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DESCRIPTION

BARCODING NUCLEIC ACIDS

[0001] The present application claims the priority benefit of United States provisional
application number 61/722,357, filed November 5, 2012.

[0002] The sequence listing that 1is contained in the file named
“RUBCP0031WO_ST25.txt”, which is 2 KB (as measured in Microsoft Windows®) and was

created on November 5, 2013, is filed herewith by electronic submission.
BACKGROUND OF THE INVENTION

1. Field of the Invention
[0003] The present invention relates generally to the fields of molecular biology and

nucleic acid sequencing. More particularly, it concerns methods of barcoding nucleic acids.

2. Description of Related Art

[0004] Barcodes can be used to identify nucleic acid molecules, for example, where
sequencing can reveal a certain barcode coupled to a nucleic acid molecule of interest. In some
instances, a sequence-specific event can be used to identify a nucleic acid molecule, where at
least a portion of the barcode is recognized in the sequence-specific event, e.g., at least a portion
of the barcode can participate in a ligation or extension reaction. The barcode can therefore

allow identification, selection or amplification of gDNA molecules that are coupled thereto.

[0005] One rpethod to couple a barcode to nucleic acid molecules of interest includes
preparation of an Ion gDNA fragment library, as described by Life Technologies for the Ion
Torrent System. In this method, fragments of gDNA are ligated to adaptors, where at least one
end of each fragment of genomic DNA is ligated to an adaptor including a barcode. The ligated
adaptors and gDNA fragments may be nick repaired, size selected, and amplified using PCR
with primers directed to the adaptors to produce an amplified library. For example, ligation
adaptors including 16 different barcodes can be used to prepare 16 different gDNA samples,
each with a unique barcodé, such that either each sample can be amplified separately by PCR

using the same PCR primers and then pooled (mixed together) or each
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sample can be pooled first and then simultaneously amplified using the same PCR primers.
As a result each gDNA sample can be identified by its attached unique barcode. However,
the number of different ligation adaptors needed is equal to the number of barcodes. For
example, the production of 256 sample libraries capable of being sequenced as a mixture

would require 256 different ligation adapters.
SUMMARY OF THE INVENTION

[0006] Embodiments of the present invention provide methods of making dual
barcoded nucleic acid molecule for sequencing. Having a first and a second barcode on the
same end of a nucleic acid molecule may permit a sequencing read to begin with the second
barcode, continue through the first barcode and then into the nucleic acid molecule.
Identification of the second barcode, first barcode, and sequence of the nucleic acid molecule
may therefore be obtained in a single read as opposed to having to provide a sequencing read
from each end of the nucleic acid molecule in order to read the sequence of a single barcode
back from a distal end of the nucleic acid molecule, as is the case in traditional methods of

using dual sequencing barcodes.

[0007] As such, one embodiment of the present invention relates to a method of
making a dual barcoded nucleic acid molecule comprising: coupling one strand of a stem-
loop oligonucleotide to a nucleic acid molecule to form a first barcode coupled nucleic acid
molecule, the stem-loop oligonucleotide including an intramolecular inverted repeat and a
loop, the inverted repeat including a first barcode; displacing one strand of the stem-loop
oligonucleotide from the first barcode coupled nucleic acid molecule by strand displacement
or by nick translation polymerization to form a first barcoded nucleic acid molecule;
annealing a primer to the first barcoded nucleic acid molecule, the primer including a first
portion complementary to the first barcoded nucleic acid molecule and a second portion
including a second barcode; and extending the annealed primer to form a dual barcoded
nucleic acid molecule, the dual barcoded nucleic acid molecule including the second barcode,
the first barcode, and at least a portion of the nucleic acid molecule. In some aspects, the first
portion of the primer anneals to the first barcode or to a portion of the first barcode. In other
aspects, the first portion of the primer does not anneal within the first barcode. The extending
may be performed by using a polymerase, e.g., via polymerase chain reaction or PCR. The
nucleic acid molecule may be genomic DNA, cDNA, amplified DNA, a nucleic acid library,

or a fragment thereof.



10

15

20

25

30

CA 02889862 2015-04-28

WO 2014/071361 PCT/US2013/068468

[0008] In one embodiment of the invention, there is a method of preparing a nucleic
acid molecule, comprising: providing a double stranded nucleic acid molecule; and attaching
one strand of a stem-loop oligonucleotide comprising an inverted repeat and a loop to the
double stranded nucleic acid molecule to produce an oligonucleotide-attached nucleic acid
molecule. The double stranded nucleic acid molecule may be a double stranded DNA
molecule, in some embodiments. In specific embodiments, the attaching is further defined as
attaching the oligonucleotide to the double stranded nucleic acid molecule under conditions
to produce a non-covalent junction, such as a nick, a gap, or a §' flap structure, in the
oligonucleotide-attached nucleic acid molecule. In particular aspects of the invention, the
attaching is further defined as ligating. Ligating may be defined as ligating the 3’ end of the
stem-loop oligonucleotide adaptor to the 5’ end of the target nucleic acid molecule. The
method may further comprise displacing one strand of the oligonucleotide from the
oligonucleotide-attached nucleic acid molecule by strand displacement or by nick translation
polymerization. In a specific embodiment, at least part of the oligonucleotide-attached
nucleic acid molecule is amplified, such as by polymerase chain reaction, RNA transcription,
or strand displacement, for example. Mecthods of the invention may further comprise
amplifying an oligonucleotide-attached nucleic acid molecule, wherein at least part of the
stem-loop adaptor’s intramolecular inverted repeat is excluded from the amplified

oligonucleotide-attached nucleic acid molecule.

