fragments. Cional barcodes and associaled adapters {e.g. Adl-
Barcode-Ad2) generated by circle replication as concatemers (DNBs) can be modifiad by hybridizing
a modified oligenuclectide to a segment of an adapter. Allernativas are branchad structures that
provide sufficient number of positive charge or other chemical groups that provide sufficient binding

capacity for long DNA fragments.

Characteristics of tagged long fragments

{8184] In one aspeci, the invantion provides a DNA molecule comgprising a genomic sequence {3}
and a plurality of discrete introduced sequences {(IS8), wherein said introduced sequences are not
naturally contiguous with the ganomis BNA sequenca. The DNA molecule is single-stranded or
double-stranded. In some embodiments the DNA has a length of at least 2 kb, 5 kb, atleast 7.5 kb or
at ieast 10 kb, such as a length in the ranga 5 - 20 kb, 7.5-15 kb, or 10-12.5 kb. In some
embodimants, the DNA has a length of at lsast 50 kb, at least 75 kb or atf least 100 kb, such as a

length in the range 50 — 200 kb, 75-150 kb, or 100-125 kb. Ganerally, each fragment comprises at

31
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least &, at least 10, at least 25, or at least 50 introduced sequences whereln each of saild introduced

sequenceas has the same seguence or CC':"TE.!)T;SGS a Comnon Suhsequence.

[8188] The average spacing between introduced sequencas is 100 bp, 200 bp, 300 by, 400 bp, 500
bp, 600 bp, 700 bp, 800 bp, 900 bp, 1000 bp, 1500 bp, 2000 bp, 2500 bp, 3000 bp, 3500 bp, 4000 bp,
or 5000 hp. According to another embodiment, the average spacing is betwaen about 100 bp and
about 5000 bp, or between about 200 bp and about 4000 bp, or between about 300 bp and about

3000 bp, or batwean about 300 bp and about 2000 bp, or betweaen about 300 bp and akout 10030 bp.

{0188] The DNA langth, N, is 50 — 150 kb and the number of introduced sequences, 18, is in the
range [(N x 1) fo (N x 4)]. Alternatively, the DNA length, N, is 530 — 150 kb and the number of
infroduced sequencas, IS, is in the ranges [N x 2} - (N x 10)]. Alternatively, the DNA length, N, is 50 ~

150 kb and the number of introducad seguences, 18, isinthe range [N x 1) o (N x 0.2}}

{01871 In some embodiments, the DNA length, N, is § — 15 kb and the number of introduced
sequencas, I3, Is in the ranga [{N x 13 to (N x 4}]. Alternatively, the BNA length, N, is 5~ 15 kb and
the number of introduced sequences, 13, is in the range (N x 2) - (N x 10)]. Alternatively, the DNA
length, N, is 5 — 15 kb and the numbar of introduced sequances, IS, isintherange [(Nx 1} to (N x
0.231

[8188] The genomic DNA sequence may be, for example, from an animal, such as a mammal (e.g.,

human), a plant, a fungus or bacteria.

{8489} The introduced sequences may comprise transposon saquences and/or primar dinding

sequences.

[0170] In one aspect the invention provides a composition comprising a population of DNA
molacules as describad above, The population may in aggragate represent essentially all (s.q., at
least 80%, at lsast 90%, at least 95%, or at least 89%) genomic seguence of an organism. The
composition may further comprise {1} a transposase, (il) a BNA polvmerase, and/or (iil) amplification
primers that bind a seguence in the introduced sequence or the complement of a sequence in a the

introduced sequence.

{8171} In one aspect the invention provides a composition comprising a population of tagged long
fragmenis as described above wherein the population comprises in aggregate at least about 10%, at

ieast about 105, atf least ahout 1(){ or al least about 107 different inserted barcodes.

{81721 In one aspect, a majority or essentiallity all (e.q., at {east 50%, at least 80%, at least 80%, at
least 95%, or at ieast 898%) of the DNA molecules in the population comprise a unique introduced
sequence (i.e., an introduced sequence not shared by other mojesulas). In some casas, the unigue
introduced sequences share a common subseguence. The commoen subsequence may be a primer

binding saquance.
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{01737 In some embediments, more than 10%, more than 20%, more than 30% or more than 50% of
tha DNA length in 8 long Tfragment can be reprasentad in short DNA fragmants tagged with the copies
of the same barcodes. For example, using a 100kb long fragment to generate 100 sub-fragments with
an average length of 1 kb, would result in 20-80 useful tagged fragments. The other fragments would

be lost as untagged or too short or oo long.

{8174} In some embodiment a substantial number (greater than 25%) or majority (greater than 50%})

of long DNA fragments in a composition are tagged with more than one (e.g., two or threa) different

tags.

Producing subfragments of tagged long fragments

{0178} Afer lagging, the long fragmenis of the target nucleic acid are subfragmented 1o a desirad
size by amplification {a.q., by PCR, primer extension, RCA}, reatriction enzyme digestion {e.q., using
& rare cutter hat has a recognition site within & tag-containing sequence infrodused into lonyg
fragments), or by other conventional techniques, inciuding enzymatic digestion, shearing, sonication,

efc.

{81781 Subfragment sizaes can vary depending on the saurce target nucleic acid and the ibrary
construction methods used, but for standard whole-genome sequenacing such fragments typlcally
range from 50 fo 2000 nuclectides in length. In another embodiments, the fragments are 300 to 600
nuclectides in length, 200 to 2000 nucleotides in langih, or 1000 {o 5000 nucleotides |
another embodiment, the fragments are 10-100, 50-100, 50-300, 100-200, 200-300, 50-400, 100-400,
200-400, 300-400, 400-500, 400-800, 560¢-800, 50-1000, 100-1000, 200-1000, 300-1000, 4601000,
500-1000, 800-1000, 700-1000, 700-800, 700-800, 800-10C0, 900-1000, 1500-2000, 1750-2000, and

fangth. In yet

50-2000 nuclectides in length.

{84771 In a furthar embodiment, fragments of a parficular size or in a particular rangs of sizas are
isclated. Such methods are well known in the arl. For example, gel fractionation can be used fo
produca & population of fragments of a particular size within a range of base pairs, for example for

500 base pairs + 50 base pairs.

{8178} Depending on the selection of tagging and post-processing conditions and different sequence
read lengths starting with about 5 to about 1,000,000 genome-eguivalents of long fragment DNA
ansure that the population of long fragments covers the entire genome. Libraries containing nucleic
acid templatas generated from such a population of overiapping fragments will provide most or ali of

the sequence of an entire genome.

Characteristics of subfragments

{84721 In one aspect, the invention provides a composition comprising a population of
polynuniectides, each comprising {1} saguance corresponding to segmant of a genomic DNA; (2}

infroduced seguencas {2.9., cional barcodes) at one or both termini, wherein the population

(A
L]
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comprises a plurality of different segmaents of genaomic DNA sequance, and the introduced sequences
comprise in aggregate a plurality of differant fag or barcode sequences such that soma
polynuciactides that comprise different genomic DNA segments comprise at lsast one tag or barcode
sequence in common; and (3) the population of polynucieotides comprises at lsast 10 different
barcede sequences, at least 10° giffarent barcode sequences, at least 10° different barcode
sequencas, or at least 107 different barcade s sequences. in some embodiments, the polynuciectide
have an average size (in bases or basepairs) in the range of 50-5000, such as 50-100, 100-200, 200-
300, 300-500, 500-700, 700-1000, 1000-1500, 1500-2000C, 2000-3000, 3000-4000, or 4000-5000, In
some embodimants, at least one pair of DNA segments that comprise a teg or barcode in commol

are adjacent in the genome. In some embodiments, polynuciectides that comprise at least one tlag or
barsode gaquence in common comprise only nonoverlapping genomic DNA segmaents, whare
“nonoverlapping” means the segments do not overlap in the genome. Sometimes, the composition
comprisas a plurality {8.q., al least 10, at least 100, or at least 500) of polynucleotides in one or
multiple copies that share the same tag or barcode and are adiacent in the genomea. Somestimes, the
composition comprises a piurality {e.q., atleast 10, at least 100, or at least 500) of polynuciectide
pairs that share the sams tag or barcods and are adjacent in the targst {2.9., genome) seguance. The
tag sequences may comprise bar codes in combination with transposon sequences and/or primer

binding sites. Tha Introduced sequance (8 not naturally contiguous with the genomic BNA sagment.

{8180] The genomic DNA may ke from a plant, animal (e.¢g., & mammal such as a human), tacleria
or fungus. For bacteria can be a mixture {meta-genomes, o aliow assembly of strains and species
genomes without culturing strain by strain) or isolaled strains or species. Tha polynuciectides may be

amplicons

Amplification

{0181} Befora or after any step outlined herein, an amplification step can be usad to ensure that

enough of the nucleic acid is availabie for subseqguent steps.

[8182] According to one embodiment of the invention, methods are provided for seguencing small
guahtities of complex nucleic acids, including those of higher organisms, in which such complax
nucleic acids are ampiified in order to produce sufficient nucleic acids for sequencing by the methods
described herein. A single human call includes approximately 8.8 picograms (pg) of genomic DNA.
Sequencing of complax nuclaic acids of a highsr organism can be accomplishad using 1 pg, 5 pg. 10
pg. 30 pg, 50 pg, 160 pg, or 1 ng or more of a complex nucieic acid as the starling material, which is
ampiified by any nucieic acid amplification method known in tha art, to produce, for exampie, 200 ng,
400 ng, 800 ng, 800 ng, 1 ug, 2 4g, 3 ug, 4 ug, 5 ug, 10 pg or greater quantities of the complex
nucleic acid. We also disclose nucleic acid amplification protocols that minimize GC bias. However,
the naed for ampiification and subseguent GC bias can be reduced further simply by isolating one cell
or a small number of caills, culturing them for a sufficient time under suitable culture conditions Known

in the art, and using progeny of the starting cell or celis for sequencing.
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{0183} Such amplification methods include without imitation: multiple displacement ampiification
(MDA}, polymerase chain reaction (PCR), ligation chain reaction (sometimes raferrad to as
oligonuciectide ligase amplification OLA), cydling probe technology (CPT), strand displacement assay
{SDA), transcription mediated ampliification (TMA}, nucleic acid sequence based amplification
(NASBA), rolling circie amplification (RCA) {for circularized fragments), and invasive cleavage

fechnology.
[8184] Amplification can ba performed after fragmenting or before or after any step outlinad herein.

Whole genome amplification protocols

{0185} Particular ampiification protocols that have been used during the development of this

invention include the following.

{0188} A first ampification protocel is fransposon mediated insartion of adapters for long PCR
amplification. To maximize coverage of the genome using short read sequencing, we ampiify
relatively large fragments of the genomaea. This allows for shorter overlapping fragments 1o be
generated, which can then be segusnced. Transposons are inserted at a frequency of 3-20 kb in long
genomic DNA. Single primer or two primer PCR can then be done for a small number of cycles to
generate »10 fold ampiification. In one varsion of this process, only one round of long PCHR is
performed followed by fragmenting to overlapping ~300 bp fo 1.5 kilobases by incorporation of uraci
during ampiification (CoRE), ultrasonic fragmentation, nuclease digastion, transposon fragmenting, or

other suitable method

{01877 In another version of this process, longer PCR products ~10 kb in size are first generated and
<100 fold amplification is performed. A second round of transpeson insertion is parformed at a
fraequency of ~3kb. Additional rounds of PCR amplification are performed to generated >1000 fold

ampification. Now fragmantation as describad abova can be performed,

{0488] A sacond protocol is to insert adaplors into gaps generated in the long fragments, Nicks are
first introduced at a frequency of 3-20 kb. The nicks are opened 1o gaps of >1 bp using nucleases or
polymerases in the absence of nucleoctides in the buffer. Adapters are then ligated into the 3-0OH and
the 5 PO, of the gap. On the 3' side no hybridization with bases in the gap Is necsssary. On the &
side an adapter with N€ on the 3’ end will be necessary o first hybridize adjacent to the 5 PO, prior fo
ligation. Onee ligation Is complete, 1 or 2 primer PCR can ve performed. Long PCR primers are again

fragmented into smaller overlapping 300-1.5kb fragments as above.
M4 amplification protocol with reduced GU bias

{0188} Inone aspect, the prasent invention provides methods of nucleic acid amplification in which

the nucleic acid is faithfully amplified, e.g., approximately 30,000-fold depending on the amount of

A

starting DNA.

{8180} According to one embodiment of MT methods of the present invention, MT bagins with
treatment of genomic nucieic aclds, usually genomic DNA, with a & sxonucieass {0 create 3" single-

stranded overhangs. Such single stranded overhangs sarve as MDA initiation sites. Use of the

35



CA 02902882 2015-08-27

WO 2014/145820 PCT/US2014/030649

excnuciease also eliminates the need for a heat or aikaline denaturation step prior to amplification
without infroducing bias into the population of fragments. In another embodimant, alkaline

denaturation is combined with the 5 excnuclease treatment, which resuits in a reduction in bias that is

grealer than what is seen with either treatment alone. The fragments are then amplified.

{81911 In one embodiment, a phi2@-tasad multiple displacement amglification (MDA} is used.
Numerous studies have examined the range of unwanted amplification biases, background product
formation, and chimeric arlifacts introduced via phiZld based MDA, but many of these short comings
have cccurred under extrame conditions of ampiification (greater than 1 million fold). Commonly, MT
employs a substantially lowar level of ampiification and starts with long DNA fragments (e.g., ~100
kb, resulting in efficient MDA and a more acceptable level of amplification bilases and other

amplification-related problems.

{04821 We have developad an improved MDA protocol 1o overcome problems associated with MDA
that uses various additives {e.g., DNA modifying enzymes, sugars, andfor chemicals like DMEO),
andfor different components of the reaction conditions for MDA are reduced, increased or substituted
to further improva the prolocol. To minimize chimeras, reagents can alse be inciuded to reduce the
availablility of the displaced single stranded DNA from acting as an incorrect template for the
axtending DNA strand, which is & common machanism for chimera formation. A major source of
coverage bias introduced by MDA is caused by differences in amplification between GC-rich verses
AT-rich regions. This can be corrected by using different reagents in the MIA reaction and/or by
adjusting the primer concentration to create an environment for even priming across all % GC ragions
of the genome. In some embodimants, random hexamers are used in priming MDA, {n other
ambodiments, other primer dasigns are ulilized o reduce bias. In further embodiments, use of &
exonuciease before or during MDA can help initiate low-hias successiul priming, particularly with
fonger (L.e., 200 kb to 1Mb) fragments that are useful for sequancing regions characterized by long

segmental duplication {i.e., in some cancer cells) and complex repeats.

[0193] In some embodiments, improved, more efficient fragmentation and ligation steps are used
that reduce the number of rounds of MDA amplification requirad for prepating samples by as much as

10,000 foid, which further reduces bias and chimera formation resulting from MBA.

[6194] In some embodiments, the MDA reaction is designed to introduce uracils into the amplification
products in preparation for CoRE fragmeniation. in some embodimants, a standard MDA raaction
utilizing random hexamers is used to amplify the fragments in each well; alternatively, random 8-mer
primers can e used to reduce amplification bias {a.q., G-blas) in the population of fragments. In
further embodiments, several different enzymes can also be added to the MDA reaction to reduce the
bias of the amplification. For example, low concenirations of non-procassive 5 exonucleasas and/or
single~siranded binding proteins can te used to create binding sites for the 8-mers. Chemical agants

such as betaine, DMS(, and trehalose can alse be used to reduce bias.

{8198} After amplification of the nucleic acids in a sample, the ampiification products may optionally

be fragmented. in some embodiments the CoRE method is used to further fragment the fragments
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following amplification. In such embaodiments, MDA amplification of fragments is designed io
incorporate uracils inlo the MDA products. The MDA product is then ireated with a mix of Uracil DNA
glycosylase {UDG), DNA glycosylase-lvase Endonuclease VI, and T4 polynucdiectide kinase to
excise the uracil bases and creats single base gaps with functional § phosphate and 3 hydroxyl
groups. Nick transiation through use of a polymerase such as Tag polymerase rasulls in double
stranded biunt-end breaks, resulting in ligatable fragmenis of a size range dependent on tha
concentration of dUTP added in the MDA reaction. In some embodiments, the CoRE method used
invelves removing uracils by polymerization and strand displacement by phi28. The fragmenting of the
MDA products can also be achieved via sonication or enzymatic treatment. Enzymalic treatment that
could be used in this embodiment includes without limitation DNase |, T7 endonuclease |, micrococeal

nuclease, and the like.

{0198] Following fragmentation of the MDA products, the ends of the resultant fragments may be
repaired. Many fragmentation techniques can result in termini with overhanging ends and termini with
functional groups that are not useful in later ligation reactions, such as 3 and 5 hydroxyt groups
and/or 3" and 5’ phosphate groups. it may be useful to have fragments that are repaired to have biunt
ands. it may also ke desirable to modify the termini to add or remaove phosphate and hydroxyl groups
to prevent “polymaerization” of the target sequences. For example, a phosphatase can be used to
eliminate phosphate groups, such that all ends contaln hydroxyi groups. Each end can then be
selectively alterad to allow ligation batween the desired components. One end of the fragments can

then be “activated” by treatment with alkaline phosphatase.

