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METHODS AND COMPOSITIONS FOR COMBINATORIAL INDEXING
(OF BEAD-BASED NUCLEIC ACIDS

RELATED APPLICATIONS
{0061} This application claims priority to UK. Prov. No. 63/214,693 filed June 24,
2021 entitled “METHODS AND COMPOSITIONS FOR COMBINATORIAL INDEXING
OF BEAD-BASED NUCLEIC ACHDR” which 1s incorporated by reference in its entirety.

REFERENCE TO SEQUENCE LISTING
[6002] The present application is being filed along with a Sequence Listing in
electronic  format. The Sequence Listing 15 provided as a file entitled
TLLINCOO8WOSEQLIST, created June 17, 2022, which is approximately 3.15 kilobytes in
size. The information in the electronic format of the Sequence Listing 1s incorporated herein

by reference in its entirety.

FIELD OF THE INVENTION
{60031 Some embodiments relate to methods and compositions for preparing
combinatorially indexed beads. Some embodiments include sequential addition of different
mdexes to polvnucleotides attached to beads. In some embodiments, indexes are added by
chemical ligation, polymerase extension, ligation of partially double-stranded adaptors, or

short splint igation.

BACKGROUND OF THE INVENTION

{6004} The detection of specific nucleic acid sequences present 1n a biological
sample has been used, for example, as a method for identifying and classifying

microorganisms, diagnosing  infectious  diseases, detecting and characterizing genetic
abnormalities, identifying genetic changes associated with cancer, studying genetic
susceptibility to disease, and measuring response to various types of treatment. A comimon
technique for detecting specific nucleic acid sequences 1n a biclogical sample is nucleic acid

sequencing,
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[6085] Nucleic acid sequencing methodology has evolved significantly from the
chemical degradation methods used by Maxam and Gilbert and the strand elongation methods
used by Sanger. Several sequencing methodologies are now in use which aliow for the parallel
processing of thousands of nucleic acids all on a single chip. Some platforms include bead-
based and microarray formats in which silica beads are functionalized with probes depending
on the application of such formats in applications including sequencing, genotyping, gene
expression profiling.

[8306] Methods of genotyping different samples on current bead-based arrays can
require gaskets to physically sub-divide different areas of bead chips into multiple sectors.
Individual samples are then loaded into each discrete section created by the gasket. However,
such methods might be used with relatively low sample number input but prove arduous or
umnanageable as the density of samiples per bead chip increase from 24 1o 96, 384, 1536, or

more samples per bead chip.

SUMMARY OF THE INVENTION

[8007] Some embodiments of the methods and compositions provided herein
neiude methods of preparing a plurality of combinatorially indexed beads, comprising: (a)
obtaining a population of primary jndexed beads comprising a first polynucleotide comprising
a first index, wherein the population of primary indexed beads comprises a plurality of first
subpopudations of indexed beads, wherem the first subpopulations of mdexed beads comprise
a different first index from one another, (b} splitting the population of primary indexed beads
mmto a plarality of second subpopulations of beads; (¢} obtaining a population of secondary
indexed beads, comprising: (i} extending the first polynucleotide of the plurality of second
subpopudations of beads with a second polynuclectide comprising a second mmdex to obtain
second subpopulations of indexed beads, wherein the second subpopulations of indexed beads
comprise a different second ndex from one another, and (1) combuning the second
subpopulations of indexed beads to obtain the population of secondary indexed beads; and
optionally, further comprising: {d} splitting the population of secondary indexed beads into a
plurality of third subpopulations of beads; and (e) obtaining a population of tertiary indexed
beads, comprising. {1} extending the second polynuclectide of the plumahity of third

subpopulations of beads with a third polynucleotide comprising a third index to obtamn third
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subpopulations of indexed beads, wherein the third subpopulations of indexed beads comprise
a different third index from one another, and (11} combining the third subpopulations of indexed
beads to obtain the population of tertiary indexed beads.

[8008] In some embodiments, {¢) comprises extending the first polynucleotide with
the second polynucleotide by chemical ligation.

[0009] In some embodiments, the first polynucleotide comprises a terminal 3’
modified deoxvnuclectide (ANTP) comprising a 3' functional moiety capable of participating
in a chick chemistry reaction; the second polynucleotide comprises a terminal 5 modified
dNTP comprising a compatible 5 functional moiety capable of participating in a click
chemistry reaction with the 3'-functional moiety; and the 3’ functional moiety and the ¥
functicnal moiety are capable of reacting with one another to form a modified backbone
linkage.