[0009] Ligating embodiments may be further defined as comprising: generating
ligatable ends on the double stranded nucleic acid molecule; generating a ligatable end on the
stem-loop oligonucleotide; and ligating one strand of the ligatable end of the stem-loop
oligonucleotide to one strand of an end of the nucleic acid molecule, thereby generating a
non-covalent junction, such as a nick, a gap, or a §' flap structure, in the oligonucleotide-
attached nucleic acid molecule. In further aspects, the methods comprise generating blunt
ends on the nucleic acid molecule; generating a blunt end on the stem-loop oligonucleotide;
and ligating one strand of the blunt end of the stem-loop oligonucleotide to one strand of a
blunt end of the nucleic acid molecule, thereby generating a nick in the oligonucleotide-

ligated nucleic acid molecule.

[0010] In some aspects, the method may comprise coupling one strand of a stem-loop
oligonucleotide adaptor to cach end of the target nucleic acid molecule. In some aspects, the

inverted repeat of the stem-loop adaptors coupled to each end of a target nucleic acid
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molecule may comprise an identical sequence. In this aspect, coupling of the stem-loop
adaptors to each end of the target nucleic acid molecule will produce a nucleic acid molecule
comprising terminal inverted repeats thereby allowing the molecule to form a stem loop. In
other aspects, the inverted repeat of the stem-loop adaptors coupled to each end of a target
nucleic acid molecule may not comprise an identical sequence. In this aspect, coupling of the
stem-loop adaptors to each end of the target nucleic acid molecule will produce a nucleic acid
molecule lacking terminal inverted repeats and therefore the molecule will not be able to

form a stem loop.

[0011] In additional embodiments, the oligonucleotide-attached nucleic acid molecule
comprises a nick having a 3’ hydroxy group, wherein there is polymerization from the 3

hydroxy group of at least part of the oligonucleotide-attached nucleic acid molecule.

[0012] Strand displacement or nick translation polymerization may be further defined
as polymerization that ceases at a non-replicable base or region in the loop or in a region of

the stem adjacent to the loop.

[0013] In a specific aspect of the invention, the method further comprises the step of
digesting the double stranded DNA molecule with an endonuclease to generate DNA
tragments, whercin the oligonucleotide becomes ligated to onc strand of the DNA fragment
and wherein polymerization of an oligonucleotide-ligated DNA fragment excludes at least
part of the stem-loop adaptor’s intramolecular inverted repeat by subjecting the
oligonucleotide-ligated DNA fragment to strand displacement or nick translation
polymerization that halts at a base or sequence in the loop or in a region of the stem adjacent

to the loop.

[0014] In some embodiments, the stem-loop oligonucleotide is further defined as
comprising a cleavable base. In particular, in some cases the cleavable base is present in the
loop of the oligonucleotide or in a sequence of the stem adjacent to the loop. The cleavable
base or sequence may comprise an abasic site or sequence, hexacthylene glycol, and/or a
bulky chemical moiety attached to the sugar-phosphate backbone or the base. In specific
embodiments, the abasic site or sequence is introduced by one or more enzymes in the single
solution. In a further specific embodiment, the loop of the stem-loop oligonucleotide

comprises at least one deoxy-uridine.
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[0015] In specific aspects, a 5 end of the stem-loop oligonucleotide lacks a

phosphate.

[0016] Barcodes, also referred to as “barcodes,” can be generated based on selecting a
particular nucleic acid sequence. For example, the Illumina™ sequencing can utilize 6 bases
to effectively generate 48 different barcodes. The Ion Torrent sequencer (e.g., the Ion
Proton™ Sequencer or the Ton PGM™ sequencer) can utilize 6 bases to generate 16
barcodes. In some embodiments, rules may be applied to the generation of bar codes that
allow for separate barcodes to be correctly identified even if two errors occur during
sequencing. Barcoding is described, e.g., in U.S. Pat. 7,902,122 and U.S. Pat. Publn.
2009/0098555. Barcode incorporation by primer extension, for example via PCR, may be
performed using methods described in U.S. 5,935,793 or US 2010/0227329. In some
embodiments, a barcode may be incorporated into a nucleic acid via using ligation, which can
then be followed by amplification; for example, methods described in U.S. Pat. 5,858,656,
U.S. Pat. 6,261,782, U.S. Pat. Publn. 2011/0319290, or U.S. Pat. Publn. 2012/0028814 may
be used with the present invention. In some embodiments, one or more bar code may be
used, e.g., as described in U.S. Pat. Publn. 2007/0020640, U.S. Pat. Publn. 2009/0068645,
U.S. Pat. Publn. 2010/0273219, U.S. Pat. Publn. 2011/0015096, or U.S. Pat. Publn.
2011/0257031.