Nucleic acid sequencing

{0197] MT methods described herein can ba used as a pre-processing step for sequencing diploid
genomes using any seguencing method known in the art, including for example without limitation,
polymerase-based sequencing-by-synthasis {(e.g., HiSeg 2500 system, Hlumina, San Diege, CA),

.

ligation-hased sequencing (e.g., SOLID 53500, Life Technologles Corporation, Carisbad, CA), ion
semiconductor sequencing {e.g., lon PGM or lon Proton sequencers, Life Technologies Corporaticon,
Carlshad, CA), zero~-mode waveguides {e.g., PacBio RS sequencer, Pacific Biosciences, Menlo Park,
CA), nanopore sequencing {e.q., Oxford Nanopore Technoiogies Lid., Oxford, United Kingdom),
pyrosequancing {2.9., 454 Life Sciences, Branford, CT), or other sequencing technologies. Some of
thase sequencing tachnologies are short-read fechnelogies, but ofhers preduce longer reads, e.g., the
GS FLX+ (454 Life Sciences; up to 1000 bg), PacBic RS (Pacific Blosciencas; approximately 1000
bp) and nanopora segquencing (Oxford Nanopore Technologies Lid.; 100 kb). For haplotype phasing,
longer reads are advantagaocus, requiring much less computation, although they tend {0 have a higher
error rate and errors in such long reads may nead to be identified and comrected according to methods

sel forth herein before haplotype phasing.

{84981 According to one embodiment, sequencing is performad using combinatorial probe-anchor

ligation (cPAL) as desciibed, for exampls, in U.B. Patent Application Fublications 2010/0105052;
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US2007099208; US 2009/0264299; US 2009/0155781; US 2009/0005252; US 2009/0011943; US 2009-
0118488; US 2007/0099208; US 2008/0234136; US 2009/0137404; US 2009/0137414; US 2007/0072208;
US 2010/0081128; US 2008/0318796; US 2009/0143235; US 2008/0213771; US 2008/0171331; US
2007/0037152; US 2009/0005259; US 2009/0036316; US 2009/0011416; US 2009/0075343; US
2009/0111705; US 2009/0111706; US 2009/0203551; US 2009/0105961; US 2008/0221832; US
2009/0318304; US 2009/0111115; US 2009/0176652; US 2009/0311691; US 2009/0176234, US
2009/0263802; US 2011/0004413; and 12/329,365; published international patent application numbers
W02007120208, WO2006073504, and WO2007133831, and U.S. Patent Application Nos. 13/448,279
(published as US 20140051588), 13/447,087, (published as 20130124100).

[0199] Exemplary methods for calling variations in a polynucleotide sequence compared to a reference
polynucleotide sequence and for polynucleotide sequence assembly (or reassembly), for example, are
provided in U.S. patent publication No. 2011-0004413, (App. No. 12/770,089). See also Drmanac et al.,
Science 327,78-81, 2010. See also copending related application No. 61/623,876, entitled “Identification
Of DNA Fragments And Structural Variations”; App. No. 13/649,966, published as US Pat. Pub. 2013-
0096841; and App. N0.13/447,087, entitled “Processing and Analysis of Complex Nucleic Acid
Sequence Data” published as US Pat. Pub. 2013/0124100.

[0200] By sequencing 50% of each ~1 kb fragment, ~1x sequence coverage would be generated for
each genomic fragment because tagged fragments are generated from both strands of dsDNA. If one
sequences 25% (1/2 read coverage per fragment), one would observe the linkage of two regions in 25%
of fragments. For the same read budget we can increase the number of fragments two-fold and have
only two-fold reduction in the observed linkages. For 25% read (125 bases form each end of 1 kb
fragment) and 36 starting cells one will observe nine linkages instead of ~18 linkages for 18 cells if one
reads 50% of DNA (250 bases from each end of a ~1 kb fragment. If only ~60 bases can be read from
each fragment, it is better to use 300-500 bp fragments that still make very useful mate-pairs.

[0201] If sequencing a fraction of DNA from each ~1 kb fragment, more initial fragments are needed.

For example, if one sequences one-half, 4x more fragments are required.

Complexity Reduction

[0202] In a further aspect, MT techniques of the invention reduce the complexity of DNA to be
sequenced to focus on sequence of interests such as a targeted panel of genes for different diseases,
exome or rare bacterial strains. Complexity reduction and haplotype separation in >100 kb long DNA
can be helpful in more efficiently and cost effective sequence assembly and detection of sequence
variations in human and other diploid and polyploid genomes or mixtures of bacterial and other
genomes (metagenomes). One way of complexity reduction of tagged DNA fragments is to use
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capture oligonuciaectides for genomic sequences of interest e.g. coding seguences {e.g. exome

selaction for abtaining “phased” exome variants).

{02031 DNA fragments of inferest can be enriched by: (8) providing a mixtura of DNA fragments

tagged by plurality of barcodes, (b} capturing DNA fragments using oligonuclectides complementary
at least in part to the barcode sequences of interest, (o) discarding non-capturad DNA preferentialy
having no barcode matching capturing oligonuciectides, thus enriching DNA fragments of interest.
The mixiure may comprise DNA fragmants from more than 30, 100, or 1600 bacterial strains or
spacies in variable reprasentation. A harcode may be used o tag DNA from one or a few bacterial
cells. More than 10, 30, 80, 100 or 300 differant capture oligonucieotides may be used, each specific
for one barcode. In both approaches instead of positive selection, a negative selection can be used to
remove unwantad, usually freguent sequences such as Alu repeats in human genome or frequent

bactaria in microbiome.

Definitions

{0204} As used herein, a “fragment” or subfragment of a target nucleic acid, such as a fragment of
genomic ONA, fragment of chromosomal BDNA, a fong fragment, or a subfragment (of a long fragment,
of a target DNA, etc.} refers to the relationship of the sequences, rather than necessarily fo a direct

e

physical darivation. A "fragment” of a longer sequence {&.q., a "fragment of a target nucleic acid
molecuie” or "a subfragment of a tagged long fragment”} comprises the sequence of a portion of the
longer sequence, or altarnatively, comprises the axact complemant of a sequence of a portion of the
fonger sequenca, without regard fo how the fragment is produced. For example, a “subifragmant” of a
target nucleic acid or of a long fragment can be produced by ampiification or replication of a portion of
tha target nucleic acid, resulting in & new molecule comprising & sequence that is the same as, or
exactly complementary to, the target nucieic acid sequence. In other example, a “subfragment” of a
target nucleic acid or of a long fragment can ba produced by physical or enzymatic fragmentation of

the farget nucleic acid or long fragment.

[8208] The term “long fragment” is used in this description to refer to a starting nucleic acid polymer
that is usad in a protocol of this invantion for tagging, saquencing, analysis, or further processing. The
term does not reguire that the nucleic acid be oblained from any particular source or by any particular
process. The nucleic acid can be any length and have any characteristics that are compatible with the
protocol being referrad to. it may previously have been amplified, fragmented, recombinad, or
otherwise processed bafore the initial step of the protocot being referred to. In some of the illustrations
provided in this disclosurs, a staiting “long fragment” is between about 3 and 20 kb, in otheris 10 to
106 kb or 30-300kb or majority or most are longer than 10 or longer than 20 kb or longer than 30kb or
50kb.

{0208] As used herain, nucleic acld "amplification” refers to mathods in which a polynuciestide

copies are produced through cycles of polymerization or ligation, at a geomelric or expediential rate,



CA 02902882 2015-08-27

WO 2014/145820 PCT/US2014/030649

as distinguished from templata replication, in which a single copy of a template is made, or in which

one or mora coples of the template ars obtained by RCR.

{0207} A fragment of a target nuclele acid to be sagquenced and analyzed is sometimes referred {0 as
an “initial fragment”. The term is used only to indicate that a fragment having the specified

charactaristics is a product used sarly in a particular protocol.

{0208] As used herein “inserting,” “introducing,” and “incorporating” are not limited to physically
incorporating one polynuclectide {e.g., a bar-code containing cligonuclectide) into ancther
polynusiectide (e.q. a long DNA). For examgls, as describad hereinabove, a barcods sequence may
be introduced into a long DNA fragment by replicating all or part of the long ENA fragment sequence
along with Interspersed tag ssguances. {See, «.q., Fig. 2A..) A barcode sequence may be infroduced
into a long DNA fragment by physically transposing a barcode sequence into the long DNA moleculs.

(See, e.g., Fig. 1A’

{80208} As usad hereln, “interspersed” has its normal meaning in the arl. For example, a tagged iong
fragment containing “target nucleic acid sequence and multiple interspersed tag sequences,” is a
polynuciectide that comprises a target nucieic acid sequence, such &s a genomic saquance,
interruptad by multiple tag sequences {e.g., muitiple copies of a tag sequence) such that tag
sequencas lie belween targaet sequences that are contiguous in the target nucleic acid. As discussed
above, the average spacing between adjacent introduced tag sequences may be, for exampls, 100
bp, 200 bp, 300 bp, 400 bp, 500 bp, €00 bp, 700 bp, 860 bp, 800 bp, 1000 bp, 1500 bp, 2000 bp,
2500 bp, 3000 kp, 3500 bp, 4600 bp, or 5000 bp.

{6216] Theterm "ransposon”, as usad herein, refers [0 a nucleic acid segment that is recognizad by

a transposase or an integrase enzyme and is capable of transposition.

{6244] The term "ransposase” as used herain refers to an enzyme that is a component of a
functional nucieic acid-protein complex capable of transposition and that mediates transposition. The

term "fransposase” also refers to integrases from retrotransposons or of retroviral origin.

{0212} The expression "ransposition reaction” used hersin refers 1o a reaction wherain a transposon
inserts info 3 target nucleic acid. Primary components in a transposition reaction are 8 transposon

and a transposase or an integrase enzyme.

{82131 The term "ransposon end sequence” or “ransposon ends,” as used herein refers to the
nuclectide sequences at the distal ends of a transposon. The transposon end sequences are
rasponsible for identifying the transposon for transposition; thay are the DINA sequencas the
transpose enzyme reguires in ordaer to form transposasome complex and fo perform fransposition
reaction. A transposable DNA may comprise only one transposon end sequence or more than one
fransposon end sequence. Tha ransposon end sequence in the transposable BNA sequence is thus
not linked to another fransposon end sequence by nuclectide sequence, e, the transposable DNA
contains only one fransposase binding sequence. Thus, the transposabie BNA comprises a
"transposon end” (see, 2.9., Savilahti et al.,, EMBO J. 14:4893-4803, 1995).
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{0214} The term ™ransposase binding sequence” or "transposase binding siie” as used herein refers
o the nuclactide sequences that are always within the transposon end saguance o which &
transposase specifically binds when mediating transposition. The transposase binding sequence may

comprise more than one site for the binding of transposass subunits.

{82151 The term "transposaon joining strand™ or *joining end” as usad herein maans the end of that
strand of the double-stranded transposon DNA, which is joined by the transposase {o the target DNA
at the insertion sife.

{0218} Transposon complexes form between a transposase enzyme and a fragment of double
stranded DNA that contains a specific binding sequencsa for the enzyme, termed a "transposcn end”.
Tha seguenca of the transposon binding site can be madified with other bases, at certain positions,
without affecting the ability for transposon complex to form a stable structure that can efficiently
franspose into target BNA. By manipulating the sequence of the transposon end, the methad provided
propertiss to the fragmented target DNA that can be utilized in downstream applications, particularly
when using the method for library preparation before sequencing.

{02171 The term "adaptor” or "adaptor tall” as used herein refers to a non-target nucleic acid
component, generally DNA, that provides a means of addressing a nucleic acid fragment to which itis
joined. For example, in embodiments, an adapior comprises a hucleolida seguencs that permils
identification, recognition, and/or molecular or blochemical manipuiation of the DNA to which the
adaptor is attached {s.g., by providing a site for annealing an oligonuclectide, such as a primer for

extension by a DNA polymerase, or an oligonucleotide for capture or for a ligation reaction).

{6218] Theterm “particle” as used in this disclosure rafers {0 a delivery system for muitip

I coples of
a small oligonuclectide, such as a transposon or primer. The oligonuciectide is attached to or
incorgorated into the particle in a manner that makes it releasable for the purposas of partizipating in
a reaction or recombination — for example, using a restriction nuclease. Non-limiting examples
include IBNB (nanobalis}, which are concatemers of an oligonuciectide, and nanobeads to which
multiple copies of an oligonucieoctide is attached. The cligonuclsotide copies on the particle typically
comprises a {ag sequence that differs from tag sequences on other particles. Whan this disclosure
refers to a concatemner or bead participating in a reaction, uniess otherwise stated or requirad, the
description should be considered {o refer broadly to particles of any nature that have releasable
oligonucisotides and are compatible with the protocois autlined — exemplifiad but not limitad to the

type of particle used for purposes of fllustration.

{0219} As used herein, the term “complex nucleic acid” refers to large populations of nonidentical
nucleic acids or polynucientides. in certain embodimants, the target nucleic acid is genomic DNA;
axome DNA (a subset of whole genomic DNA enriched for transcribad sequences which contains the
set of exons in a ganoma); a transcriptoma (i.e., the sat of alt mMRNA transcripts produced ina call or
population of cells, or cBNA produced from such mRNA); a methviome (i.e., the population of

mathyiated sites and the pattem of methyiation in a genome); an exome {ie., protein-coding regions

of & genome selected by an exon capture or enrichment method; a microbiome; a mixiure of genomes
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of different organisms; a mixture of genomes of different cell types of an organism; and other complex
nucleic acid mixturas comprising large numbers of different nuclein acid moleculss {(mamples include,
without iimitation, a microbiome, a xenograft, & solid tumor biopsy comprising both normal and tumor
cells, etc.), including subsets of the aforementioned fypes of complex nuciaic acids. In one
embodiment, such a complex nucleic acid has a complete sequence comprising atl least one gigabase

{Gk) {a diploid human ganome comprises approximately 8 Gb of seguenca).

{82201 Non-fimiting examplas of complex nudieic acids inciude “circulating nucleic acids™ (CNA),
which are nucleic acids circulating in human blood or other body fluids, including but not limited to
fymphatic fiuld, liquor, asciles, milk, urine, stool and bronchial lavage, for exampie, and can ba
distinguished as either celi-free {CF) or cell-associated nuclelc acids {reviewed in Pinzani et al,,
Methods 50:302-307, 2010), e.q., circulating fetal cells in the bloodstream of a expecting mother (see,
2.¢., Kavanagh et al,, J. Chromatol. B 878:1005-1811, 2010} or circulating tumor calls {CTC) from the
bloodstream of a cancer patient {see, e.g., Aliard et al., Clin Cancer Res. 10:6897-6904, 2004).
Ancthar example Is genomic DNA from a single cell or a small number of cells, such as, for example,
from biopsies (e.g., fetal cells biopsiad from the trophectoderm of a blastocyst; cancer cells from
needle aspiration of a solid tumor; eto.). Ancther example is pathogens, e.g., badleria calls, virus, or

other pathogens, in a tissue, in klood or other body fluids, etc.

[0221] As used herein, the term “target nucleic acid” {or polynuciectide) or “nucleic acid of interest”
refers {o any nuclele acid {or polynucleotide) suitable for processing and sequencing by the methods
described herein, The nucleic acid may be single strandead or doubie stranded and may include DNA,
RNA, or olher known nucleic acids. The {arget nucleic acids may ba thosea of any organism, including
but not limited to viruses, bactaria, yeast, piants, fish, regliles, amphiblans, birds, and mammals
{including, without limitation, mice, rats, dogs, cats, goats, sheep, cattle, horses, pigs, rabbits,
monkeys and other non-human primates, and humans). A target nucleic acid may be obtained from
an individual or from a multiple individuals {(i.e., a population). A sample from which the nucleic acid is
obtained may contain a nucleic acids from a mixtura of celis or even organisms, such as: & human
saliva sampls that includes human cells and bacterial cells; @ mouse xenograft that includes mouse

cells and calls from a transplanted human tumor; eic.

{82221 Targel nucieic acids may be unamplified or they may be amplified by any suitable nuclaic acid
amplification method known in the art. Target nucleic acids may be purified according to methods
known in the art {o remove cellular and subceliular contaminants (lipids, proteins, carbohydrates,
nucleic acids other than those o be sequenced, eolc.), or they may be unpurified, L.e,, include at least
some cellular and subcellular contaminants, including without limitation intact cells that arg disrupied
to relsase their nucleic acids for processing and sequencing. Target nucleis aclds can be oblained
from any suitable sample using methods known In the art. Such samples include but are not limited to:
figsues, isolated cells or call cultures, bodily flulds (Inciuding, but not limitad to, tlood, urine, serum,
lymph, saliva, anal and vaginal secretions, perspiration and semen); air, agricultural, water and scil

samples, etc.
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{02231 High coverage in shotgun sequencing is desired because it can overcome errors in base
calling and assembly. As used harein, for any given position in an assermnoled saquance, the term

"

“sequence coverage redundancy,” “sequence coverage” or simply “coverage” means the number of
reads representing that position. it can be calculated from the length of the original genome (G), the
number of reads (N), and the average read length (L) as N x L/G. Coverage also can be calculated
directly by making a taily of the basas for each reference position. For a whole-genome saquance,
coverage is expressed as an average for all bases in the assemblad sequance. Segquence coverage
is the average number of times a base is read (as described above). It is often expressed as “foid
covarage,” for example, as in “40-fold {or 40x) coverage,” meaning that each base in the final

assembled sequence is represented on an average of 40 reads.