(6016} in some embodiments, the extending the first polynucleotide with the
second polynucleotide obtains a secondary indexed polynucleotide, and the method further
comprises modifving the secondary indexed polynucleotide to obtain a modified
polvoucleotide comprising a termival 3" modified deoxyunucleotide (ANTP) comprising a 37
functional moiety capable of participating m a click chemistry reaction,

[8011] In some embodiments, the modifving comprises contacting the secondary
ndexed polynucleotide with a template independent polymerase. In some embodiments, the
template independent polymerase 15 selected from a terminal deoxynucleotidyl transferase
(TdT), PolvA polymerase, or CCA-adding RNA polymerase. In some embodiments, the
template independent polymerase is TdT.

[8012] Some embodiments also include extending the modified polynucleotide
with the third polynucleotide by a chemical ligation reaction, wherein the third polynucleotide
comprises a terminal 3" modified ANTP comprising a compatible 5 functional moiety capable
of participating n a click chemistry reaction with the 3/ functional mosety.

[0013] In some embodiments, the 3’ functional moiety is selected from the group
consisting of an azide, an alkynyl, an alkenvl a thiol, and a nitrone.

[0014] In some embodiments, the 5' functional moiety s different from and
compatible with the 3’ functional moiety and 1s selected from the group consisting of an azide,

an alkynyl, an alkenyl, a thiol, and a nitrone
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[8015] in some embodiments, the 3" functional moiety and the 5 functional motety
are selected from the following pairs: (i) 3~azido/5~alkynyl; {11) 3%alkynyl/5" azido; (111} 3~
thiol/S"-alkynyl; (iv) 3'-thicl/S-alkenyl; (v} 3'-alkynyl/5"-thiol; (vi} 3-alkenyl/5"-thiol; {vii} 3"
azide/S~cyelooctynvl; (vit} 3'-cyclooctyne/S"-azido; {ix} 3-mtrone/S'-cyclooctynyl; and (x}
3'-cyclooctynyl/S-nitrone. In some embodiments, the 3' functional motety is 3 3'-azido and the
5 functional moiety is a $-alkynyl

[0016] In some embodiments, the click chemistry reaction comprises copper
catalyzed azide-alkyne cycloaddition {(CuAAC) to form a modified backbone linkage
comprising a triazolvl.

[8017] in some embodiments, {¢} comprises extending the first polynucleotide by
polymerase extension, wherein the first polynucleotide comprises a first linker.

[0018] Some embodiments also include (i) obtaining a first adaptor comprising a
region capable of hybridizing to the first linker and a region comprising the second index or
complement of the second index; (11) hybridizing the first adaptor to the first linker; and (111
extending the first polynucleotide to obtain a secondary indexed polynuclestide.

[8019] In some embodiments, the first adaptor comprises a nov-extendable 3" end.
In some embodiments, the non-extendable 37 end comprises a 32" dideoxy nucleotide, ora C3
hinker.

[026] Some embodiments also include removing the first adaptor from the
secondary 1ndexed polynucleotide. In some embodiments, the removing comprises denaturing
the first adaptor by heat or base, or degrading the first adaptor by enzymic degradation.

[6021] In some embodiments, the first linker has a length less than 10 consecutive
nucleotides. In some embodiments, the first linker has a length less than 5 consecutive
nucleotides.

[8022] In some embodiments, () comprises extending the second polynucleotide
by polymerase extension.

[0023] In some embodiments, the first adaptor comprises a complement of a second
linker, such that the secondary indexed polynucleotide comprises the second linker.

[8024] Some embodiments also include (i) obtamning a second adaptor comprising
a region capable of hybridizing to the second linker and a region comprising the third index or

complement of the third index; (i1} hvbnidizing the second adaptor to the second linker; and
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(i1} extending the secondary indexed polynuclectide to obtamm e tertiary indexed
polynucleotide.

[8025] in some embodiments, the second adaptor comprises a non-extendable 3
end.

[0026] in some embodiments, the non-extendable 3" end comprises a 32 dideoxy
nucleotide, or a C3 linker.

(60271 Some embodiments also include removing the second adaptor from the
tertiary indexed polynuclestide. In some embodiments, the removing comprises denaturing the
first adaptor by heat or base, or degrading the first adaptor by enzymic degradation.

[8028] In some embodiments, the second linker has a length less than 10
consecutive nucleotides. In some embodiments, the second linker has a length less than §
consecutive nucleotides.

{00291 in some embodiments, {c) comprises extending the first polynucleotide with
the second polynuclestide by ligation.

[6635] Some embodiments also include (1) obtaining a double stranded first adaptor
comprising the second polynucleotide and a 3" single stranded overhang capable of bybridizing
10 a first linker of the first polynucleotide; (11} hybridizing the first adaptor to the first linker;
and {111} ligating the first polynucleotide to the second polynucleotide to obtain a secondary
ndexed polynucleotide.

[6031] Some embodiments also melude extending the second polynucleotide with
a third polynucleotide by higation.