[0017] Although some embodiments incorporate a second bar code into a genomic
library generated, e.g., via the methods described in U.S. Pat. 7,803,550, methods of the
present invention may be used in combination with a wide variety of techniques for
gencrating a nucleic acid library. For example, a second barcode may be incorporated into a
fragment of a nucleic acid library, wherein the nucleic acid library was generated with an
approach compatible with Illumina sequencing such as a Nextera'' DNA sample prep kit,
and additional approaches for generating Illumina next-generation sequencing library
preparation are described, e.g., in Oyola ef al. (2012). In other embodiments, a nucleic acid
library is generated with a method compatible with a SOLiD™ or Ion Torrent sequencing
method (e.g., a SOLiD® Fragment Library Construction Kit, a SOLiD® Mate-Paired Library
Construction Kit, SOLIiD® ChIP-Seq Kit, a SOLiID® Total RNA-Seq Kit, a SOLiD®
SAGE™ Kit, a Ambion® RNA-Seq Library Construction Kit, etc.). Additional methods for

next-gencration scquencing methods, including various mcthods for library construction that
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may be used with embodiments of the present invention are described, e.g., in Pareek (2011)

and Thudi (2012).

[0018] In an additional embodiment, there is a kit housed in a suitable container that
comprises one or more compositions of the invention and/or comprises one or more

compositions suitable for at least one method of the invention.

[0019] Additional embodiments of the invention include a library of DNA molecules

prepared by the methods of the invention.

[0020] As used herein the specification, “a” or “an” may mean one or more. As used
herein in the claim(s), when used in conjunction with the word “comprising,” the words “a”

or “an” may mean one or more than one.

[0021] The use of the term “or” in the claims is used to mean “and/or” unless
explicitly indicated to refer to alternatives only or the alternatives are mutually exclusive,
although the disclosure supports a definition that refers to only alternatives and “and/or.” As

used herein “another” may mean at least a second or more.

[0022] Throughout this application, the term “about” is used to indicate that a valuc
includes the inherent variation of error for the device, the method being employed to

determine the value, or the variation that exists among the study subjects.

[0023] Other objects, featurcs and advantages of the present invention will become
apparent from the following detailed description. It should be understood, however, that the
detailed description and the specific examples, while indicating preferred embodiments of the
invention, are given by way of illustration only, since various changes and modifications
within the spirit and scope of the invention will become apparent to those skilled in the art

from this detailed description.
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BRIEF DESCRIPTION OF THE DRAWINGS

|0024]| The following drawings form part of the present specification and are included
to further demonstrate certain aspects of the present invention. The invention may be better
understood by reference to one or more of these drawings in combination with the detailed

description of specific embodiments presented herein.

[0025] FIG. 1. Schematic comparing use of a single set of barcodes versus the usc of

first and second sets of barcodes.

[0026] FIG. 2. Ilustration of the use of stem-loop adaptors to add the first barcode,
further followed by PCR amplification to add the second barcode.

[0027] FIG. 3. Tllustration of adaptors containing tandem dual barcodes but do not

generate terminal inverted repeats.

[0028] FIG. 4. Results of real-time PCR Library Amplification using tandem dual

barcodes without inverted repeats.

[0029] FIG. 5. Illustration of adaptors containing tandem dual barcodcs that gencrate

terminal inverted repeats.

[0030] FIG. 6. Results of real-time PCR Library Amplification using tandem dual

barcodes with inverted repeats.
DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

[0031] The present technology relates to barcoding of nucleic acid molecules.
Barcodes, also described as tags, indexing sequences, or identifier codes, include specific
sequences that are incorporated into a nucleic acid molecule for identification purposes. For
example, synthetic nucleic acid molecules can be joined with genomic DNA (gDNA) by
ligation and/or primer extension. The present technology is directed towards nucleic acid
molecules having multiple barcodes, in particular, sequential or tandem barcodes. An
example of a tandem barcode includes a first barcode coupled to at least onc end of a gDNA
molecule by a ligation event (e.g., ligation to a synthetic stem-loop adaptor) followed by a
second barcode that is coupled to the gDNA by primer extension (e.g., PCR), where the first

barcodc is proximal to the gDNA molecule (closer to the inscrt) and the sccond barcodce is



distal to the gDNA (further from the insert). Methods of using stem loop adaptor ligation and
primer extension or PCR to add additional sequences are described, e.g., in U.S. Pat. 7,803,550.
These methods may be used in embodiments of the present invention to add a first and/or

second barcode to a nucleic acid molecule.

[0032] Barcodes can be used to identify nucleic acid molecules, for example, where
sequencing can reveal a certain barcode coupled to a nucleic acid molecule of interest. In some
instances, a sequence-specific event can be used to identify a nucleic acid molecule, where at
least a portion of the barcode is recognized in the sequence-specific event, e.g., at least a portion
of the barcode can participate in a ligation or extension reaction. The barcode can therefore

allow identification, selection or amplification of gDNA molecules that are coupled thereto.

[0033] One method to couple a barcode to nucleic acid molecules of interest includes
preparation of an Jon gDNA fragment library, as described by Life Technologies for the Ion
Torrent System. In this method, fragments of gDNA are ligated to adaptors, where at least one
end of each fragment of genomic DNA is ligated to an adaptor including a barcode. The ligated
adaptors and gDNA fragments can be nick repaired, size selected, and amplified using PCR
with primers directed to the adaptors to produce an amplified library. For example, ligation
adaptors including 16 different barcodes can be used to prepare 16 different gDNA samples,
each with a unique barcode, such that either each sample can be amplified separately by PCR
using the same PCR primers and then pooled (mixed together), or each sample can be pooled
first and then simultaneously amplified using the same PCR primers. As a result each gDNA
sample can be identified by its attached unique barcode. However, one problem with this
approach is that the number of different ligation adaptors needed is equal to the number of
barcodes. For example, the production of 256 sample libraries capable of being sequenced as

a mixture would require 256 different ligation adapters.