[0224] As used herein, term “call rate” means a comparison of the percent of bases of the complex
nucleic acid that are fully called, commonly with refarences to a sultable reference sequence such as,
for example, a reference genome. Thus, for a whole human genome, the “genome call rate” {or simply
“rall rate”) Is the percent of the basaes of the human genoms that are fully called with reference 1o g
whole human genome refarence. An “exome call rate” is the percent of the basas of the exome that
are fully called with reference 10 an exome reference. An exome sequence may be cbtained by
sequencing portions of a genome that have been enriched by various known methods that selectively
capture genomic reglons of interest from a DNA sample prior {o seqguencing. Altermatively, an exome
sequence may be oblained by sequencing a whole human genome, which includes exome
sequences. Thus, a whole human genome sequence may have both a “genome cali rate” and an
“exome call rale.” Thers is also a “raw read call rate” that reflects the number of basas that get an
A/CIGIT designation as opposed to the total number of attempted bases. {Occasionally, the term

“coverage” is used in place of “call rate,” but the meaning will be apparent from the context).

{02251 As used herain, the term “haplotype” maans a combination of alleles at adiacent locations
{loci} on the chromosome that are transmitted together or, aiternatively, a set of sequence variants on
a single chromosome of a chromosome pair that are statistically associated. Every human individual
has two sets of chromosomes, one paternal and the other maternal. Usually DNA sequencing results
only in genotypic information, the sequance of unorderad alieles along a segment of DNAL Inferring
the haplotypes for g genotype separates the alleles in each unordered palr into two separaie
sequences, each calied a hapiotype. Haplotype information is necessary for many different tvpes of
gensatic analysis, including disease assoclation studies and maldng inference on population
ancestrigs.

e}

[0228] As used herein, the term “phasing’ (or resolution} means sorting sequence data into the two
sets of parental chromosomes or haplotypes. Haplotype phasing refers to the problam of receiving as
input a set of genotypes for one individual or & population, i.e., more than one individual, and
outputting & palr of haplotypes for each individual, one baing patarnal and the cther maternal. Phasing
can invoive resolving segquence data over a region of a genome, or as little as two sequence variants
in a read or contig, which may be referred to as focal phasing, or microphasing. it can also involve

phasing of longer contiga, generally including graater than about ten sequence variants, or even a

5]
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whole genome sequence, which may be referred {0 as “universal phasing.” Optionally, phasing

sequence varianis iakes place during genome assambly.

{0227} As usad hereln, the term “transposon” or “transposable slement” means a DNA sequence that
can change its position within the genome. In a classic transposition reaction, a transposase
catalyzes the random inseition of excized transposons into DNA targets. During cut-and-paste
fransposition, a transposase makes random, staggered double-stranded breaks in the target DNA and
covalently altaches the 3" end of the transfarred transpesen strand 1o the &' and of the targat DNA
The transposase/transposon complex inserts an arbitrary DNA sequence at the point of insertion of
the transposon into the targe! nucleic acid. Transposons that insert randomly into the target nucieic
acid sequence are preferred. Several transposons have been described and use in in vitro
transposition systems. For example, in the Nextera™ technology (Nature Methods 6, November 2009;
Epicentre Biotechnologiag, Madison, Wi} The entire complex is not necessary for insertion; frae
transposon ends are sufficient for integration. When free transposon ends are used, the targel DNA is
fragmented and tha transfarred strand of the transposon end oligonucisotide is covalently attached to
the 5" end of the target fragment. The transposon ends can be modified by addition of desired
seguencas, such as PR primer binding sites, bar codesflags, etc. The size distribution of the
fragments can be controlied by changing the amounts of transposase and transposon ends.

Exploiting transposon ends with appended sequences resulls in DNA libraries that can be used in
high-throughput sequencing. Transgoson ends may vary in length but are typically 9-40 bases long.
Pairs of transposon ends may be inverted compiements of sach cther (l.a., the transposon ends may
be inverled terminal repaats).

2,
¥

{0228} As usad hereln, the term “hairpin” (8ise known as & stem-leop) has s notmal meaning in the
art and refers to a nucleic acid confirmation in which two regions of the same strand, usuaily
complementary in nucleotide sequence when read in opposite directions, base-pair to form a double
helix that ends in an unpaired loop

{02281 This disclosure from time to time refers to particular features of the invention as

‘embodiments”. Tha reader is advisad that featuras refarred to in this manner may ba put fogethar in
any combination that is operabie, and that variocus combinations of such features fall within the scope

of the invention.

Use of microdroplets and smulsions

{6230} In some embodiments, the msthods of the present invention are performed in emulsion or
microfiuidic devices,
{8231} A reduction of volumes down to piccliter levels can achiave an even greater reduction in

reagent and computational costs. In some embodiments, this level of cost reduction is accomplished

through the combinalion of the MT process with emuision or microfluidic-typa devicas. The ability to

parform all enzymatic steps in the same reaction without DNA purification facilitates the ability to
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miniaturize and automate this process and resulls in adaptability to a wide variety of platforms and

saimple preparation methods

{0232} Recent studies have aiso suggested an improvement in GG bias after amplification {e.q., by
MDA) and a reduction in background amplification by decreasing the reaction volumes down to

nanolifer size.

{6233} There are currently several types of microfiuidics devices {e.q., devices sold by Advanced
Liguid Logic, Morrisville, NC) or pico/nano-droplet {e.g., RainDance Technologies, Lexington, MA) that
have pico-/nanc-drop making, fusing (3000/second) and collecting functions and could be used in

such embodiments of MT.

Amplifving
{82341 According {o one emmbadiment, the MT process begins with a shoit treatment of ganomic DNA
with & § exonuclease to creats 3 single-stranded overhangs that serve as MDA initiation sites, The
s& of the exonuclease eliminates the need for a heat or alkaline denaturation step prior o
amplification without introducing bias into the popuiation of fragments. Alkaline denaturation can he
combinad with the & exanuclease treatment, which rasulis in a further reduction in bias. Tha
fragments are ampiifiad, e.g., using an MDA method. In cartain emboedimants, the MDA reaction is a
modified phi29 polymerase-based amplification reaction, although ancther known amplificatior

mathod can ke used.

{8235} In some embodimeants, the MDA reaction is designed to introduce uracils into the amplification
products. In some embodiments, a standard MDA reaction utilizing random hexamers is used o
amplify the fragmants in each well. In many embodiments, rather than the random haxamers, random
B-mer primars are used o reduce amplification bias in the population of fragments. in further
ambodiments, several different enzymes can also be added o the MDA reaction to reduce the bias of
the amplification. For exampie, low concentrations of non-procaessive &' exonucleases andior single-
stranded binding proteins can be usad to create binding sites for the 8-mers. Chemical agants such

as betaine, DMSG, and frehaloss can also be used to reduce biaa through similar mechanisms.

Fragmentation

[0238] According to one embodiment, after DINA amplification of DNA, the ampiification product, or
amplicons, is subjectad to a round of fragmeantation. in some emodiments the CoRE method is used
o further fragment the fragments in each well following amplification. In order to use the CoRE
method, the MDA reaction used to amplify the fragments in sach wall Iz designed to incorporate
uraciis into the MDA products. The fragmenting of the MDA products can aiso be achieved via

sonication or enzymatic freatment,

{8237} If a CoRE method is used to fragment the MDA products, amplified DNA is treated with & mix

of uracil DNA glycosylase (UDG), DNA givcosylase-lyase endonuclease Vill, and T4 polynucleotide
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kinase to excise the uracii bases and create single base gaps with functional &' phosphate and 3

hydroxyl groups. Nick fransiation through use of a polymerase such as Tag polymerasa resulls in
double-stranded biunt end breaks, resuiting in ligatable fragments of a size range dependent on the
concentration of dUTP added in the MDA reaction. In some embodiments, the CoRE method used

involves removing uracils by polymerization and strand displacement by phiZ2.

{6238} Following fragmentation of the MDA products, the ends of the rasultant fragments can be
repaired. Such repairs can ke necessary, because many fragmentation techhiques can result in
terminl with overhanging ends and termini with functional groups that are not useful in later ligation
reactions, such as 3" and 5 hydroxy! groups andfor 3" and 5 phosphale groups. in many aspects of
the present invention, it is useful to have fragments that are repaired to have blunt ends, and in some
cases, it can be desirable to alter the chemistry of the termini such that the correct orlentation of
phosghate and hydroxy! groups is not present, thus preventing “polymerization” of the targst
sequences. The contral over the chemistry of the termini can be providad using methods known in the
art. For exampie, in some clroumstances, the use of phosphatase eliminates all the phosphate
groups, such that all ends contain hydroxyl groups. Each end can then be selectively altered to allow
ligation petwean the desirad components. One end of the fragments can then ke “activated”, in some

ambodiments by freatment with alkaline phosghatase.

MT using one of a small number of cells as the source of complex nucleic acids

{02381 Accerding to one embodiment, an MT method is used to analvze the genome of an individual
cell or a smail number of celis (or 8 similar number of nuclel isolated from celis). The process fol
isolating DNA in this case is similar to the methods described above, but may occur in a smalier

volume,

[8240] As discussed above, isclating long fragments of genomic nuclsic acid from a cell can be
accomplished by a number of different methods. In one embodiment, cells are lysed and the intact
nucleic are pelleled with a gentle centrifugation step. Tha genomic DNA is then releasad through
proteinase K and RNase digestion for several hours. The material can then in some embodiments be
freated 1o lower the concantration of remaining calluiar waste - such treatments are well known in the
art and can include without limitation dialysis for a period of time (e.g., from 2 -16 hours) andfor
dilution. Since such methods of isclating the nucleic acid doas not involve many disruptive processes
{auch aa ethanol precipitation, centrifugation, and vortexing), the genomic nucleic acld remains largely
intact, yielding a majority of fragments that have lengths in excess of 150 kilobases. In some
ambodiments, the fragments are from about 100 10 about 750 kilckases in lengths. in furthar
embediments, the fragments are from about 150 to about €00, about 200 1o about 500, about 250 fo

about 400, and about 300 o aboul 350 kilobases in length.

{6241} Once isolated, the ganomic BNA can be carefully fragmented o avold loss of material,
particularly to avoid loss of sequence from the ends of each fragment, since loss of such material will

result in gaps in the final genome assembly. In some cases, sequence 1058 is avoided through use of
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an infrequent nicking enzyme, which creates starting sites for a polymerase, such as phi28
polymerasa, at distances of approximately 100 kb from each other. As the polymerase crestes the
new DNA strand, it displaces the old strand, with the end resuit being that there are overlapping
seqguences near the sites of polymerase initlation, resulting in vary few delstions of sequence.

{02421 In some embodiments, & controlied use of a 5 exonuclease {sither bafore or during the MDA
reaction) can promote muitipie raplications of the original DNA from the single cell and thus minimize

propagation of early errors through copving of copies.

{82431 In one aspect, methods of the present invention produce quality genomic data from single
cells. Assuming no ioss of DNA, there is a benefit to starting with & low number of cells (10 or less}
instead of using an equivalent amount of BNA from a large preparation. Starting with lass than 10
cells ensures uniform covarage in long fragments of any given region of the genoms. Starting with five
or fewer cells allows four times or graater coverage per each 100 kb DNA fragment without increasing
the total number of reads above 120 Gb (20 times coverage of a § Gb diploid genoms). However, a
large number of longer ONA fragments (100 kb or longer) are even more beneficial for seguencing
from a few cells, because for any given sequence there are only as many overlapping fragments as
the number of starting celis and the occurrence of overlapping fragments from both parental

chromaosames can be a substantial loss of information.

{0244} The first step in MT Is generally low bias whola genome ampiification, which can be of
particular use in single celi genomic analysis. Due fo DNA strand breaks and DNA losses in handling,
even single molecule sequencing mathods would tikely require some level of DNA amplification from
the single cell. The difficulty in sequencing single cells comes from atternpting to amplify the entire
genome. Sludies performed on bacteria using MDA have auffered from loss of approximately half of
the genome in the final assembled sequence with a fairly high amount of variation in coverage across
those sequenced regions. This can partially be axplainad as a result of the inlftial genomic DINA having
nicks and strand breaks which cannot be replicated at the ends and are thus lost during the MDA
process. MT provides a soiution o this problem through the creation of long overlapping fragments of
tha genome prior 1o MDA, According to ona ambodiment of the invention, in order to achisva this, a
gertle process is used o isolate genomic DNA from the call. The largely intact genomic DNA is then
be lightly treated with a frequent nickase, resulting in a semi-randomly nicked genome. The strand-
displacing ability of phi29 is then used o polymerize from the nicks creating very long (>200 kb)

ovarapping fragments. These fragmentis are than be used as starting template for MT.

Methyiation analvsis using MT

{0248} In a further aspect, methods and compositions of the present invention are used for genomic
methyiation analysis. There ara several methods currently avallable for global genomic methylation
analysis. One method involvas bisulfate treatment of genomic DNA and sequencing of repatitive
elements or g fraction of the genome obtained by methviation-specific restriction enzyme fragmenting.

This technigue yields Information on total methylation, but provides no locus-specific data. The next
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higher level of resolution uses DNA arrays and is limited by the number of features on the chip. Finally,
the highest resolution and the most expensive approach requires bisulfate treatment followed by
sequencing of the entire genome. Using MT it is possible to sequence all bases of the genome and
assemble a complete diploid genome with digital information on levels of methylation for every cytosine
position in the human genome (i.e., 5-base sequencing). Further, MT altow blocks of methylated
sequence of 100 kb or greater to be linked to sequence haplotypes, providing methylation haplotyping,
information that is impossible to achieve with any currently available method.

[0246] In one non-limiting exemplary embodiment, methylation status is obtained in a method in which
genomic DNA is first denatured for MDA. Next the DNA is treated with bisulfite (a step that requires
denatured DNA). The remaining preparation follows those methods described for example in U.S.
Application Serial Nos. 11/451,692, filed on 6/13/2006 (published as US 2007/0072208) and
12/335,168, filed on 12/15/2008 (published as US 2009/0311691), each of which may have teachings
related to nucleic acid analysis of mixtures of fragments according to long fragment read techniques.

[0247] In one aspect, MDA will amplify each strand of a specific fragment independently yielding for any
given cytosine position 50% of the reads as unaffected by bisulfite (i.e., the base opposite of cytosine, a
guanine is unaffected by bisulfate) and 50% providing methylation status. Reduced DNA complexity helps
with accurate mapping and assembly of the less informative, mostly 3-base (A, T, G) reads.

[0248] Bisulfite treatment has been reported to fragment DNA. However, careful titration of
denaturation and bisulfate buffers can avoid excessive fragmenting of genomic DNA. A 50% conversion
of cytosine to uracil can be tolerated in MT allowing a reduction in exposure of the DNA to bisulfite to
minimize fragmenting. In some embodiments, some degree of fragmenting is acceptable as it would not

affect haplotyping.

Using MT for analysis of cancer genomes

[0249] It has been suggested that more than 90% of cancers harbor significant losses or gains in
regions of the human genome, termed aneuploidy, with some individual cancers having been observed
to contain in excess of four copies of some chromosomes. This increased complexity in copy number of
chromosomes and regions within chromosomes makes sequencing cancer genomes substantially more
difficult. The ability of MT techniques to sequence and assemble very long (>100 kb) fragments of the
genome makes it well suited for the sequencing of complete cancer genomes.

Error-reduction by sequencing a target nucleic acid

[0250] According to one embodiment, even if MT-based phasing is not performed and a standard
sequencing approach is used, a target nucleic acid is fragmented (if necessary), and the fragments are

tagged before amplification. An advantage of MT is that errors introduced as a result of
48
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ampiification {or other steps) can be identified and corrected by comparing the sequence cbtained
from mulitiple overlapping long fragments. For example, a base call {e.q., ideniifying a particular base

has A, C, G, or T) at a particular position {e.g., with respect to a reference) of the seguence data
can be accepted as frue if the base call is present in sequance data from fwo of more long fragmants
{or other threshold number), or in a substantial majority of long fragments (e.g., in at least 1, 80, 70,
or 80 percent), where the denominator can be restricted o the fragments having a base call at the

particular position. A base call can include changing one allele of a het or potertial hat. A base call at

the particular position can be accepted as false if it Is present in only one long fragment {or other
thrashold number of long fragments), or in a substantial minority of long fragments {e.q., less than 10,
5, or 3 fragments or as measure with a relative number, such as 20 or 10 percent). The threshold
values can be pradetermingd or dynamically determined based on the saguencing data. A base cali at
the particular position may be converted/accepied as “no call” if it is not present in a substantial
minority and in a substantial majority of axpected fragmants {e.q., in 46-60 percent). in some
embodimants and implementations, various parameters may be used (e.q., in distribution, probability,
and/or other functions or statistics) to characterize what may be considered a substantial minority or a
substantial majority of fragments. Examples of such parameters includs, without fimitation, one or
more of: number of base calls identifying a particular base; coverage of tolal number of called bases
at a partinular position; number and/or identities of distinet fragments that gave rise 10 sequence data
that inciudes a particular base call; total number of distinct fragments that gave rise to seguence data
that inciudes at least one base call &t a particular position; the raference base at the particular
position; and cthers, In one embodiment, a combination of the above parameters for a particular base

cail can be input to a function to delermine a score {e.g., a prokabiiity) for the particular base call. The

seores can be compared o cne or more threshold vaiues as part of determining if a base call is
accepted (8.g., above a threshold), in error {&.q., below a threshold), or a no caii {e.g., of the

scoras for the base calls are below a thrashold). Tha defermination of a tase call can be dependent

on the scores of the other base calls.

(a

[0251] As one basic example, if a base call of A is Tound in more than 35% {(an example of a scorg)

of the fragments that contain & read for the position of interest and a base call of C is found in more

than 35% of these fragments and the other base calls each have a score of less than 20%, then the

position can be considered a het composed of A and C, possibly subject to other criteria (8.9, a

minimum number of fragments containing a read at the position of interest). Thus, sach of the scores
can ba input into ancther function {e.g., heuristics, which may use comparative or fuzzy logic) to

rovide the final determination of the base call{s} for the positio
i

[0252] As another example, a specific number of fragments containing a base call may be used as a
threshold. For instance, when analyzing a cancer sample, there may be low prevalence somatic
mutations. In such a case, the base call may appear in less than 10% of the fragments covering the
position, but the base call may still be considered correct, possibly subiect to other oriferia. Thus,
various embodiments can use absolute numbers or relative numbers, or toth {e.¢., as inputs into
comparative or fuzzy iogic). And, such numbers of fragments can be inpul into a function {as

manticnad above), as well as thresholds correspaonding o sach number, and the function can provide
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& score, which can also be compared to a one or more thresholds to make a final determination as to

tha base call at the particular position.

{02531 A further example of an arror correction function ralates to sequencing arrors in raw reads
leading to a putative variant call inconsistent with other variant calls and their haplotypes. If 20 reads
of variant A are found in 9 and 8 fragments belonging to respective haplotypes and 7 reads of variant
G are found in 8 wells {5 or 8 of which are shared with fragments with A-reads), the logic can reject
variant G as a sequencing error because for the diploid genome only one variant can reside ata
position in each haplotype. Variant A is supported with substantially more reads, and the G-reads
substantially follow fragments of A-reads indicating that they are most fikely generate by wrongly
raading G instead of A. If G reads are almost exclusively in separate fragments from A, this can

indicates that G-reads are wrongly mapped or they come from a contaminating DNA.

idantifying axpansions in regions with shart tandem repeats

[0254] A short tandem repeat (STR} in DNA Is a segment of DMNA with a strong perlodic pattern.
STRs occur when a pattern of two or more nucleotides are repeated and the repeated sequences are
directly adjacent to each cther; the repeats may be perfact or imperfest, Le., there may be a few base
pairs that do not match the periodic meotif. The pattern generally rangas in length from 2 to 5 base
pairs {bp). STRs typically are located in non-coding regions, e.q., in introns, A short tandem repeat
polymorphism (STRP) occeurs when homologous STR loct differ in the number of repeats between
individuals. STR analysis is often used for determining genetic profiles for foransic purposaes. STRs
orcurring in the exons of genes may rapresent hypermutable regions that are linked o human

disease {Madsen st al, BMC Genomics $:410, 2008).

{0288} In human genomas {&nd genomes of other organisms) STRs include frinucleotide repeats,

S

e.q., CTG or CAG repeats. Trinuciectide repeat expansion, also known as triplet repeat expansion,
caused by slippage during DNA replication, and is associated with certain diseases categqorized as
trinucleotide repeat disorders such as Huntington Disease. Generally, the largar the expansion, the

more likely it is to cause dissase or increase the severily of disease. This property resulls in the

characteristic of “anticipation” seen in trihuclectide repeal disorders, that is, the tendency of age of
onset of the disease o decrease and the severity of symploms o increase through successive
generations of an affected family dus 1o the expansion of these repeats. Kdentification of expansions
in trinuclsotide rapeats may be useful for accurately predict age of onset and dissase progression for

frinuclectide repeat disorders.

[0258] Expansion of STRs such as trinucleotide repeats can be difficult o identify using nexd-
generation seguencing methods. Such expansions may not map and may be missing or
underreprasented in libraries. Using MT, it is possible 1o see a significant drop In sequance coverage
in an 8TR reglon. For example, & region with STRs will charactaristicaliy have a lower level of

coverage as compared (o regions without such repeats, and there will be a substantial drop in
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coverage in that region if there is an expansion of the region, observable in a plot of coverage versus

position in the genome.

[0257] Forexampgie, If the sequencea coverage s about 20 on average, the region with the expansion
region will have a signficant drop, e.g., to 10 if the affecied haplotype has zero coverage in the
expansion region. Thus, 8 50% drop would occur. Howaver, if the sequence coverage for the two
haplotypes is compared, the coverage is 10 in the normal haplotype and 0 in the affected hapiotype,
which is a drop of 10 but an overall percentage drop of 100%. Or, one can araiyze tha relative
amounts, which is 211 (normal vs. coverage in expansion region} for the combined sequence
covarage, but is 10:0 (haplotype 1 vs. hapiotypa 2), which is infinlty or zero (depending on how the

ratio is formed), and thus a large distinction.

Diagnostic use of sequence dala

{0258} Sequence data generated using the methods of the presant invention are useful for a wide
variety of purposes. According to one embodiment, sequencing methods of the present invention ara
used fo identify a sequence variation in a sequence of a complex nucleic acid, e.q., a whole ganome

sequence, that is informative regarding a characteristic or medical status of a patient or of an embryo

or fetus, such as the sex of an embryo or fetus or the presence or prognosis of a disease having a
genatic component, including, for example, cyslic fibrosis, sickle cell anemia, Marfan syndrome,
Huntingtor’s disease, and hemochromatosis or various cancers, such as breast cancer, for example.
According {o ancther embodiment, the saquancing methods of the present invention ara usad to
provide sequence information baginning with between one and 20 calls from & patient {including but
not limited to a fetus or an embryo) and assessing a characteristic of the patient on the basis of the

sequenca.
Cancer Diagnostics

[0258] Whole genome sequencing is a valuabls tool in assessing the genetic basis of disease. A

number of diseasas are known for which there is a genetic basis, e.q., cystic fibrosis,

{02601 One application of whole genome sequancing is {0 understanding cancer. The most
significant impact of next-generation sequencing on cancer genomics has been the ability to re-
seguencs, analyze and compare the matched tumor and normal genomas of a single patient as well
as muitiple patient samples of a given cancer type. Using whole ganome segqusncing the entire
spectrum of sequance varialions can ba considerad, including germiine susceptibility loci, somatic
single nuclectide polymorphisms (SNPs), small insertion and deletion (indel) mutations, copy numbear

variations (CNVs) and structural variants (SVs).

{02681} In general, the cancer genome is comprised of the patient's germ line DNA, upon which
somatic genomic allerations have been superimposed. Somatic mutations identified by seguencing
can be classified sither as “driver” or “pass&nger"‘ mutations. So-called driver mutations are those that

directly contributa to tumor prograssion by conferring a growth or survival advantage to the call,
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Passenger mutations encompass neutral somatic mutations that have baen acquired during errors in
cell division, DNA replication, and repair; these mutations may be acquired while the cell is

phenotypically normal, or following evidence of a necplastic change.

[0262] Historically, attempts have heen made to elucidate the molecular mechanism of cancer, and
several “driver” mutations, or biomarkers, such as HER2/nau2, have been identified. Based on such
genes, therapeutic regimens have been deveioped to specifically target tumors with known genetic
altarations. The best defined example of this approach is the targating of HER2/heu in kreast cancer
cells by trastuzumab (Herceptin}. Cancers, however, are not simple monogenetic diseases, but are
instead characterized by combinations of gensetic alterations that can differ among ingividuals.
Consequently, these additional perturbations to the genome may render some drug regimens

ineffective for certain individuals.

{6263} Cancer celis for whole ganoma sequencing may be cbiained from bicpsies of whola tumors
{including microbiopsies of a small number of calls), cancer cells isclatad from the bloodstream or

ofher body fluids of & patient, or any other source known in the art.
Fre-implantation genetic diagnosis

{0264} One application of the methods of the gresent invention is for predmplantation genetic

diagnosis. About 2 to 3% of bables born have some type of major birth defect. The risk of some
problems, due to acnormal separation of genetic malerial {chromosomes), increasas with tha
mother's age. About 50% of the time thess types of problems are due to Down Syndrome, which is a

third copy of chromosome 21 (Trisomy 21). The other half rasult from other types of chromosomal

anomalies, including trisomies, point mutations, structural varations, copy number variations, elc.

Many of these chromosomal problems result in a severely affected baby or ona which does not

survive even to dalivery,

[0285] In medicine and (clinical) genetics pre-implantation genetic diagnosis (PGD or PIGD) (also
known as embryo screening) refers to procedures that are performed on embryos prior io
implantation, sometimes even on oocytes prior (o fertilization. PGD can parmit parents o avoid
seleclive pragnancy termination. The term pre-implantation genetic screaning (PGS) is used to denote
procedures that do not look for a specific dissase but use PGD techniques o identify embryos at risk
due, for example, to a genetic conditfon that could lead o disease. Procedures performed on sex celis
before fertitization may instead te referred {0 as methods of cocyte selection or sperm selection,

although the methods and aims partly overlap with PGD.

{0288} Preimplantation genetic profiling (PGP) is a method of assisted reproductive technology to
perform selection of embryos that appaar {0 have the greatest chances for successful pregnancy.
YWhan used for women of advanced matermal age and for patients with repetitive in vitro fertilization
{IVF) failure, PGP is mainly carried out as a screening for datection of chromosomal abnormalities
such as aneuploidy, reciprocal and Robarisonian transiocations, and other abnormalities such as
chromosomal inversions or deletions. In addition, PGP can examine genetic markers for

characteristics, including various dissase states The principle behind the use of PGP is that, since itis
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known that numerical chromosomal abnormalities explain most of the cases of pregnancy loss, and a

large proportion of the human embryos are anaupidid, tha selactive replacement of euplold embryos
should increase the chances of a successful IVF treatment. Wheole-genome sequencing provides an
alternafive o such methods of comprehensive chromoesome analysis methods as array-comparative
genomic hybridization {aCGH), guaniitative PCR and SNF microarrays. Whole full genome
seguencing can provide information regarding single base changes, inseitions, deletions, structural

variations and copy number variations, for exampile.

[0287] As PGD can be performed on cells from different developmental stages, the biopsy
procedures vary accordingly. The biopsy can e performed at all preimplantation stages, including but
not Himited to unfertilized and fertilized oocytes {for polar bodies, PBs), on day three cleavage-stage

embryos (for blastomeres) and on blastocysts {for trophectoderm calis).

stems and data anal

[0288] In some embodimants, sequencing of DNA samples (8.¢., such as samples representing
whole human genomes) may be performead by a sequencing system. Two examples of sequencing

systams are illustrated in Figure 5.

{6288] Figures 5A and 5B are biock diagrams of example saguencing systems 130 that ara
carfigured to perform the technigues andior methods for nucleic acid sequence analysis accerding o
tha embodiments describad herein. A sequencing system 130 can include or be associated with
multiple subsystems such as, for example, one or more seguencing machines such as sequencing
machine 131, one or more computar systems such as computar systam 187, and oneg or more dala
reposiiories such as daia repository 185, In the embodiment illustrated in Figure 54, the various
subsystems of system 180 may be communicatively connected over one or more networks 183, which
may include packet-switching or other types of network infrastructure devices (e.g., routers, switches,
efc.) that are configured to faciiitate information exchange batween remote systems. In the
embodimant illustrated in Figure 58, sequencing system 130 is a sequencing device in which the
varicus subsystems (e.g., such as sequencing maching{s} 191, compiter system(s) 197, and possibly
a data repository 195) are components that are communicaiively and/or operatively coupled and

integrated within the sequencing device.

{0278} In some operational contexts, data repository 195 and/or computer system(s) 197 of the
embodimants illustrated in Figuras 5A and 5B may be configurad within a cloud computing
environmeant 186. In a cloud computing environment, the storage devices comprising a data repository
and/or the compuling devices comprising & computer system may be allccated and insfantiated for
use as a utiiity and on-demand; thus, the cloud computing environment provides as services the
infrastructure (2.9., physical and virtual machinas, raw/block storage, firewalis, ioad-balancears,
aggregators, networks, storage clusters, elc.), the platforms {a.g., a computing device and/or a
solution stack that may include an operating system, a programming language execution

anvironment, a database server, a wab server, an application server, aic.), and the software (e.q.,

%))
L]
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applications, application programming interfaces or APls, efc. } necessary to perform any storage-

related andlor compuling tasks.

{0271} Itis noted that in various embodiments, the techniques descrivad hereln can ke performed by
various systems and devices that include some or all of the above subsystems and components (e.g
such as sequencing machines, computer systems, and data repositories} in various configurations
and form factors; thus, the example embodiments and configurations iliustrated in Figures 5A and 5B

are t0 be regardad in an illustrative rather than a restrictive sense,

{0272} Sequencing machine 181 Is configurad and operable to receive target nucleic acids 192
derived from fragments of a biclogical sampie, and fo perform sequeancing on the target nudleic acids.
Any suitable machinae that can garform sequencing may be used, whera such machine may use
various sequencing technigues that include, without limitation, sequencing by hybridization,
sequencing by ligation, sequencing by synthesis, single-molacule sequancing, optical sequance
detection, slectro-magnetic sequence dataction, voltage-change sequence detection, and any other
now-known or laler-devalopad tachnique that is suitable for ganerating sequencing reads from DNA,
in various embodimants, a8 sequancing machine can sagquance the target nucleic acids and can
genearate sequencing reads that may or may not include gaps and that may or may not be mate-pair
{or pairad-and) reads. As Hustrated in Figuras 5A and 58, sequencing maching 181 sequances targst
nucleic acids 192 and obtains seguencing reads 194, which are transmitted for {(temporary andfor
parsistent) storage 1o che or more data repositories 185 and/for for processing by one or more

computer systems 197,

{02731 Data repository 195 may be implemented on one or more storage devices {e.g., hard disk
drives, optical disks, solid-state drives, elc.) that may be configurad as an array of disks (&.g., such as
a SCSI array), a storage cluster, or any other suitable storage devics organization. The storage
davice(s) of a data repository can be configured as internalfintegral components of system 180 or ag
external componenis (e.g., such as axtermnal hard drives or disk arrays} attachable {o systemn 190
{e.g., as illustrated in Figure 58), and/or may be communicatively interconnected in a suitable manner
such as, for axample, a grid, a storage cluster, a storage area network (SAN), and/or a networl
altached storage {NAS) (e.g., as Hiustrated in Figure BA}. in various embodiments and
implementations, & data rapository may be implemeanted on the storage devicas as ong of more file
systems that store information as files, as one or more dalabases that store Information in data

records, and/or as any other suitable data storage organization.

[0274] Computer systam 197 may nciude oneg or more computing devices that comprise general
purpose processors (e.g., Central Processing Units, or CPUs), memory, and computer logic 188
which, along with configuration data and/or operating system (O8) software, can perform some or all
of the tachnigues and methods describsed herein, and/or can control the operation of seguencing
machine 191, For example, any of the methods described herein {8.g., for error corraction, hapiotype

phasing, elc.} can be totaily or partially performad by a computing ds

fdce including a processor that
can be configurad to executs logic 189 for performing various steps of the methods. Further, although

method steps may be presented as numbered steps, it is undersiond that steps of the mathods
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described herein can be performed at the same time {e.g., in parallel by a cluster of computing

devicas) or in a different order. The functionalities of computer logic 188 may be implemented as a
single integrated module (e.g., in an integrated logic) or may be combined in two or more software

moduies that may provide some additicnal functionaiities.

{82751 In some embodiments, computer system 187 may be a single computing device. In other
embodiments, computer system 197 may comprise multiple computing devices that may be
communicati\/éﬁy and/or aperatively interconnected in a grid, a cluster, or in a cloud computing
anvironment. Such multiple compuiting devices may be configured in different form factors such as
computing nodes, blades, ar any other suliable hardware configuration. For these reasons, computler

system 187 in Figures SA and 5B is lo be regarded in an illustrative rather than a restrictive sense.

[0278] Figure 6 is a biock diagram of an example computing device 200 that can be configurad to
axacute instructions for performing various data-processing and/or controt funciionalities as part of

segquencing machins{s) and/or computer systam(s).