[0034] To address this problem, fragments of genomic DNA can be ligated to adaptors
having a first set of barcodes, for example, using the stem-loop adaptors and methods as
described in U.S. Pat. 7,803,550. Adaptors having 16 different barcodes can be generated and
may be used, e.g., with an Ion Torrent sequencing system (e.g., the Ion Proton™ Sequencer or
the Ton PGM™ sequencer). The ligated adaptors and gDNA fragments having the first set of

barcodes can then be subjected to a primer extension reaction

CA 2889862 2020-02-25
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or PCR using a primer having a second set of barcodes. The resulting nucleic acid molecules
each have one barcode from the first set of barcodes adjacent to one barcode from the second
set of barcodes on at least one end of the nucleic acid molecule. The exact number of
barcodes may be determined based on the particular application; for example, in some
embodiments, the second barcode may utilize six bases to generate, e.g., 16 additional
barcodes. Nonetheless, depending on the application and/or sequencing method 1, 2, 3, 4, 5,
6,7,8,9,10, 11, 12, 13, 14, 15, or 16 or more bases may be utilized to generate the second
barcode. In some embodiments, at least 2, at least 3, or 3-16 bases can be used to generate a

second barcode.

[0035] In some embodiments, the second set of barcodes can include 16 different
primers. In this manner, the ligation adaptors having sixteen different barcodes (the first set
of barcodes) can be amplified with 16 different primers (directed to the second set of
barcodes) to produce 16 x 16 unique combinations of barcodes, which allows 256 samples to
be pooled and multiplexed 256-fold. Use of only 16 + 16 oligonucleotides to achieve this
level of multiplexing is a significant savings of cost and time in producing 256 uscful
libraries. Preferably, the first barcode and the second barcode may be on the same side of the
gDNA (i.e., as part of the same adaptor) and can be sequenced in series with each other and

with the gDNA in order to economize on sequencing time and cost.

[0036] Additionally, the first barcode may be directly attached to the gDNA, whereas
the second barcode may be attached during amplification by PCR. Thus, the first set of
barcodes can be used to either: a) tag all members of a gDNA sample with the same barcode
or b) tag different members of the gDNA sample with different barcodes. For example, if
ligation is performed using a single barcode, then all members of the gDNA will generally
carry the same barcode. However, if the ligation adaptor is synthesized with a random or
partially-random barcode, different molecules in the gDNA sample will have different
barcodes. In the extreme, if the barcode region contains 16 random bases, then 65,536
barcodes may be represented within the ligated nucleic acid library. The barcode may be
used to distinguish among different members of the input gDNA library; for example, these
methods may be used for independent counting of molecular duplicates in the gDNA library
(most of which will have different barcodes) and duplicates created during PCR amplification
(most of which will carry identical first barcodes). Partially-random first barcodes can be

used to give information about individual samples and about individual molecules.
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| Definitions

[0037] “Amplification,” as used herein, refers to any in vitro process for increasing
the number of copies of a nucleotide sequence or sequences. Nucleic acid amplification
results in the incorporation of nucleotides into DNA or RNA. As used herein, one
amplification reaction may consist of many rounds of DNA replication. For example, one

PCR reaction may consist of 30-100 “cycles” of denaturation and replication.

[0038] “Nucleotide,” as used herein, is a term of art that refers to a base-sugar-
phosphate combination. Nucleotides are the monomeric units of nucleic acid polymers, /.e.,
of DNA and RNA. The term includes ribonucleotide triphosphates, such as rATP, rCTP,
rGTP, or rtUTP, and deoxyribonucleotide triphosphates, such as dATP, dCTP, dUTP, dGTP,
or dTTP.

[0039] A “nucleoside” is a base-sugar combination, ie., a nucleotide lacking a
phosphate. It is recognized in the art that there is a certain inter-changeability in usage of the
terms nucleoside and nucleotide. For example, the nucleotide deoxyuridine triphosphate,
dUTP, is a deoxyribonucleoside triphosphate. After incorporation into DNA, it serves as a
DNA monomer, formally being deoxyuridylate, i.e., dUMP or deoxyuridine monophosphate.
One may say that onc incorporates dUTP into DNA cven though there is no dUTP moiety in
the resultant DNA. Similarly, one may say that one incorporates deoxyuridine into DNA

even though that is only a part of the substrate molecule.

[0040] “Incorporating,” as used herein, means becoming part of a nucleic acid

polymer.

[0041] “Oligonucleotide,” as used herein, refers collectively and interchangeably to
two terms of art, “oligonucleotide” and “polynucleotide.” Note that although oligonucleotide
and polynucleotide are distinct terms of art, there is no exact dividing line between them and
they are used interchangeably herein. The term “adaptor” may also be used interchangeably

with the terms “oligonucleotide”™ and “polynucleotide.”