{8277} In Figure 8, computing device 200 comprises several componants that are interconnected
directly or indirectly via one or more system buses such as bus 275, Such compenants may include,
but are not limitad to, keyboard 278, persistent storage device(s) 272 {e.q., such as fixed disks, solid-

state disks, optical disks, and ihe like), and display adapter 282 to which cne or more display davices

e

e.4., such as LCD monitors, flat-pane! monitors, plasma screans, and the like) may be couglad.
Peripherals and input/output (/0 devices, which couple to FO controller 271, can be connected o
computing devica 200 by any number of means known in the art including, but not imited to, ong or
more serial ports, one or more paraliel ports, and one or more universal serlal buses (USBs). External
interface(s) 281 {which may include a network interface card and/or serial poris) can be used to
connect computing device 200 to a network {e.9., such as the Internet or a iocal area network {LAN}).
External interface(s) 261 may alsc include a number of input intarfaces that can receive information
from various external devices such as, for example, a sequencing machine or any component theracf.
The interconnection via system bus 275 allows one or more processors {e.g., CPUs) 273 1o
communicate with each connected component and to exacute (andfor controf the execution of)
instructions from system memory 272 andior from storage device(s) 279, as well as the exchange of
information tatwesn various comgonents. System memory 272 andfor storage devica{s) 278 may e
embodied a8s one or more computer-readable non-transitory storage media that store the seguances
of instructions executed by procassor(s) 273, as well as othar data. Such computer-readabla non-
transitory storage media include, but is not limited {0, random access memory (RAM), read-only
memory (ROM), an eleciro-magnetic medium {2.q., such as a hard disk drive, solid-state drive, thumb
drive, floppy disk, etc.), an optical medium such as a compact disk {CD) or digital versatile disk (DVD),
flash memory, and the like. Various data valuas and other structured or unstructured information can
be output from one component o subsystam o ancther component or subsystem, can be presentad
to a user via display adapter 282 and a suitable display device, can be sent through extermnal
interfaca(s) 281 over a network to a remote device or a8 remote data repository, or can be {temporarily

and/or parmanently) stored on storage device(s) 279.
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[0278] Any of the methods and functionalities performed by computing device 200 can be
implernentad in the form of logic using hardware and/or computar softwara in a modular or intagrated
manner. As used herein, “logic” refers to a set of instructions which, when executed by one or more
processors (e.g., CPUs) of one of more computing devices, are operable to perform one or maore
functionaiities and/or to return data in the form of one or more resulls or data that is used by other
logic elements. In varicus embodiments and implementations, any given legic may be implemented as
one or mora software components that are exscutable by one or more processors (8.g., CPUs), as
one or more hardware componentis such as App!ication—Specific Integrated Circults (ASICs) and/or
Fleld-Programmable Gate Arrays (FPGAs), or as any combination of one or more software
omponents and one or more hardware componenis. The software component(s) of any particular
lngic may ba implementad, without fimitation, as & standalone software application, as a client in a
client-server system, as a server in a client-server system, as one or mora software modules, as one
or more lioraries of functions, and as ong or more static and/or dynamically-linked fibraries. During
execution, the instructions of any particular logic may be embodied as one or more computer
processes, threads, fibers, and any other suitable run-time entities that can be instantiated on the
hardware of one or more computing devices and can be allocatad computing resources that may

include, without limitation, memory, CPU time, storage space, and network bandwidth.

Technigues and algorithms for the MT process

Base-calfing

{0278] In some embaodiments, date extraction will rely on two types of image data: bright-field images
fo demarcate the positions of all DNBs on a surface, and sets of flucrescence images acquired durin
aach sequancing cycle. Data extraction software can be used to identify aill objacts with the bright-
field images and then for gach such object, the software can be used o compute an average
fiuorescance value for each sequencing cycle. For any given cycle, thera are four data points,
corresponding to the four images taken at different wavelengths to query whether that base is an A,
G, C or T. These raw data points {also referred o harein as “base calls”} are consolidated, yielding a

discontinuous sequencing read for each DNE.

[0280] A computing device can assemble the population of identifisd bases o provide sequence
information for the target nudcieic acid andior identify the presence of particular sequences in the
target nucleic acid. For exampie, the computing device may assemble the population of identified
bases in accordance with the techniques and aigorithms described herein by executing varicus logic;
an exampla of such logic is software code written in any sultable programming language such as
Java, C++, Parl, Python, and any other suitable conventional and/or object-oriented programming
language. When executed in the form of one or more computer processes, such logic may read, write,
and/or otherwiss process structured and unstructured data that may be stored in varfous structures on
persistant storage andfor in volatile memory; axampies of such storage struciures include, without

limitation, files, tables, database records, arrays, lists, vectors, variables, memory and/or processor
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registers, persistent and/or memory data objects instantiated from object-oriented classes, and any other
suitable data structures. In some embodiments, the identified bases are assembled into a complete
sequence through alignment of overlapping sequences obtained from multiple sequencing cycles
performed on multiple DNBs. As used herein, the term “complete sequence” refers to the sequence of
partial or whole genomes as well as partial or whole target nucleic acids. In further embodiments,
assembly methods performed by one or more computing devices or computer logic thereof utilize
algorithms that can be used to “piece together” overlapping sequences to provide a complete sequence. In
still further embodiments, reference tables are used to assist in assembling the identified sequences into a
complete sequence. A reference table may be compiled using existing sequencing data on the organism
of choice. For example human genome data can be accessed through the National Center for
Biotechnology Information at ftp.ncbi.nih.gov/refseg/release, or through the J. Craig Venter Institute. All or
a subset of human genome information can be used to create a reference table for particular sequencing
gueries. In addition, specific reference tables can be constructed from empirical data derived from specific
populations, including genetic sequence from humans with specific ethnicities, geographic heritage,
religious or culturally-defined populations, as the variation within the human genome may slant the
reference data depending upon the origin of the information contained therein.

[0281] In any of the embodiments of the invention discussed herein, a population of nucleic acid
templates and/or DNBs may comprise a humber of target nucleic acids to substantially cover a whole
genome or a whole target polynucleotide. As used herein, “substantially covers” means that the amount
of nucleotides (i.e., target sequences) analyzed contains an equivalent of at least two copies of the
target polynucleotide, or in another aspect, at least ten copies, or in another aspect, at least twenty
copies, or in another aspect, at least 100 copies. Target polynucleotides may include DNA fragments,
including genomic DNA fragments and cDNA fragments, and RNA fragments. Guidance for the step of
reconstructing target polynucleotide sequences can be found in the following references: Lander et al,
Genomics, 2: 231-239 (1988); Vingron et al, J. Mol. Biol.,, 235: 1-12 (1994); and like references.

[0282] In some embodiments, four images, one for each color dye, are generated for each queried position
of a complex nucleotide that is sequenced. The position of each spot in an image and the resulting intensities
for each of the four colors is determined by adjusting for crosstalk between dyes and background intensity. A
quantitative model can be fit to the resulting four-dimensional dataset. A base is called for a given spot, with
a quality score that reflects how well the four intensities fit the model.

[0283] Base calling of the four images for each field can be performed in several steps by one or more
computing devices or computer logic thereof. First, the image intensities are corrected for background
using modified morphological “image open” operation. Since the locations of the DNBs line up with the
camera pixel locations, the intensity extraction is done as a simple read-out of pixel intensities from the
background corrected images. These intensities are then corrected for several sources of both optical
and biological signal cross-talks, as described below. The corrected intensities
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are then passed {o a probabilistic model that ultimately produces for each DNB a set of four
probabilities of tha four possible base call cuttomes. Several malrics ara then combinad to compute

the base call score using pre-fitted logistic regression.
intansity correction

{02841 Several sources of biological andg optical cross-talks are corrected using linsar regression
mode! implemented as computer logic that is executed by one or more computing devices. The linear
regression was preferred over de-convolution methods that are computationally more expensive and
produced results with similar quatity. The sourcas of optical cross-tatks include filter band overlaps
between the four fluorescant dye specira, and the lalerai cross-talks belween neighboring DNBs due
to light diffraction at their close proximitias. The biological sources of cross-taiks includa incompiete
wash of previcus cycle, probe synthasis errors and probe “slipping” contaminating signals of
neighboring positions, incomplets anchor exiension when interrogating “outer” (more distant) basas
from anchors. The linear regression is used o determine the part of DNB intensitiss that can be
predicted using intensities of either neighboring DNBs or intensities from previous cycle or other DNB
positions. The part of the Intensities that can be explained by these sources of cross-talk s then
subtracted from the original extracted intensities. To determine the regression coefficients, the
intansitiss on the left side of the linear regression maodel nead to be composed primarity of ondy
“background” intensities, lL.e., intensities of DNBs that would not be called the given base for which the
regression is being performed. This requires pre-calling step that is done using the original intensities.
Onece the DNBs that do not have a particular base call {with reasonable confidence) are sslected, a

somputing davice or computer logic thereof parforms a simultaneous regression of the cross-talk

SOUrCes:
5 i Hase 7 Basel Hase3 | T8 Base : fase s
H buckgrownd i DNB o1 tot DNBneighha N +i DNE +f ONT ti 2 +f DNEpreviowCrole ¥ . DNBatherPaitionty €

[8285] The neighbor DNB cross-lalicis corrected both using the above regression. Also, sach DNB is

corrected for its particular neighborhood using a linear model involving ali neighbors over all available

DNB positions.

Base call probabilities

[0286] Calling bases using maximum intensity does not account for the different shapes of
background intensily distributions of the four bases. To address such possible differences, a
probabilistic model was developad based on empirical probability distributions of the background
intensities. Once the intensities are corrected, a computing device or computer logic thereof pre-calls
some DNBs using maximum intensities {DNBs that pass a cerlain confidence thrashold) and uses
these pre-called DNBs fo derive the background intensity distributions {distributions of intensities of
DNBs that are not called & given base). Upon obtaining such distributions, the computing davice can
compute for each DNB a tail probability under that distribution that describes the empirical probability
of the intensity being background intensity. Therefore, for sach DNB and each of the four intensitias,

the computing device or logic thereof can obtain and store their probabilities of being background
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base call cutcomes using these probabilities. The possible base call cutcomes nead to describe also
spots that can be double or in general multiple-occupied or not occupied by a DNB. Combining the
computed probabilities with their prior probabilities {lower prior for multinle-ocoupied or emply spots)

gives rise fo the probabilities of the 18 possible cutcomes
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{02871 These 18 probabilities can then be combinad to obtain a reduced sel of four probabiiities for

Ui

the four possible basecalls. That is:
a6 4G f:czz’ L L AGT Y, 1, 4CGT | N
ph o= / (p* “4p }+/{ +p )+ Ap +hp

Score computation

{0288} Logistic regression was used fo derive the score computation formula. A computing davice or
computar logic thereof fittad the logistic regression to mapping outcomes of the basecall using several
matrics as inpuls. The metrics includad probability ratic betwesn the called base and the naxt highest
base, called base intensity, indicator variable of the base call identity, and metrics describing the
overall clustering quality of the fleld. All matrics were transformed {o be collinear with log-odds-ratic
betweean concordant and discordant calis, The model was refined using cross-validation. The loght
function with the final logistic regression coefficients was used to compute the scores in production.
Mapping and Assembly

[6288] In furthar embodimants, read data is encoeded In a compact binary format and inciudes both 2
called base and guality score. The quality score is correlated with base accuracy. Analysis software
fogic, including sequence assembly software, can use the score o determine the contribution of

evidencs from individual bases with a read.
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{02907 Reads may be ‘gapped” due to the DNB structure. Gap sizes vary (usually +/- 1 base) dus fo
tha variability inherent in enzyme digestion. Due to the random-access nalure of cPAL, reads may

occasionally have an unread base {"no-call”) in an otherwise high-quality DNB. Read pairs are mated.

[0291] Mapping software logic capable of aligning read data to a reference sequence can be used to
map data generated by the sagquencing methods described herain. When executed by one or more
computing devices, such mapping logic will generally be tolerant of small variations from a reference
sequencs, such as thosa causad by individua! genomic variation, read arors, or unread bases. This
property often aliows direct reconstruction of SNPs. To support assembly of larger variations,
including large-scale structural changes or regions of dense variation, each arm of a DNB can ke

mapped separately, with mate pairing constraints applied after alignment.

[06292] As used herain, the term “sequence variant” or simply “variant” includes any variant, including
but not limited 1o a substitution or replacement of one or more bases; an insertion or delefion of one ©
more bases {also referred to as an “indal”); inversion; conversion: duplication, or copy number
variation (CNV); trinucieotide repeat expansion; structural variation (SV; e.q., infrachromozsomal or
inferchromosomal rearrangement, e.g., & translocation); elc. In a digloid genome, a “heterozygosity”
or “het” is two different alleles of a particular gene in a gene pair. The two allelas may be different
mutants or a wild type aliels pairad with a mutant. The present methods can also be used in the
analysis of non-diploid organisms, whether such organisms are haploid/monopioid (N = 1, where N =

haploid number of chromosomes), or polyploid, or anaeuploid.

{0283} Assembiy of sequence reads can in some embodiments utilize softwars logic that supports
DNB read structure (mated, gapped reads with non-called bases) to generate a diploid genome
assembly that can in some embaodiments be leveraged off of sequence information genaraling MT

methods of the present invention for phasing heterozygots sites.

[0294] Methods of the present invention can be used o reconstnict novel segments not present in a
rafarence sequence. Aigorithms utilizing a combination of evidential (Bayasian) reasoning and de
Bruijin graph-based algorithms may be used in some embodiments. In some embodiments, statistical
models empirically calibrated to each datasat can bae used, allowing all read data fo be used without
pre-filtering or data timming. Large scale structural variations {including without limitation deletions,
translocations, and the like) and copy number variations can also be detected by leveraging mated

Phasing MT data
{06298} Figure 7 descrikes the main steps in the phasing of MT data. These steps are as follows:

{1) Graph construction using MT data: One or more computing devices or computer logic

thereof generates an undirected graph, whera the vertices represent the heterozygous SNPs, and the
edges represernt the connection between those heterozygous SNPs. The edge is composed of the
orientation and the strength of the connection. The one or more computing devices may siore such
gragh in storage structures include, without limitation, files, tables, database records, arrays,

vectors, varlatlas, memory andfor processor registars, persistent andior mamory data objects

)
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instantiated from object-oriented classes, and any other suitable temporary and/or persistent data

struciures.

(2) Graph construction using mate pair data: Step 2 is similar o stap 1, whars the

connections are made based on the mate pair data, as opposed to the MT data. For a connection {o
be made, 8 DNB can be found with the two heterozygous SNPs of interest in the same read (same

arm or mate arm).

(3} Graph combination: A computing device or computer logic therecf represents of each of

the above graphs is via an NxN sparse matrix, whers N is the number of candidate haterozygous
SNPs on that chromosome. Two nodes can only have one connsclion in each of the ahove methods.
Where the two methods are combined, thers may be up to twe connections for two nodes. Tharefore,
the computing device or computer logic thereof may use a selection aigorithm fo select one

connection as the connaction of cholce, The guality of the mate-pair data is significantly inferior to that
of the MT data. Tharefore, only the MT -derived connections are used.

{(4) Graph trimming: A series of heuristics were devised and applied, by a computing device,
to stored gragh data in order 1o remove some of the erroneous connections. More pracisely, a node

can satisfy the condition of at least two connections in one direction and one connection in the other

direction; otherwise, it g eliminated.

{5} Graph optimization: A compuling device or compuler logic thereof optimized the graph by

generating the minimum-spanning tree (MET). The energy function was set to strength|. During this
process, whera possible, the lower strangih edges gel eliminated, due to the compatition with tha

stronger paths. Tharefore, M3T provides a natural selection for the strongest and most ralisble

(8) Contig building: Once the minimume-spanning tree is ganeraled and/or stored in computar-
readable medium, & computing device or logic thereof can re-orient ail the nodes with taking one node
{here, the first node) constant. This first node is the anchor node. For each of the nodes, the
computing devica then finds the path o the anchor node. The orientation of the test noda is the

aggregate of the orientations of the edges on the path.

{7y Universai phasing: After the above steps, a computing device or logic thereof phases
aach of the contigs that are built in the pravious step(s). Here, the resuits of this part are refarred 1o as
pre-phased, as opposed o phased, indicating that this is not the final phasing. Since the first node
was chosen arbifrarily as the anchor noda, the phasing of the whole contig is not necessarily in-line
with the parental chromosomes. For universal phasing, a few heterozygous SNPs on the contig for
which trio information is aivailable are used. Thesa Irio heterozygous SNPs are then used to identify
the alignment of the contig. At the end of the universal phasing step, all the contigs have been labeled

property and therefore can be considared as a chromosome-wide contig.
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Contig making

[6298] In order {o make contlgs, for each heterozygous SNP-pair, a computing device or computer
lngic thareof tests two hypotheses: the forward orentation and ravarse orientation. A forward
orientation means that the two heterozygous SNPs are connected the same way they are originally

listed (inttially alphabeticaily). A reverse arientation means that the two heterozygous SNPs are
cornnected in reverse order of thelir original listing. Figure 8 depicts the pairwise analysis of nearby
heterozygous SNPs involving the assignmeant of forward and reverse orientations o a heterozygous
SNP-palr.

{8297} Each orientation will have a numerical support, showing the validily of the correspoending
hypothesis. This suppeort is a function of the 18 cells of the connectivity malrix shown in Figure 8
which shows an example of the selaction of a hypothesis, and the assignment of a score to it To
mplify the function, the 16 variables are reduced {o 3 Energyt, Energy? and Impurity. Energy 1 and
Energy2 are two highest value cells corresponding to sach hypothesis, Impurity is the ratio of the sum
of all the other cells {than the two corrasponding o the hypathesis) to the total sum of the celis in the
matrix. The salection between tha two hypothesas ig done based on the sum of the corresponding
cells. The hypothasis with the higher sum is the winning hypothesis. The following calculations are
only usad to assign the strength of that hypothesis. A strong hypothasis is the one with a high value

for Energyl and Energv2, and a iow value for Impurity.

{0298} The three melrics Energy1, Energy? and Impurity are fed into a fuzzy inference system
{Figure 10}, in order o reduce their effects into & single value — score — batween (and including) 0 and
1. The fuzzy interference system (FIS) is implemented as & computer logic that can be executed by

onhe or more computing davices.

{0288] The connactivity operation is done for each haterozygous SNP pair that is within a reasonable
distance up to the expected contig length {e.g., 20-50 Kb). Figure § shows graph consiruction,
dapicling some exemplary connectivities and strengths for three naarby heterczygous SNPs,
{0300} The rules of tha fuzzy inference enging are datfined as follows:
(1) If Energyl is small and Energy2 is small, then Score is very small.
(2) If Energy1 is medium and Energy? is small, then Score is small.
(3) If Energy! is medium and Energy? is medium, then Score is medium.
{4) If Energyl is large and Energy? is small, then Score is medium.
(5) i Energyt is farge and Energy? is medium, then Score is larga.
(8) ¥ Energyt is farge and Energy? is large, then Scora is very larga.
(7) H impurity is small, then Score is large.

{(8) I tmpurity is medium, then Score is small.

{9) i impurity is large, then Score is very smali,
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{0301} For each variable, the definition of Small, Medium and Large is different, and is governad by

its spacific membership functions

{03021 After exposing the fuzzy inference system (FIS) to each variable set, the contribution of the
input set on the rules is propagated through the fuzzy logic system, and a single (de-fuzzified) number

is generated at the output - scove. This scora is limited between 0 and 1, with 1 showing the highest

quality

{0303} Adter the application of the FIS to each node pair, a computing device or computer logic
thareof constructs a complete graph. Figure 11 shows an example of such graph. The nodas are
colored according to the origntation of the winning hypothesis. Tha strength of each connecticn is
derived from the application of the FIS on tha heterozygous SNP palr of interest. Once the preliminary
graph is constructed (the top plot of Figure 11}, the computing device or computer logic thersof
optimizes the graph {the botiom piot of Figure 11) and reduces it to a tree. This optimization process
ia done by making & Minimum Spanning Tree (MST) from the original graph. The MST guarantses a

unique path from each node fo any other node.

{0304} Figure 11 shows graph optimization. in this application, the first node on each contig is usad
as the anchor node, and all the other nodes are oriented to that node. Depending on the orientation,
zach hit would have to either fiip or not, in order (o mateh the orientation of the anchor noda. Figurs

12 shows the contig alignment process for the given example. At the end of this process, a phased

contig is made available.

{83058} At this point in the process of phasing, the two haplotypes are separated. Although it is known
that one of these haplotypes comes from the Mom and one from the Dad, it is not known exactlly
which one comes from which parent. In the next step of phasing, a computing device or computer
logic thereof altempts o assign the correct parental label (Mom/Dad) to each haplotyps, This process
is referrad to as the Universal Phasing. In order to do 80, one needs o know the association of at
least & few of the heterczygous SNPs {on the contig) to the parants. This information can be oblained
by doing a Trio {(Mom-Dad-Child) phasing. Using the trio's sequenced genomes, some loch with Knowrn
parental associations are identified — more specifically when at least ona parent is homozygous.
These associations are then usad by the computing device or computer logic thereof to assign the
correct parental label (Mom/Dad) to the whole contigs, that is, to perform parent-assisted universal

phasing {Figura 13},

{8308} In order to guarantee high accuracy, the following may be parformed: (1) when possible {a.qg.,
in tha case of NA18240), acquiring the trio information from multiple scurces, and using a combination
of such sources; (2) requiring the contigs to include at least two known tric-phasad loch {3} eliminating
the contigs that have a series of trio-mismatches in a row {indicating a segmental error); and {4)

gliminating the contigs that have a single tric-mismaich at the end of the trio loci {indicating & potential

segmental error).

{03071 Figure 14 shows natural contig separations. Whether parental data are used or nai, contigs

often do not continue naturaily keyond a certain point. Reasons for contig separation are: (1) more

[#>]
[0



CA 02902882 2015-08-27

WO 2014/145820 PCT/US2014/030649

than usua! DNA fragmentation or lack of amplification in certain areas, {2) low heterozygous SNP
density, {3) poly-N sequence on the refarence genome, and (4) DNA repeat ragions {prane to mis-

mapping).

[0308] Figure 15 shows Universal Phasing. Cne of the major advantages of Universal Phasing is the
ability to obtain the full chromaosomal “contigs.” This is possible because each contig (after Universal
Phasing) carries haplotypes with the correct parental labels. Therefore, all the contigs that carry the

label Mom can ba put on the same hapiotype; and a similar operation can ke done for Bad's contigs.

{0308] Another of the major advantages of the MT process is the ability to dramatically inorease the
accuracy of heterozygous SNP calling. Figure 18 shows two examples of error detection resulting
from the use of the MT procass. The first example is shown in Figure 16 {left), in which the
connectivity matrix does not support any of the expectad hypothases. This is an indication that one of
the heterozygous SNPs is not really a heterozygous SNP. In this example, the A/C heterozygous SNP
ia in reality @ homozygous locus (AJA), which was mislabeled as 8 heterozygous locus by the
assembler. This error can be identified, and either eliminatad or {in this casa) corrected. The sacond

example is shown in Figure 17 (right), in which the connectivily matrix for this case sugports both

\

hypotheses at the sama time. This is a sign that the helerozygous SNP calls are not real.

{0310} A “healthy” heterozygous SNP-connaction matrix is one that has only two high celis {at the
axpectad helerozygous SNP positions, Le,, not on a straight line). All other possibiiities point to
potential problems, and can be either eliminated, or used to make alternate basecails for the loci of

interest.

{63111 Anothar advantage of the MT procass is the ability fo call heterozygous SNPs with weak
supports (e.g., where it was hard 1o map DNBs due to the bias or mismatch rate). Since the MT
process requires an extra constraint on the heterozygous SNPs, one couid raduce the threshold tha

a heterozygous SNP call requires in a non-MT assembler. Figure 17 demonsirates an exampie of this
casa in which a confidant heterozygous SNP call could be made despite 2 small number of reads. In
Figure 17 (right} under a normal scenario the iow number of supporting reads wouid have prevented
any assembler to confidently call the corresponding heterozygous SMPs. However, since the

connectivity matrix is "clean,” one could more confidently assign heterozygous SNP calls to these loch,
Annotaling SNPs in splice sites

{8312} Introns in transcribed RNAs need to be splicad out before they become mRNA. information
for spiicing is embedded within the sequance of these RNAs, and Is consensus based. Mutations in
splicing site conaensus sequence are causes to many human diseasss (Faustino and Cooper, Genes
Dev. 17:419-437, 2011). The majority of splice sites conform to & simple consensus at fixed positions
around an exon. in this regard, a program was developed o annotate Splice Site mutations. In this
program, consansus splice position models was used (accessibie from the College of Computer,

Mathematical and Natural Sclences website, per Steve Mount). A look-up is perfarmed for a pattern:

CAGIG in the 5-end region of an exon (" denoctes the beginning of exon), and MAG|GTRAG in the

3-and region of the same exon (*” denctes the ending of exon). Here M = {A,C}, R={A,G}. Further,

64
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splicing consensus positions are classified into two types: type |, where consensus o the model is

100% raquired; and type i, where consensus fo the model is preserved in »50% cases. Prsumably,

a SNP mutation in a type | position will cause the splicing to miss, whereas a SNP in a type Il position

will only decrease the efficiency of the splicing avent.

{83131 The program logic for annctating splice site mutations comprises two parts. In gart |, afile
cortaining model positions sequences from the input reference genome is generated. in part 2, the
SNPs from a sequensing project are compared to these model positions sequencss and report any
type | and type H mutations. The program ogic is exon-centric instead of intran-centric (for

' e

converiance in parsing the ganome). For a given axon, in its §-end we look for the consensus "cAGY

4
!

{for positions -3, -2, ~1, 0. 0 means the start of exon). Capital letters means type | positions, and
lower-case letters means type i positions). In the 3-end of the exon, a look-up is performad for the
sonsansus “magGTrag” (for position sequence -3, -2, -1, 0, 1, 2, 3, 4}. Exons from the genome
release that do not confirm to these requirements are simply ignored (~5% of all cases). These exons
fail into other minor clagsses of spline-site consensus and are not invastigatad by the program logic.
Any SNP from the genome sequenced is compared to the model sequance at these genomic
positions. Any mismaich in type 1 will be reported. Mismatch in type H positions are reporied if the

mutation departs from the consensus.

[0314] The above program logic detects the majority of bad splice-site mutations. The bad SNPs that
are reported ara definitely problemalfic. But there are many other cad SNPs causing splicing problem
that are not detected by this program. For example, there are many introns within the human genome
that do not confirm to the above-mentioned consensus. Also, mutations in bifurcation points in the

middie of the intron may aiso cause splice problem. These splice-site mutations are not reporied
Annotation of SNPs affecting Transcription Factor Binding Sites (TFBS).

{03181 JASPAR models are used for finding TFBSs from the released human genome seguences
{aither build 36 or build 37). JASPAR Core is a collection of 130 TFBS positional frequency data for
vertebrates, modeled as mairices (Bryne et al., Nucl. Acids Res. 36:D102-D1086, 2008; Sandelin et al.,
Mucl Acids Res. 23:0061-D384, 2004). Thase models are downloaded from the JASPAR weabsite
(htto:/flaspar.genereg.neticgi-binfiaspar_db.pl?Trm=browse&db=cora&tan_groug=vertebrates). These
maodeis are converted into Position Weight Malrices {(PWMs) using the following formula: wi = log2
{{firp NiT/2) /{Ni+ Ni1/2)p], where: fi s the observad frequency for the speacific base at position |; Niis
the fotal observations at the position; and p the background frequency for the current nuclectide,
which is defaulted 1o 0.25 (Wasserman and Sandelin, Nalure Raviaws, Genatics 5:P278-287, 2004 ),
A specific program, mast (meme.sdsc.adw/meme/mast-intro.himi), is used o search sequence
segments within the genome for TFBS-sites. A program was run to extract TFBS-sites in the
rafarence genome. The outline of steps Is as follows: (i} For sach gene with mRNA, extract -5000,
10090] putative TFBS-containing regicns from the genome, with 0 being the mRNA starting location. {ii)
Run mast-search of all PWM-models for the putative TFBS-containing saguences. (i) Salect those
hits above a given threshold. {iv) For regions with multipie or overlapping hits, select only 1-hit, the

one with the highest mast-search score.
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[0318] With the TFBS modei-hits from the reference genome generated and/or stored in suitabie
computer-raadable medium, & computing device or computer lngic thereof can idantify SNPs which
are located within the hit-region. These SNPs will impact on the model, and a change in the hit-score.
A second program was writlen to compute such changes in the hit-score, as the segment containing
the SNP is run twice into the PWM model once for the reference, and the second time for the one
with the SNP substitution. A SNF causing tha segment hit score to drop mora than 3 is identifled as a
bad SNP.

[0317] Selaction of genes with two bad SNPs. Genes with bad SNPs are classified into two
categories: (1) those affecting the AA-sequence transcribed; and {2) those affecting the transcription

binding site. For AA-saquence affecting, the following SNP subcategories are included:

(1) Nonsense or nonsiop variations. These mutations sither cause a truncataed protein or an

v

axtended protein. In either situation, the funclion of the protein product is either completaly lost or less

afficient.

{2) Splice site variations. These mutations cause either the splice site for an intron to be

destroyed (for those positions required o be 100% of a certain nuclentide by the model ) or sevarely
diminished (for those sites required io be »50% for a cerfain nucleotide by the model. The SNP

sausas the spiice-site nuclectide o mutats 1o ancther nuclectids that is below 50% of consansus as
pradicied by the splice-site consensus sequance modal}. These mutations will tikely produce proteing

which are truncated, missing exons, or severely diminishing in protein product quantity.

{3) Polyohen? annotation of AA variations. For SNPs that cause change in amine-acid

seqguence of a protain, but not s langth, Polyphen2 {Adzhubei el al., Nat. Methods 7:248-248, 2010)
was used as the main annotation tool. Polyphenz annotates the SNP with “benign”, “unknown,
“‘possibly damaging”, and "probably damaging”. Both “possibly damaging” and “prabably damaging”
were identified as bad SNPs. These category assignments by Polyphen?2 are based on strnuctural

predictions of the Polyphen2 software.

{03181 For transcription-binding site mutations the 75% of maxScors of the models was used vasad
on the reference genome as & screening for TFBS-binding sites. Any model-hit in the region that is
<=75% of maxScore are removed. For those remaining, if a SNP causes the hit-score to drop 3 or

more, it is considerad as a detrimental SNP.

[8318] Two classes of genes are reporied. Class 1 genes are those that had at least 2-bad AA-
affecting mutstions. These mutations can be ail on a single allele (Class 1.1}, or spread on 2 distinot
allsles {Class 1.2). Class 2 genes are a superset of the Class 1 sel Class 2 genas are genes contain
at least 2-bad SNPs, irrespective it is AA-affecting or TFRS-site affecting. But a reguirement is that at
least 1 SNP is AA-aiffecting. Class 2 genes are those either in Class 1, or those that have 1
datrimental AA-mutation and 1 or more detrimantal TFBS-affecting variations. Ciass 2.1 means that
all these detrimental mutations are from a single allele, whareas Class 2.2 means that detiimental

SNPs are coming from two distinct aligles.
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{0320} The foregoing techniques and algorithms are applicable to methods for sequencing complex
nucleic acids, optionally In conjunction with MT processing prior to sequencing (MT in combination
with sequencing may be referred to as "MT sequencing”}, which are described in detail as follows.
Such methods for sequencing complex nucleic acids may be parformad by one or more computing
davices that executs computer logic. An example of such logic Is software code written in any suitable
programming language such as Java, C++, Perl, Python, and any othar suitable conventional and/or
object-oriented programming language. When executed in the form of one or mors computer
processes, such logic may read, write, and/or otherwise process structured and unstructured data that
may be siored in various structures on persistent storage and/or in volatile memory; examples of such
storage structures include, without limitation, files, tables, database records, arrays, lists, vectors,
variabiss, memory and/or processor registars, persistent and/or mamory data chjects instantiated

from object-oriented classes, and any other suitable data structures.

Improving Accuracy in Long-Read Sequencing

{03211 In DNA sequencing using certain long-read technologies {e.g., nanopore sequancing), long
{#.9., 10-100 kb) read lengths are available bul generailly have high false negative and false positive
rates. The final accuracy of sequence from such long-read technoioglies can be significantly enhanced
using haplotype information (complete or partial phasing) according to the following ganeral procass.
{0322} First, a computing davice or computer logic thereof aligns reads to each other. A large

number of heterozygous calls are expected to exist in the overlap. For example, if two to five 100 kb

fragments overlap by a minimum of 10%, this results in >10 kb overlap, which could roughly tra
to 10 heterozygous locl. Alternatively, each long read is aligned to a reference genome, by which a

multiple atignment of the reads would be implicitly obtained.

{8323} Once the multivle read alignments have baen achisved, the ovariap region can be
considered. The fact that the overlap could include a large number (e.g., N = 10) of het loci can he
leveragad to consider combinations of hets. This combinatorial modality resuits in a large space (4“ or
4N; if N=10, then 4% = ~1 million) of possibilities for the haplotypes. Of &l of these 4N points in the N-
dimensional space, only fwo poinis are expecied fo contain biologically viable information, {.e, those
corresponding o the two hapiotypes. in other words, there is a noise supgression ratio of 4Ni2 (here
10%2 or ~500,000). In reality, much of this 4N space is degenerate, particuiarly since the sequences
are airaady aligned {and tharefore lock alike}, and also because each locus does not usuailly carry
more than two possible basas {if it is a real hat). Consequently, a lower bound for this space is
actually N (Iif N=10, then Na= ~1000). Therefore, tha noise suppression ratio could only be 2N2 (here
100072 = 500), which is still quite impressive. As the number of the false positives and falsa negatives
grow, the size of the space expands from 2N o 4 which in turn results in a higher noise suppression
ratio. in other words, as the noise grows, it will automatically be more supprassed. Therefore, the
output products are expacted fo retain only a very small {and rather constant) amount of noise, almost
independently from the input noise. {The tradeoff is the vield loss in the noisier conditions.} Of courge,

7

these suppression ratios are aitered if (1) the errors are systematic {or other data idicsynciasies), (2)
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the algorithms are not optimal, {3) the overlapping sections are shortar, or {(4) the coverage
redundanay is less. N is any integer greater than one, such as 2, 3, 5, 10, or more.

{03241 The following methadology Is useful for increasing the accuracy of the iong-read sequencing

methods, which could have a large initial error rate.

{83251 First, a computing device or computar logic theraof aligns a faw reads, for instanca 5 reads.
sauming reads are ~100 kb, and the shared overlap is 10%, this resuils ina 10 kb overlap in the §
reads or more, such as 10-20 reads. Also assume there is a het in every 1 Kb. Therefore, there would

be a total of 10 hets in this common ragion.

[0328] Nexi, the computing device or computer logic thereof fills in in a portion (e.g., just non~zero

elements) or the whole matrix of alpha'® possibilities {(where alpha is between 2 and 4) for the above
10 candidats hets. In one implamentiation only 2 out of aiphaw calis of this matrix is high density (8.9,
as measured by a threshold, which can be predeterminad or dynamic). These are the cells that
correspond {o the raal hels. Thasa two celis can be considerad substantially noise-frae centers. The
rest will contain mostly 0 and cccasionally 1 memberships, especially if the errors are not systematic.
if the errors are systematic, there may be a clustering event {e.q., a third cell that has more than just
or 1), which makes the task more difficull. Howaver, even in this case, the cluster membership for the
false ciuster should be significantly waaker {&.g., as measured by an absolute of relative amount)
than that of the two expected clusters. The trade-off In this case Is that the starting point would includa
more multiple sequences aligned, which relates directly t© having longer reads or larger coverage

redundancy.