[0042] “Primer” as used herein refers to a single-stranded oligonucleotide or a single-
stranded polynucleotide that is extended by covalent addition of nucleotide monomers during

amplification. Often, nucleic acid amplification is based on nucleic acid synthesis by a

10
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nucleic acid polymerase. Many such polymerases require the presence of a primer that can

be extended to initiate nucleic acid synthesis.

[0043] The terms “hairpin” and “stem-loop oligonucleotide™ as used herein refer to a
structure formed by an oligonucleotide comprised of 5' and 3' terminal regions, which are
intramolecular inverted repeats that form a double-stranded stem, and a non-self-

complementary central region, which forms a single-stranded loop.
II. Aspects of the Present Invention

[0044] Embodiments of the present invention may provide one or more benefits or
advantages as follows. Having a first and a second barcode on the same end of a nucleic acid
molecule may permit a sequencing read to begin with the second barcode, continue through
the first barcode and then into the nucleic acid molecule. Identification of the second
barcode, first barcode, and sequence of the nucleic acid molecule may therefore be obtained
in a single read as opposed to having to provide a sequencing read from cach end of the
nucleic acid molecule in order to read the sequence of a single barcode back from a distal end
of the nucleic acid molecule, as is the case in traditional methods of using dual sequencing

barcodes.

[0045] Another advantage in certain embodiments is that the first and second
barcodes may be preferably added in two separate steps. This order of addition may
significantly increase the possible combinations of encoded sample identity information. In
addition, amplification of individual samples with individual PCR primers may reduce the
chance of cross-contamination between barcodes due to priming and amplification artifacts as
opposed to amplification of pooled samples with a universal PCR primer as currently
practiced in some next generation sequencing platforms (FIG. 1). In particular, ligation of
the first barcode to at least one end of the nucleic acid molecule may be performed using a
short adaptor, e.g., a short stem-loop adaptor. For example, short adaptors have a stem
comprising about 14 to about 23 nucleotides whereas long adaptors have a stem of about 24

to about 40 nucleotides.

[0046] Qualitative obscrvations and quantitative cxperiments show that ligation of a
single adaptor or two different adaptors designed to contain a common sequence proximal to
the ligation site may have a beneficial effect on the ability to preferentially amplify molecules

comprising target inserts of controlled size and discriminate against adaptor dimers carrying
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no insert or molecules comprising short inserts that have little or no information value. This
phenomenon is referred to as suppression or suppression PCR. Suppression refers to the
sclective exclusion of molecules less than a certain size flanked by terminal inverted repeats,
due to their inefficient amplification when the primer(s) used for amplification correspond(s)
to the entire repeat or a fraction of the repeat (Chenchik er al., 1996; Lukyanov et al., 1999;
Siebert et al., 1995; Shagin ef al., 1999). The reason for this lies in the equilibrium between
productive PCR primer anncaling and nonproductive seclf-annealing of the fragment’s
complementary ends. At a fixed size of a flanking terminal inverted repeat, the shorter the
insert, the stronger the suppression effect and vice versa. Likewise, at a fixed insert size, the
longer the terminal inverted repeat, the stronger the suppression effect (Chenchik ef al., 1996;

Lukyanov et al., 1999; Siebert ef al., 1995; Shagin ef al., 1999).

[0047] By virtue of attaching a terminal inverted repeat to both end of a nucleic acid
molecule by ligation and/or primer extension one may achieve precise control over the
efficiency of primer annealing and extension of target inserts of desired minimal size versus
undesirable adaptor dimers or short insert byproducts as described by U.S. Pat. 7,803,550.
Efficiency in attaching the first barcode via adaptor ligation may be utilized for preventing
bias and preserving the representation of nucleic acid molecules in a sample. Conversely,
coupling the second barcode via primer extension may efficiently employ a long primer

including the second barcode.

[0048] In this embodiment of the present invention, the target nucleic acid is
incubated with an exemplary mixture comprising a stem-loop oligonucleotide with 3’
recessed, 3’ protruding, or blunt end; a 3’ proofreading DNA polymerase (Klenow fragment
of the DNA polymerase I, T4 DNA polymerase, etc.); T4 DNA ligase; ATP; and dNTPs.
Four exemplary enzymatic reactions are taking place simultaneously: “polishing” of the DNA
ends and the oligonucleotide double-stranded stem-region; ligation of the oligonucleotide 3’
end to the 5" phosphate of the DNA leaving a nick between the 3" end of DNA and the 5" end
of the oligonucleotide double-stranded stem-region; polymerase extension of the 3' DNA end
that propagates toward the end of the stem-loop oligonucleotide; and a strand-displacement
reaction within the oligonucleotide stem region. This process results in a library of DNA

fragments with inverted repeat adaptors at their ends that include the first barcode sequence.
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1I1. Methods of the Present Invention

[0049] The following outline provides further details relating to the methods and
compositions of the present technology. All particular examples provided are understood to

be non-limiting examples.
A, Preparation of Nucleic Acid Molecules of Interest

[0050] A nucleic acid molecule of interest can be a single nucleic acid molecule or a
plurality of nucleic acid molecules. Also, a nucleic acid molecule of interest can be of
biological or synthetic origin. Examples of nucleic acid molecules include genomic DNA,

cDNA, RNA, amplified DNA, a pre-existing nucleic acid library, etc.