{03271 The above siep assume that the lwo viable clusters are obhserved among the overlapped
reads. For a large number of false positives, this would not be the case. if this is the case, in the
alpha-dimensional spaca, the expacted two clusters will be blurred, Le., instead of baing single points
with high densily, they will be blurred clusters of M points around the cells of interest. , where these
cells of interest are the noise-free centers that are at the center of the cluster. This enables the
clustering methods to capture the locality of the expectsd points, despite the fact that the sxact
sequencea is not reprasanted in each read. . A cluster event may also occur when the clusters are
blurred (i.e. there could be more than two centers), but in a similar manner as described above, a
ore {e.q., the total counts for the cells of a cluster) can be used to distinguish a weaker cluster from
the two real clusters, for a diploid organism. The two read clustars can be used to create contigs, as
described herein, for various regions, and the contigs can be matched into two groups fo form

haplotypas for a large region of the complex nucleic acid.

{0328} Finaily, the computing devica or computer logic theracf the population-tased (Known)

haplotypes can be used fo increase confidence andfor {o provide extra guidance in finding the actual
clusiers. A way to enable this method is to provide each ohsarved haplotype a weight, and o provide
a smaller but non-zero value 1o the unchsarved haplotypes. By doing so, one achieves a bias toward

the natural hapiotypes that have been observed in the population of interest,
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Converting long reads to virtual MT

{0328} The aigorithms that are designed for MT (including the phasing algorithm) can be used for
long reads by assigning a randorn virtual tag {with uniform distribution) to each of the iong fragments.
The virlual tag has the benefit of enabling a true uniform distribution for each code, MT cannot
achieve this lavel of uniformity due to the difference in the pooling of the codes and the difference in
the decading efficiency of the codes. A ratio of 311 {and up to 10:1) can be easily observed in the
representation of any two codes in MT. Howavar, the virtual MT process resulls in a trua 1:1 ratio

betwaen any two codes.

{8330} In view of the foregoing description, according o one aspect of the invention, methods are
provided for determining a sequence of a complex nucleic acid (for example, @ whole genoma} of one
or more organisms, that is, an individual organism or a population of organisms. Such methods
comprise: (8) receiving al one of more computing devices a plurality of reads of the complex nucleic
acid; and (b} producing, with the computing davices, an assembled sequence of the complax nucleic

acid from the reads, the assembled sequence comprising less than 1.0, 0.8, 0.7, 0.8, 0.5, 0.4, 0.3,

C}

2, 0.1, 0.08, 0.07, 0.08, 0.05 or 0.04 falsa single nucieotide variant per megabase at a call rate of
70, 75, 80, 85, 90 or 85 percent or greater, wherein the methods are performed by one or more
computing davices. In some aspacis, a computarreadable non-transiory storage medium siores one

or more sequences of instructions that comprise instructions which, when executed by one or more

computing devices, cause the cne or more computing devicas to perform the steps of such methods.

{83311 According {o one embodiment, in which such methods involve haplotype phasing, the method
further comprises identifying a plurality of sequence variants in the assembled sequence and phasing
the sequenca variants {e.q., 70, 75, 80, 85, 30, 85 parcent or more of the sequance variants) to
produce a phasad sequernce, i.e., a seguence wherain sequence variants are phased. Such phasing
information can ba usad in the context of error correction. For example, according to one
embodimant, such methods comprise identifying as an ervor a sequences variant that is inconsistent

with the phasing of at least two {or three or more) phased sequence variants.

{0332} According to ancther such embodiment, in such methods the step of receiving the plurality of
reads of the complex nucieic acld comprises a computing device andf/or a computer logic thereof
recelving & plurality of reads from sach of a plurality of long fragments of the complex nucleic acid.
information regarding such fragmenis is useful for correcting errors or for calling a hase that otherwise
would have been a "no call.” According to ona such embodiment, such methods comprise a

computing device and/or a computer iogic thereof calling a ba t a position of said assembled
sequence on the basis of preliminary base calls for the position from two or more long fragments. For
example, methods may comprise calling a base at a position of said assembled sequence on the
basis of preliminary base calls from at least two, at least three at least four or more than four long
fragments. In some embadiments, such methods may comprise identifying a base cali as true fit s
prasent al least two, at least three, at least four fong fragmants or more than four long fragments. In
some embodimeants, such methods may comprise identifying a base call as true if it is present at least

a majoiity {or at least 60%, al least 75%, or at least 80%) of the fragments for which a preliminary
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base call is made for that position in the assembled sequence. According 1o ancther such
ambodiment, such methods comprise a computing device and/or a comptier logic thareof identifying
a base call as true if it is present three or more times in reads from two or more long fragments.

[0333] According fo another such embodiment, the long fragment from which the reads originate is
detarmined by identifying a8 tag (or unique pattern of tags) that is agsociated with the fragment. Such
tags optionally comprise an error-correction or error-detection code (e.q., a Reed-Solomon error
correction code). According to one embadiment of the invention, upon seguencing & fragment and

tag, the resulting read comprises tag sequence data and fragment sequence data.

{0334] According fo another ambodiment, such methods further comprise: & computing device
and/or a computar logic thereof providing a first phased sequence of a region of the complax nucleic
acid in the region comprising a short tandem repeaf; a compuiting device and/or a computer logic
thereof comparing reads {e.g., reqular or mate-pair reads) of the first phased sequence of the region
with reads of a second phased sequence of the region {e.g., using seguence coverage) ; and a
computing device andior a compuler logic thereof identifying an expansion of the short tandem repeat

in one of tha first phased sequenca or the second phased sequence based on tha comparison,

{8338] According to another embodiment, the method further comprises a computing device andior a
somputer logic thereof obtaining genotyps data from at least one parent of the organism and

producing an assembled sequence of the complex nuclels acid from the reads and the genotype data.

[0338] According to ancther embodimeant, the method further comprises a computing device andior a
computer logic theraof performing steps that comprise: aligning a plurality of the reads for a first
ragion of the complex nuclaic acid | thereby creating an overlap betwean the aligned reads; identifying
N candidate hetls within the overlap; clustering the space of 2M 1o 4N possibiiities or a selected
subspace therecf, thereby creating a plurality of clusters; identifying two clusters with the highest
density, each identified cluster comprising a substantially nolse-free center; and repeating the

foragoing steps for one or more additional regions of the complax nuciaic acid.

{8337} According {o another embaodiment, such mathods further comprise providing an amount of the

complex nucleic acid, and seguencing the complex nucleic acid o produce the reads.

{83381 According to another embodiment, in such methods the complex nucleic acid is selected from
the group consisting of a genome, an exome, a transcriptome, & mathylome, a mixture of genomas of

different organisms, and a mixture of genomes of different cell types of an organism.

{8338] According fo another aspect of the invention, an assembled human genome sequence is
provided that is produced by any of the foregoing maethods. For example, one or more computer-
readable non-transitory storage media stores an assembled human genome sequence that is
produced by any of the foregoing methods. According to another aspect, a computer-readable non-
transitory storage medium stores one or more sequences of instructions that comprise instructions
which, when axacutad by one or morg computing davices, cause the one or more computing devices

to perform any, some, or all of the foregoing methods.
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{03407 According to another aspect of the invention, methods are providad for determining a whole
hurmnan genome sequence, such methods comprising: (&) receiving, at one or more computing
devicas, a piuraiity of reads of the genome; and {b) producing , with the one or more computin
devices, an assembled sequence of the genoma from the reads comprising less than 800 false
heterozygous single nuciectide variants per gigabase at a genome call rate of 70% or greater.
According to ons ambodiment, the assembled sequence of the ganoma has a genome call rate ¢
70% or more and an exome call rate of 70% or greater. In some aspects, a computer-readable non-
transitory storage medium stores one or more sequences of insiructions that comprise instructions
which, when aexascutad by one or more computing devices, cause the one or more computing devices

to perform any of the methods of the invention described herein.

[0341] According to ancther aspect of the invention, mathads are provided for determining a whole
human genome sequenae, such methods comprising: (a) recelving, at one or more computing
devices, a piuraiity of reads from each of a piurality of long fragments, each long fragment comprising

one of more ‘fragmerats of the ganome; and (b) producing, with the one or mora q:omputing devices, &

smgie nuciectide variants per gigabase at & genome call rate of 70% or greater, In some aspacts,
computer-readable non-transitory storage madium stores one or more sequences of instrictions that
comprisa instructions which, when axecutad by one or more computing devices, cause the one or

more computing devices 1o perform such methods.

Kits

[0342] In one aspect the invention provides kits useful for the practice of MT as described herein. Kit

contants may include one, two, three or more of tha following components:
A, Libraries

[0343] 1) A library of barcodes flanked by transposon ends {i.e., & library of tagged
transposons). In some embodiments the ransposon ends are inverted terminal repeats. In soma
embodimants the transposon ends are 2-40 bases in length. In some embodiments the bar codes are
§-20 bases in length. In some embodiments the tagged transposons also comprise amplification
primai binding sites (s.q., where most of or the entire library has the sama primer binding sites). in
some embodimeants the tagged transposons comprise at least two amplification primer binding sites.
in some embodiments the two amplification primer binding sites hybridize to the same primer
sequence. in some ambodiments the kit comprises ampiification primer{s) that hybridize to primer

binding sequances of the lagged transposons.

(03441 i) A Bbrary of clonal karcodes comprising a glurality of 107 or more distinet sources of
clonal bar codes. In some embodiments the clonal bar codes are tagged transposons as described in
{i}. in some embodiments the clonal bar codes are immobilized on a carrier or suppert, such as a
polymaer, bead, dendrimer or magnetic particle. In some embodiments the sources of clonal bar codes

are created by emuision PCR. In some embodiments the sources of clonal bar codes are creatad
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using a mix-and-divide combinatorial synthesis. In some embodimants the clonal barcodes are

attachad to the suppaort with a linker (e.g., where mast of or the entire library has tha same linker). In

some embodiments, the linker is cleavable such that the barcode sequence may be released from the
support by traatment with a cleaving agent. In some embediments the cleaving agent is a rastriction

endonuciease or hickase.

[0345] §i) Alibrary of concatamers comprising monomers, wherein the monomers comprise
bar codes. in some embodiments the monomers comprise primer binding sites and/or transposon end
sequences and/for restriction sndonucieass recognition sites {e.q., where most of or the entire library
shares tha same sites or sequances). In some embodimants the monomears comprise tagaed

transposons as described in (i},

[0348] v} A library of templates suitable for rolling circle amplification, wherein the templates
comprise a menomer as described in {iii). In sume embodiments the kit contains a an enzyme {a.9.,

phi22 polymerase) suitable for converting the templates into concatemers,

[03471 v} A library of hairpin or stem-loop oligonuciestides, wherein the library comprises a
plurality of at least about 1 10* barcodes, sach oligenuciectide comprising two coples of a karcode
sequence (which may be in the loop portion of the oligonuclectidel. In some embodiments each
oligonucieotida comprises two amplification primer binding sites positioned eatwesn the copies of
harcode saquence. In some ambodiments oligonucleotides comprise random or semi random
sequences at the 5§ and 3" terminid. In some embodiments the sequences are 3-8 bases in length or 3

5 bases in fength.

[0348] tn soma embodiments, foraries (- &) comprise at least about 10°, at least about 10°, at least

about 10%, or at Isast about 107 different barcodes. In some embodiments, libraties (i) {iv) comprise at

lmast about 107, at least about 10°, at least about 10°, or at least about 107 different sources of clonal

barcodes,
B, Enzymes
{6348] I Transposase, e.¢., a fransposase that acts on the library of barcodes;

{0350] i} DNA polymerase (e.g., DNA polymerase |, Klenow fragment, Tag 1);
{0351] i} phi28 polymerase;

{0352] iv) Excnuciease (8.g., Exonucleass IHi);

{0353] v) Hestriction endonucisase;

[0354] vi) DNA ligase;

{0355] vil) alkalina phosphatase;

{0356] wvili) Nicking enzymes;

[0357] ix) Endonucleass (e.g., Vvn);

0358] x) Uracil-based or ribo-based BNA cleaving componants {a uracit BNA giycosviase).
g p (RO Gy Y
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[0359] The kit may also include one or more tubes; a mobility limiting agent (e.g., agarose or PEG),
and reagents for isolating high molecular weight DNA from eukaryotic cells. The kit components may
be packaged together and the package may contain or be accompanied by printed instructions for

using the Kit.

Compositions

[0360] In one aspect, the invention provides a composition (e.g., a mixture in a single tube or
vessel) comprising any of libraries (i)-(v), described above, and genomic DNA as described
hereinabove. The genomic DNA may be, for example, from an animal, such as a mammal (e.g.,
human), a plant, a fungus. The composition may comprise more than one genome equivalent of
genomic DNA. In various embodiments the mixture may comprise at least 5 genome equivalents, at
least 10 genome equivalents, at least 25 genome equivalents, at least 50 genome equivalents, at
least 100 genome equivalents, at least 500 genome equivalents, or at least 1000 genome
equivalents, such as from 5-20 genome equivalents, such as from 5-100 genome equivalents, such
as from 50-1000 genome equivalents. In some embodiments the genomic DNA comprises only
naturally occuring sequences and does not comprise adaptors or linkers. The composition may
comprise one or more enzymes independently selected from a transposase, a DNA polymerase, a

restriction endonuclease, a DNA ligase and alkaline phosphatase.

kkk

[0361] While this invention has been disclosed with reference to specific aspects and
embodiments, it is apparent that other embodiments and variations of this invention may be devised

by others skilled in the art without departing from the true spirit and scope of the invention.

[0362] Citation of publications and patent documents is not intended as an indication that any such

document is pertinent prior art, nor does it constitute an admission as to its contents or date.
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CLAIMS

1. A method of preparing genomic DNA for sequence analysis, by homogeneous reaction
without the use of physical compartmentalization, the method comprising:

(a) combining a plurality of long fragments comprising genomic DNA sequences in a single
mixture with a population of beads, wherein (i) the long fragments are from 5 kilobases to 750
kilobases in length, (ii) each bead comprises at least 1000 copies of an oligonucleotide
immobilized thereon, said oligonucleotide comprising a tag-containing sequence, (iii) each tag-
containing sequence comprises a tag sequence, and (iv) the population of beads comprises, in
aggregate, at least 10,000 different tag sequences;

{b) producing tagged long fragments by incorporating into each of a plurality of individual
long fragments multiple copies of a tag sequence under conditions that promote the interaction of
only one tag sequence per long fragment, wherein in a plurality of said individual long fragments
said multiple copies are from a single bead;

(c) producing subfragments of the tagged long fragments, wherein a plurality of
subfragments of the same tagged long fragment comprise tag sequences from the same bead.

2. The method of claim 1, wherein the population of beads comprises, in aggregate, at least
100,000 different tag sequences.

3. The method of either claim 1 or 2, wherein the genomic DNA is from a diploid organism
and the single mixture comprises more than a haploid amount of genomic DNA.

4, The method of claim 1, 2, or 3,wherein producing the subfragments in step (c) comprises
performing an amplification reaction to produce a plurality of amplicons.

5. The method of claim 1, 2, or 3, wherein the tag-containing sequences comprise transposon
ends, the method comprising combining the plurality of long fragments with the population of beads
under conditions that are suitable for transposition of the tag sequences into the long fragments.

6. The method of any one of claims 1 to 5, wherein steps (a) and (b) comprise providing a
single mixture comprising (i) a transposase, (ii) the plurality of long fragments, and (iii) the

population of beads, wherein said tag-containing sequences comprises a tag sequence and a
transposon end sequence, and wherein different beads comprise different tag sequences under

74

Date Recue/Date Received 2022-12-02



CA 2902882

conditions in which, for a plurality of beads, the tag sequence associated with an individual bead is
transposed into multiple sites of an individual long fragment.

7. The method of claim 6, wherein the transposase is a Tnb transposase.

8. The method of any one of claims 1 to 7, wherein each tagged long fragment comprises a
plurality of tag-containing sequences incorporated into the genomic DNA sequence at a selected
average spacing.

9. The method of claim 8, wherein the average spacing is in the range 100 to 5000 bases.

10. The method of any one of claims 1 to 9, comprising the steps of:

(d) sequencing the tagged subfragments to produce a plurality of sequence reads that
include genomic DNA sequence and at least one tag sequence;

(e) combining sequence reads obtained in (d) to produce assembled sequence(s) of the
genomic DNA fragment, wherein the combining comprises determining that sequence reads
obtained in (d) originated from the same long fragment if said sequence reads comprise the same
tag sequence.

11. The method of any one of claims 1 to 10, wherein the long fragments comprise genomic
DNA sequences and adaptor sequences.

12. The method of claim 11, wherein the tag-containing sequences comprise a tag sequence
and a sequence complementary to the adaptor sequences.

13. The method of claim 12, further comprising annealing oligonucleotides comprising tag-
containing sequences to the adaptor sequence, and extending the oligonucleotides to form tagged
subfragments.

14. The method of any one of claims 1 to 13, wherein, prior to combining the plurality of long

fragments with the population of beads, the long fragments are prepared by nicking and gapping,
random primer extension, or transposon insertion.
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15. The method of any one of claims 1 to 13, wherein, prior to combining the plurality of long
fragments with the population of beads, gaps are introduced into the long fragments using a
transposon.

16. The method of any one of claims 1 to 10, wherein prior to combining the plurality of long
fragments with the population of beads the long fragments are prepared by nicking on both
strands.

17. The method of claim 11, 12, or 13, wherein prior to combining the plurality of long
fragments with the population of beads the long fragments are prepared by nicking on both
strands.

18. The method of claim 17, wherein the adaptor sequences are ligated into each strand at

nicks.

19. The method of any one of claims 1 to 18, wherein the genomic DNA is from a diploid
organism and the single mixture comprises more than a haploid amount of genomic DNA, further

comprising determining a haplotype of the genome.

20. The method of any one of claims 1 to 18, wherein the DNA is a microbiome comprising

bacterial DNA from a mixture of bacteria.

21. A method for preparing genomic DNA for sequence analysis, the method comprising:

(a) providing a reaction mixture, the reaction mixture comprising a plurality of long
fragments of the genomic DNA and a population of beads, in a single vessel or without physical
compartmentalization of the long fragments or the beads,

wherein the reaction mixture is not compartmentalized into aliquots or nanodrops,

wherein the reaction mixture comprises more than a haploid amount of said genomic DNA,

wherein each bead comprises at least 1000 oligonucleotides immobilized thereon, said
oligonucleotides comprising a tag-containing sequence,

wherein the oligonucleotides immobilized on the same individual bead comprise the same
tag-containing sequence,

wherein each tag-containing sequence comprises a tag sequence,

wherein the population of beads comprises, in aggregate, at least 1000 different tag

sequences, and
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wherein the long fragments are from 5 kilobases to 750 kilobases in length;

{b) producing tagged long fragments by incorporating muitiple copies of a tag sequence
into at least some of the long fragments under conditions that promote the interaction of only one
tag sequence per long fragment, wherein in a plurality of the tagged long fragments said multiple
copies are from a single bead;

(c) producing a plurality of tagged subfragments of the tagged long fragments, wherein a
plurality of subfragments of the same tagged long fragment comprise tag sequences from the

same single bead.

22. The method of claim 21, wherein the genomic DNA is from a single human individual or

animal.

23. The method of claim 21 or 22, wherein the genomic DNA comprises (a) maternal DNA and
fetal DNA from a pregnant woman or (b) tumor cell DNA and non-tumor cell DNA.

24. The method of claim 21 or 22, wherein the plurality of long fragments are genomic DNA
from 1 to 100 eukaryotic cells, from 2 to 10 eukaryotic cells, or from 3 to 30 human cells.

25. The method of claim 21, wherein the plurality of the long fragments are from a single cell.
26. The method of any one of claims 21 to 25, wherein the tag-containing sequences comprise
transposon ends, the method comprising providing the plurality of long fragments with the
population of beads under conditions that are suitable for transposition of the tag-containing
sequences into the long DNA fragments with a transposase.

27. The method of claim 26, wherein the transposase is a Tn5 transposase.

28. The method of any one of claims 21 to 27, wherein multiple copies of the same tag
sequence are introduced in at least 20% of the tagged long fragments produced in step (b), such
that at least 20% of the long fragments comprise multiple copies of a single tag sequence.

29. The method of any one of claims 21 to 25, wherein said tag-containing sequences further

comprise a transposon end sequence, and steps (a) and (b) comprise combining (i) the plurality of
long fragments, (ii) the population of beads, and (iii) a transposase, under conditions in which, for a
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plurality of the beads, the tag sequence associated with an individual bead is transposed into
multiple sites of an individual long fragment.

30. The method of claim 29, comprising providing the plurality of long fragments with the
population of beads under conditions that are suitable for transposition using a Tn5 transposase.

31. The method of any one of claims 21 to 30, further comprising

{(d) sequencing the tagged subfragments to produce a plurality of sequence reads that
include both a genomic DNA sequence and at least one tag sequence;

(e) combining sequence reads obtained in (d) to produce assembled sequence(s) of the
genomic DNA, wherein the combining comprises determining that sequence reads obtained in (d)
that comprise the same tag sequence originated from sequencing subfragments of the same long
fragment.

32. The method of claim 31, wherein the sequence reads are obtained by sequencing by
hybridization, sequencing by ligation, sequencing by synthesis, single-molecule sequencing, optical
sequence detection, electro-magnetic sequence detection, or voltage-change sequence detection.

33. The method of any one of claims 21 to 32, further comprising determining a haplotype of
the genomic DNA.

34, The method of any one of claims 21 to 33, wherein producing the plurality of tagged
subfragments in step (c) comprises amplifying portions of the tagged long fragments, wherein the
amplified portions comprise a region of genomic DNA sequence and at least one tag-containing
sequence.

35. The method of any one of claims 21 to 34, wherein a majority of the long fragments in
step (a) are from 20 kb to 750 kb in length, from 30 kb to 750 kb in length, from 50 kb to 750 kb in
length, from 5 kb to 20 kb in length, from 50 kb to 200 kb in length, or from 100 kb to 750 kb in
length.

36. The method of any one of claims 21 to 35, wherein the single vessel or mixture contains
5 fo 100 genome equivalents of human DNA, 5 to 20 genome equivalents of human DNA, or
50 to 1000 genome equivalents of human DNA.
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37. The method of any one of claims 21 to 36, wherein in a majority of the tagged long
fragments produced in step (b) only one tag-containing sequence is introduced, such that a
majority of the tagged long fragments comprise multiple copies of a single tag sequence.

38. The method of any one of claims 21 to 37, in which the population of beads comprises, in
aggregate, at least 10,000 different tag sequences, at least 100,000 different tag sequences, or at
least 1 million different tag sequences.

39. The method of any one of claims 21 to 38, wherein the size of the subfragments produced
in step (c) is in the range of 200 to 2000 bp in length.

40. The method of any one of claims 21 to 39, wherein a majority of the tagged subfragments
produced in step (c) comprise at least one tag sequence.

41, The method of any one of claims 21 to 39, wherein less than 10% of tagged long fragments
are tagged with more than one tag sequence.

42. The method of any one of claims 21 to 41, wherein some long genomic fragments in
step (a) have no tag-containing sequence introduced in step (b).

43. The method of any one of claims 21 to 42, wherein the long fragments in step (a) are
products of whole genome amplification.

44, The method of any one of claims 21 to 43, wherein individual beads are tethered to
individual long fragments, wherein a single bead is tethered to a single long fragment.

45, The method of any one of claims 21 to 44, wherein producing the tagged long fragments
comprises incorporating multiple copies of a tag sequence into over 20% of the long fragments.

46. The method of any one of claims 21 to 45, wherein more than 80% of the tagged
subfragments of a long fragment comprise tag sequences from the same single bead.

47. The method of any one of claims 21 to 46, wherein the reaction mixture in step (a) is
prepared by combining a solution comprising the population of beads with long fragments treated
by nicking and gapping, random primer extension, or transposon insertion.
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48. The method of any one of claims 21 to 46, wherein the reaction mixture in step (a) is
prepared by combining a solution comprising the population of beads with long fragments
comprising gaps introduced into the long fragments using a transposon.

49. The method of any one of claims 21 to 46, wherein the reaction mixture in step (a) is
prepared by combining a solution comprising the population of beads with long fragments with
nicks on both strands.

50. The method of claim 49, wherein the long fragments comprise adaptor sequences ligated
into each strand at the nicks.

51. A method of sequencing a target nucleic acid without the use of nanodrops comprising:

(a) combining in a single mixture (i) first fragments of the target nucleic acid, and (jii) a
population of beads, wherein each bead comprises oligonucleotides immobilized thereon, said
oligonucleotides comprising a tag-containing sequence, wherein each tag-containing sequence
comprises a tag sequence, wherein the oligonucleotides immobilized on the same individual bead
comprise the same tag-containing sequence and the population of beads comprises beads with at
least 100,000 different tag sequences;

(b) introducing into each of a plurality of the first fragments multiple copies of a tag
sequence, from the same bead ;

(c) producing a plurality of subfragments from the plurality of first fragments, wherein a
plurality of the subfragments comprise one or more tags;

{d) sequencing the plurality of subfragments to produce a plurality of sequence reads.

52. The method of claim 51, wherein the population of beads comprises beads with at least
1,000,000 different tag sequences.

53. The method of claim 51 or 52, wherein producing the plurality of subfragments comprises
performing an amplification reaction to produce a plurality of amplicons from each first fragment.

54, The method of claim 51, 52, or 53, wherein the tag-containing sequences comprise
transposon ends, the method comprising combining the first fragments and the tag-containing

sequences under conditions that are suitable for transposition of the tag-containing sequences into
the first fragments.
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55. The method of any one of claims 51 to 54, wherein the target nucleic acid is a complex
nucleic acid.

56. The method of any one of claims 51 to 54, wherein the target nucleic acid is genomic DNA

of a genome of an organism.

57. The method of claim 56, comprising determining a haplotype of the genome.

58. The method of claim 56, wherein the genomic DNA is from a diploid organism.

59. The method of claim 56, 57, or 58, wherein the organism is a human.

60. The method of any one of claims 56 to 59, wherein the genomic DNA comprises DNA from
circulating fetal cells or from circulating tumor cells.

61. The method of any one of claims 51 to 56, wherein the target nucleic acid is a microbiome
comprising bacterial DNA from a mixture of bacteria.

62. The method of any one of claims 51 to 61, comprising the additional steps:
{(e) assigning a majority of the sequence reads to corresponding first fragments; and
(f) assembling the sequence reads to produce an assembled sequence of the target.

63. The method of any one of claims 51 to 62, wherein the tag-containing sequences comprise
transposon ends, the method comprising combining the plurality of first fragments with the
population of beads under conditions that are suitable for transposition of the tag sequences into

the first fragments.

64. The method of any one of claims 51 to 63, wherein the first fragments comprise genomic

DNA sequences and adaptor sequences.

65. The method of claim 64, wherein the tag-containing sequences comprise a tag sequence
and a sequence complementary to the adaptor sequences.
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66. The method of any one of claims 51 to 63, wherein, prior to combining the plurality of first
fragments with the population of beads, the first fragments are prepared by nicking on both
strands.

67. The method of claim 64 or 65, wherein, prior to combining the plurality of first fragments
with the population of beads, the first fragments are prepared by nicking on both strands.

68. The method of claim 67, wherein the adaptor sequences are ligated into each strand at
nicks.

69. The method of any one of claims 51 to 63, wherein the first fragments are partially double
stranded.

70. The method of any one of claims 64 or 65, wherein the first fragments are partially double
stranded.

71. The method of claim 70, wherein the partially double stranded first fragments are prepared

by denaturing fragments of the target nucleic acid to produce single strands, annealing random
primers to the single strands, extending the primers to produce a partially double stranded first

fragment, and ligating adaptor sequences to the extended primers.

72. The method of any one of claims 51 to 71, wherein prior to combining the population of
beads and the target nucleic acid, the target nucleic acid is treated by transposon insertion and
fragmenting.

73. A method of generating tagged sequence reads comprising:

(a) combining:

(i) a plurality of long fragments of a target nucleic acid, wherein the fragments are from
about 5 kilobases to about 750 kilobases in length;

(i) a population of beads, wherein each bead comprises multiple copies of a single
polynucleotide comprising a tag-containing sequence, wherein said tag-containing sequence
comprises a tag sequence and a transposon end sequence, and wherein different beads comprise
different tag sequences; and

(iii) a transposase,
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in a single reaction vessel under conditions in which, for a plurality of beads, the tag sequence
associated with an individual bead is transposed into multiple sites of an individual long fragment;
(b) producing a plurality of tagged subfragments of the long fragments; and,
(c) sequencing the tagged subfragments from (b) to produce a plurality of sequence reads

including tag sequences.

74. The method of claim 73, wherein said tag-containing sequences comprise a tag sequence,
and producing tagged subfragments comprises performing an amplification reaction to produce a

plurality of amplicons.

75. The method of either claim 73 or 74, wherein the target nucleic acid is a complex nucleic
acid.

76. The method of either claim 73 or 74, wherein the target nucleic acid is a genome of an
organism.

77. The method of claim 76, comprising determining a haplotype of the genome.

78. The method of any one of claims 73 to 77, wherein the length of the tag sequence is from 8

to 12 nucleotides.
79. The method of any one of claims 73 to 78, wherein the tag-containing sequences comprise
a region of degenerate sequence that serves as a tag sequence, a known sequence that is a PCR

primer binding site, and a known sequence that is a transposon end sequence.

80. The method of any one of claims 73 to 79, further comprising mapping and assembling the

sequence reads into genome sequence.

81. The method of any one of claims 73 to 79, further comprising assembling the sequence

reads to produce an assembled sequence of a long fragment.

82. The method of any one of claims 73, to 81, wherein each bead comprises hundreds of

copies of the polynucleotide comprising a unique tag-containing sequence.
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83. The method of any one of claims 73 to 82, wherein tag sequences of at least some beads
are transposed into more than one long fragment.

84. A method for sequence analysis of a target nucleic acid in a single vessel or mixture, the
method comprising:

(a) combining a plurality of DNA fragments of the target nucleic acid with a population of
tag-containing sequences in said single vessel or mixture, wherein the population comprises at
least 1000 different tag sequences;

(b) producing tagged fragments, wherein each tagged fragment comprises target nucleic
acid sequence and multiple interspersed tag sequences;

{(c) producing from each tagged fragment a plurality of tagged subfragments, wherein the
tagged subfragments each comprise one or more tag sequence;

(d) obtaining sequence of individual tagged subfragments, wherein the obtained sequence
includes target nucleic acid sequence and at least one tag sequence; and

(e) combining sequences obtained in (d) to produce assembled sequence(s) of the target
nucleic acid, wherein the combining comprises (i) determining that sequences obtained in (d)
originated from the same DNA fragment if said sequences comprise the same tag sequence and/or
(ii) identifying pairs of sequences as being adjacent sequences in the target nucleic acid if the pair
comprise the same tag sequence.

85. The method of claim 84, wherein the plurality of DNA fragments in (a) are in the size range
from 5 kilobases to 750 kilobases in length.

86. The method of claim 84 or 85, wherein the population of tag-containing sequences
comprises a population of beads, wherein each bead comprises multiple copies of a single tag-
containing sequence.

87. The method of claim 84 or 85, wherein the population of tag-containing sequences
comprises a population of concatemers, each concatemer comprising multiple copies of a single
tag-containing sequence.

88. The method of claim 84 or 85, wherein the tag-containing sequences comprise transposon
ends, the method comprising combining the long fragments and the tag-containing sequences
under conditions that are suitable for transposition of the tag-containing sequences into each of the
long fragments.
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89. The method of claim 84 or 85, wherein the tag-containing sequences comprise a hairpin
sequence.

90. The method of claim 86, wherein the tag-containing sequences comprise transposon ends,
the method comprising combining the plurality of long fragments with the population of beads
under conditions that are suitable for transposition of the tag sequences into the long fragments.

91. The method of claim 86, wherein steps (a) and (b) comprise providing a single mixture
comprising (i) a transposase, (ii) the plurality of long fragments, and (iii) the population of beads,
wherein said tag-containing sequences comprises a tag sequence and a transposon end
sequence, and wherein different beads comprise different tag sequences, in the single reaction
vessel under conditions in which, for a plurality of beads, the tag sequence associated with an
individual bead is transposed into multiple sites of an individual long fragment.

92. The method of claim 91, wherein the transposase is a Tn5 transposase.

93. The method of any one of claims 84 to 92, wherein the long fragments comprise genomic
DNA sequences and adaptor sequences, and the tag-containing sequences comprise a tag
sequence and a sequence complementary to the adaptor sequences.

94. The method of claim 93, further comprising annealing oligonucleotides comprising tag-
containing sequences to the adaptor sequence, and extending the oligonucleotides to form tagged

subfragments.
95. The method of claim 86, wherein, prior to combining the plurality of long fragments with the
population of beads, the long fragments are prepared by nicking and gapping, random primer

extension, or transposon insertion.

96. The method of claim 86, wherein, prior to combining the plurality of long fragments with the

population of beads, gaps are intfroduced into the long fragments using a transposon.

97. The method of claim 86, wherein prior to combining the plurality of fragments with the
population of beads, the fragments are prepared by nicking on both strands, and adaptor
sequences are introduced into each strand at nicks.
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98. The method of any one of claims 84 to 97, wherein the target nucleic acid is a genome of
an organism.

99. The method of claim 98, comprising determining a haplotype of the genome.
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3raph Construction via LFR

Make a graph of all the het pairs that are
within the expecied distance.

Graph Consiruction via Mats
Pairs

Optionally, populats the graph of all the het
pairs that are within the expected distance
using maie pair data.

Graph Combination

Combine the LFR-generated and Mate-pair
genaratsd graphs.

Graph Trimming

Qptionally, trim the graph using hewistics.

Graph Dptimization

Optimize the graph by making the
minimur-spanning tres,

Contig Building

Assembie contigs using the oplimized
graph.

Universal Phasing

Use trio phasing to assign contigs fo the
parants.

FIG. 7
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