[0051] A nucleic acid molecule of interest may be subjected to various treatments,
such as repair treatments and fragmenting treatments. Fragmenting treatments include
mechanical, sonic, chcmical, enzymatic, degradation over time, efc. Repair treatments
include nick repair via extension and/or ligation, polishing to create blunt ends, removal of
damaged bases such as deaminated, derivatized, abasic, or crosslinked nucleotides, efc. A
nucleic acid molecule of interest may also be subjected to chemical modification (e.g.,
bisulfitc conversion, mcthylation / demcthylation), cxtension, amplification (e.g., PCR,

isothermal, etc.), etc.
B. First Barcode Coupling

[0052] A first barcode or a first set of barcodes may be coupled to at least one end of
the nucleic acid molecule of interest. In some aspects, the first barcode may be provided
within a stem-loop adaptor, or a first set of barcodes may be provided as a population of
stem-loop adaptors. A stem-loop adaptor may comprise a stem-loop adaptor as described by
U.S. Pat. 7,803,550. In some aspects, a stem-loop adaptor may include a barcode within the
stem portion of the stem-loop adaptor. In some aspects, the loop portion of a stem-loop

adaptor may include a cleavable replication stop.

[0053] In some aspects, a stem-loop adaptor including the barcode may be coupled to
one end of a target nucleic acid molecule or to both ends of a target nucleic acid molecule. In
some aspects, the intramolecular inverted repeat of the stem-loop adaptors coupled to each

end of a target nucleic acid molecule may comprise an identical sequence. In this aspect,
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coupling of the stem-loop adaptors to each end of the target nucleic acid molecule will
produce a nucleic acid molecule comprising terminal inverted repeats thereby allowing the
molecule to form a stem loop. In other aspects, the intramolecular inverted repeat of the
stem-loop adaptors coupled to each end of a target nucleic acid molecule may not comprise
an identical sequence. In this aspect, coupling of the stem-loop adaptors to each end of the
target nucleic acid molecule will produce a nucleic acid molecule lacking terminal inverted

repeats and therefore the molecule will not be able to form a stem loop.

[0054] In some aspects, a stem-loop adaptor including the barcode may be coupled to
the nucleic acid molecule via ligation to the 5' end of the nucleic acid molecule, for example,
by blunt-end ligation. Ligating the stem-loop adaptor to one or both ends of a target nucleic
acid molecule may result in nick formation. Said one or more nicks may be removed from

the ligated stem-loop adaptor and the nucleic acid molecule.

[0055] In some aspects, an extension reaction may extend the 3" end of the nucleic
acid molecule through the stem-loop adaptor where the loop portion is cleaved at the

cleavable replication stop.
C. Second Barcode Coupling

[0056] A second barcode or a second set of barcodes may be coupled to the first
barcode or the first set of barcodes that is/are coupled to the nucleic acid molecule(s). In this
manner, the first barcode may be an intermediate of the nucleic acid molecule and the second
barcode. In some aspects, the second barcode may be provided within a primer, or a second
set of barcodes may be provided as a population of primers. In some aspects, primer
extension or PCR may be used to incorporate the second barcode. In some aspects, the
primer may include a 3' portion and a 5' portion, where the 3’ portion may anneal to a portion

of the first barcode and the 5' portion comprises the second barcode.

[0057] Additional information regarding the methods may be found in Ausubel ef al.
(2003) or Sambrook ez al. (1989). As would be recognized by one of skill in the art, various
parameters may be manipulated to optimize preparation of a nucleic acid of interest, primer

extension, or PCR to incorporate a second barcode.
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IV.  Examples

[0058] The following examples are included to demonstrate preferred embodiments
of the invention. It should be appreciated by those of skill in the art that the techniques
disclosed in the examples which follow represent techniques discovered by the inventor to
function well in the practice of the invention, and thus can be considered to constitute
preferred modes for its practice. However, those of skill in the art should, in light of the
present disclosure, appreciate that many changes can be made in the specific embodiments
which are disclosed and still obtain a like or similar result without departing from the spirit

and scope of the invention.

Example 1 — Dual inline barcoding adaptor sequences for DNA sequencing

[0059] FIG. 1 provides a schematic comparing the use of a single set of barcodes
(e.g., Ion Torrent System) versus the use of first and second sets of barcodes in embodiments
of the present technology. The primers are shown to bind to sequences outside the first
barcode; however, in some embodiments the primer may bind to the first barcode or even to
eDNA sequences. In the aspects of present invention, the ligation may be to a unique adaptor
molecule (e.g., a stem loop) that is added to both ends of the gDNA, or two (or more) distinct
adaptor molecules that have different sequences. For purposes of reducing background from
adaptor dimers, if different adaptor molecules are used they may preferably have a common
sequence that will suppress PCR amplification of very short molecules, including adaptor

dimers.

[0060] FIG. 2 illustrates a specific embodiment of the invention that utilizes stem-
loop adaptors and methods as described in U.S. Pat. No. 7,803,550 to add adaptors with the
first bar code. The method is further followed by PCR amplification to add the second

barcode.

[0061] The inventors sought to test Ion Torrent adaptors that contain tandem dual
barcodes but that lack sequences to generate terminal inverted repeats. Stem-loop adaptors
and PCR primers were designed as shown in FIG. 3 and Table 1. Of note, the present
methods may be adapted for use with other next generation sequencing platforms and is not

limited to use with the Ion Torrent platform.
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Table 1. Oligonucleotide Sequences

Oligo Name | SEQ ID NO: | Sequence

Ton Adaptor | 1 ATCACUGACUGCCCATAUUUUUUTATGGGCAGTCGGTGAT
Pl

Ton PCR | 2 CCACTACGCCTCCGCTTTCCTCTCTATGGGCAGTCGGTGAT
Primer P1

Ion Adaptor | 3 ATCCUGGAAUCCTCTTATCUUUUUUGATAAGAGGATTCCCG
A GAT

Ton PCR | 4 CCATCTCATCCCTGCGTCTCTCCCACTCA

Primer A ATAAGAGGATTCCCGGAT

Underlining = first barcode; Underlining with gray background = second barcode.

[0062] Template Preparation. Ten microliters of each DNA sample (0.1 ng/ul
Coavris-shearted human gDNA) was added to a PCR tube or well. For non-template controls
(NTC), 10 uL of nuclease-free water was substituted for the DNA sample. A pre-mix of 2
uL/sample Template Preparation Buffer ((6.5% ATP-free ligase buffer comprising: 325 mM
Tris-HCI pH 7.6 @ 25°C, 65 mM MgCl,, 3.25 mM DTT) supplemented with dNTP mix (2.5
mM each dNTP)) and 1 pl/sample Template Preparation Enzyme (End Repair Mix,
Enzymatics Cat # Y914-LC-L) was prepared in a separate tube and mixed by pipette. Then,
3 uL of the pre-mix was added to the 10 pL DNA sample in the PCR tube or well and mixed
4-5 times was a pipette set to & pL. The final concentration of the reaction components was
as follows: 50 mM Tris-HCI pH 7.6 @ 25°C, 10 mM MgCl,, 0.5 mM DTT, 385 uM dNTPs,
1x End Repair Enzymes. The PCR plate was centrifuged and incubated in a thermal cycler
using the following conditions: 1 cycle at 22°C for 25 min; 1 cycle at 55°C for 20 min; hold
at 22°C.

[0063] Library Symthesis. Fresh Library Synthesis pre-mix of 1 uL/sample Library
Synthesis Buffer (2x ATP-free ligase buffer comprising: 100 mM Tris-HCI pH 7.6 @ 25°C,
20 mM MgCl,, 1.0 mM DTT supplemented with 15 mM ATP and 15 uM each stem-loop
adaptor oligo) and 1 pl/sample Library Synthesis Enzyme Mix (comprising: 1.2 U Uracil
DNA Glycosylase (UDG, Enzymatics # G5010L) and 8 U T4 DNA Ligase (Enzymatics #
L603-HC-L) per ul) was prepared in a separate tube and mixed by pipette. Then, 2 uL of the
Library Synthesis pre-mix were added to cach sample and mixed 4-5 times with a pipette set

to 10 uL. The final concentration of the reaction components was as follows: 50 mM Tris-
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HCIpH 7.6 @ 25°C, 10 mM MgCl,, 0.5 mM DTT, 334 uM dNTPs, | mM ATP, 1.2 U Uracil
DNA Glycosylase, 8 U T4 DNA Ligase, 1 uM ecach adaptor oligo. The plate was centrifuged
and incubated in a thermal cycler using the following conditions: 1 cycle at 22°C for 40 min;
hold at 4°C.

[0064] ThruPLEX-FD Library Amplification. Library Amplification pre-mix of 4.25
uL/sample nuclcase-frec water, 3.75 uL/sample EvaGreen:FC (9:1), 50.5 uL/samplc Library
Amplification Buffer (comprising: 150 mM Tris-SOy4, pH 8.5 @ 25°C, 120 mM TMAC, 0.75
mM MgCl, 0.06% w/v Gelatin, supplemented with 0.375 uM of each PCR oligo), and 1.5
ul/sample Library Amplification Enzyme (KAPA HiFi DNA Polymerase (KK2102) at
1U/ul) was prepared in a separate tube immediately prior to use. Then, 60 uL of the Library
Amplification pre-mix was added to each library and mixed 3-4 times with a pipette set to 60
uL. The final concentration of the reaction components was as follows: 100 mM Tris-SO4,
pH 8.5 @ 25°C, 80 mM TMAC, 2.5 mM MgCl,, 0.04% w/v Gelatin, 1x EvaGreen, 1x FCD,
1.5 U KAPA HiFi DNA Polymerase, 0.25 uM each PCR oligo. The plates were centrifuged
and then incubated in a real-time thermal cycler as follows: 1 cycle at 72°C for 3 min; 1
cycle at 85°C for 2 min; 1 cycle at 98°C for 2 min; 4 cycles of 98°C for 20 sec, 67°C for 20
sec, 72°C for 40 sec; and 4-21 cycles of 98°C for 20 sec and 72°C for 50 sec.

[0065] Conclusion. Significant amplification of adaptor dimcrs occurrcd (FIG. 4).
This may be due to the lack of suppression in the construct; therefore, the inventors tested a
version containing sequences to generate terminal inverted repeats and comprising the

proximal inline barcode.

Example 2 — Dual inline barcoding adaptor sequences for DNA sequencing containing

terminal inverted repeats

[0066] The inventors sought to test Ion adaptors that contain tandem dual barcodes
with terminal inverted repeats represented by the second barcode (proximal to the site of
ligation). Stem-loop adaptors and PCR primers were designed as shown in FIG. 5 and Table
2.

17
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Table 2. Oligonucleotide Sequence for Generating Terminal Inverted Repeats

Oligo Name | SEQIDNO: | Sequence

Ton PCR | 5 CCACTACGCCTCCGCTTTCCTCTCTATGGGCAGTCGGTGA
Oligo P1 TAAGAGGATTCCCGGATTG

Ion Universal | 6 CAATCCUGGAAUCCTCTTATCUUUUUUGATAAGAGGATTC
Adaptor P1/A CCGGATTG

Ton PCR | 7 CCATCTCATCCCTGCGTGTCTCCGACTCAG

Primer A GATAAGAGGATTCCCGGATTG

Underlining = first barcode; Underlining with gray background = second barcode.

[0067] The Ty of the Ion Universal Adaptor P1/A was computed using the Oligo
Analyzer (IDT) at 0.25 uM oligo, 100 mM Na', 2.5 mM Mg"", and 0.3 mM dNTPs to be
61°C.

[0068] The experimental conditions were as described in Example 1, except that the
oligonucleotide sequences indicated in Table 2 were used and a single universal stem-loop
adaptor (2 uM in the library synthesis reaction) was used to attach terminal inverted repeats
to both ends of the DNA fragments. The stem-loop adaptor containing sequences for
generating terminal inverted repeats showed significant improvement of signal-to-noise ratio
(FIG. 6) over the design containing no such sequences for generating inverted repeats
described in Example 1 (FIG. 4).

[0069] All of the methods disclosed and claimed herein can be made and executed
without undue experimentation in light of the present disclosure. While the compositions and
methods of this invention have been described in terms of preferred embodiments, it will be
apparent to those of skill in the art that variations may be applied to the methods and in the
steps or in the sequence of steps of the method described herein without departing from the
concept, spirit and scope of the invention. More specifically, it will be apparent that certain
agents which are both chemically and physiologically related may be substituted for the
agents described herein while the same or similar results would be achieved. All such similar
substitutes and modifications apparent to those skilled in the art are deemed to be within the

spirit, scope and concept of the invention as defined by the appended claims.
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WHAT IS CLAIMED IS:

1. A method of making a dual barcoded nucleic acid molecule comprising:

(a) coupling one strand of a stem-loop oligonucleotide to at least one end of a nucleic
acid molecule to form a first barcode-coupled nucleic acid molecule, wherein the
stem-loop oligonucleotide includes an intramolecular inverted repeat and a loop, and

wherein the inverted repeat includes the first barcode;

(b) displacing one strand of the stem-loop oligonucleotide from the first barcode-
coupled nucleic acid molecule by strand displacement or by nick translation

polymerization to form a first barcoded nucleic acid molecule;

(c) annealing a primer to the first barcoded nucleic acid molecule, wherein the primer
comprises a first portion complementary to the first barcoded nucleic acid molecule

and a second portion comprising a second barcode; and

(d) extending the annealed primer to form a dual barcoded nucleic acid molecule, the
dual barcoded nucleic acid molecule comprising the second barcode, the first barcode,

and at least a portion of the nucleic acid molecule.

2. The method of claim 1, wherein the first portion of the primer anneals to the first

barcode in the first barcoded nucleic acid molecule.

3. The method of claim 1, wherein the first portion of the primer anneals to a portion of

the first barcode in the first barcoded nucleic acid molecule.

4. The method of claim 1, wherein the first portion of the primer does not anneal within

the first barcode in the first barcoded nucleic acid molecule.

5. The method of claim 1, wherein step (a) comprises coupling one strand of a stem-loop

oligonucleotide to each end of the nucleic acid molecule.

6. The method of claim 5, wherein the intramolecular inverted repeats of the stem-loop
oligonucleotides attached to each end of the nucleic acid molecule comprise identical

sequences.

7. The method of claim 5, wherein the intramolecular inverted repeats of the stem-loop
oligonucleotides attached to each end of the nucleic acid molecule do not comprise

identical sequences.
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10.

11.

12.

13.

14.

15.

16.

The method of claim 1, wherein the nucleic acid molecule is genomic DNA, cDNA,

amplified DNA, a nucleic acid library, or a fragment thereof.

The method of claim 1, wherein the stem-loop oligonucleotide is a population of

stem-loop oligonucleotides.

The method of claim 1, wherein the loop of the stem-loop oligonucleotide comprises a

cleavable base.
The method of claim 10, wherein the cleavable base is deoxyuridine.

The method of claim 10, wherein the cleavable base is cleaved prior to step (b) to

produce an abasic site.

The method of claim 1, wherein coupling one strand of a stem-loop oligonucleotide to
at least one end of a nucleic acid molecule is further defined as ligating the 3' end of

the stem-loop oligonucleotide adaptor to the 5' end of the nucleic acid molecule.
The method of claim 1, wherein the primer is a population of primers.

The method of claim 1, wherein extending comprises primer extension or polymerase

chain reaction.

The method of claim 1, further comprising amplification of at least part of the dual

barcoded nucleic acid molecule.
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