{8032} Some embodiments also mnclude (1) obtaining 3 double stranded second

H

adaptor compnising the third polvnucleotide and a 37 single stranded overhang capable of
hybridizing to a second Hoker of the second polynucleotide; (11) hybridizing the second adaptor
to the second linker and optionally, hyvbridizing an additional ohigonucleotide to the first index;
and (111} higating the second polynucleotide to the third polynucleotide to obtam a tertiary
indexed polynucleotide.

[0033] In some embodiments, the ligation comprises use of a ligase.

[0034] In some embodiments, the ligation comprises a chemical ligation reaction.
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[0035] In some embodiments, (¢} comprises extending the first polynucleotide by
ligation, wherein the first polynucleotide comprises 2 first linker, and the second
polvnucleotide comprises a second linker.

[0036] Some embodiments also include (1) obtaining a first adaptor comprising a
region capable of hybridizing to the first linker and a region capable of hybridizing to the
second linker; (11} hybridizing the first adaptor to the first inker; (111} hybridizing the second
oligonuclectide to the region capable of hybridizing to the second hinker; and (v} higating the
first polynucleotide to the second polynucleotide to obtain a secondary indexed polynucieotide.

(80371 in some embodiments, the first linker and/or the second linker has a length
less than 10 consecutive nucleotides. In some embodiments, the first linker and/or the second
linker has a length less than 5 consecutive nucleotides.

[0038] In some embodiments, the first linker and/or the second linker is modified
to have an increased Tm compared to an oligonucleotide having the same length as the first
adaptor.

[6(39] In some embodiments, the first hinker and/or the second hinker comprises an
mereased G/C content compared to the ohigonucleotide having the same length, or comprises
maodified nucleotides.

[06040] Some embodiments also include removing the fust adaptor from the
secondary indexed polynucleotide. In some embodiments, the removing comprises denaturing
the first adaptor by heat or base, or degradmg the first adaptor by enzymuc degradation.

[B8041] in some embodiments, () comprises extending the second polynucleotide
by higation, wherein the second oligonucieotide comprises a third hinker, such that the
secondary mdexed polynucleotide comprises the third hinker, and wherein the third
polvnucleotide comprises a fourth linker.

[8042] Some embodiments also include (1) obtaining a second adaptor comprising
a region capable of hybridizing to the third linker and a region capable of hybnidizing to the
fourth linker; (1t) hybridizing the second adaptor to the third hinker; (111} hybridizing the third
polvnucieotide to the second adaptor via the region capable of hybridizing to the fourth index;
and (iv) ligating the secondary indexed polymucleotide to the third polynucleotide to obtain a

tertiary indexed polynuclestide.
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[6043] In some embodiments, the third linker and/or the fourth linker has a length
less than 9 consecutive nucleotides. In some embodiments, the third linker and/or the fourth
linker has a length less than 5 consecutive nucleotides.

0044 In some embodiments, the third linker and/or the fourth finker 15 modified
to have an increased Tm compared to an oligonuclestide having the same length as the second
adaptor.

[6045] In some embodiments, the third linker and/or the fourth linker comprises an
mcreased G/C content compared to the oligonucleotide having the same length, or comprises
medified nucleotides.

[8046] Some embodiments alse include removing the second adaptor from the
tertiary indexed polynucleotide.

[6047] In some embodiments, the removing comprises denaturing the first adaptor
by heat or base, or degrading the first adaptor by enzymic degradation,

[8048] In some embodiments, (a} comprises: (1} attaching the first polynucleotide
to a plurality of fust subpopulations of beads to obtain the first subpopulations of ndexed
beads, wherein the first polynucleotide comprises a different first index for each first
subpopulation of beads; and {11) combining the first subpopulations of indexed beads to obtain
the population of primary indexed beads.

[0049] In some embodiments, the fust polynucleotide 13 attached to a bead via a
first binding partner and a second binding partner. In some embodiments, the first binding
pariner or the second binding partner 1s selected from the group consisting of biotin,
streptavidin, a biotin derivative, a streptavidin derivative, an antibody, and an antigen binding
fragment of an antibody.

[6050] Some embodiments also repeating (d) and (¢} and adding additional indexes
to indexed subpopulations of beads.

[0051] In some embodiments, the first polynucleotide comprises a primer binding
siie selected from the group consisting of 3 P5 sequence, a P35’ sequence, P7 sequence, and P7’
sequence.

[8052] In some embodiments, the first index, the second index, and/or the third
index has a length less than 20 consecutive nuclectides. In some embodiments, the first index,

the second index, and/or the third index has a length less than 10 consecutive nucleotides.
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[0053] In some embodiments, (b} comprises randomly distributing the population
of primary indexed beads into a plurality of compartments.

[0054] in some embodiments, {d) comprises randomly distributing the population
of secondary indexed beads into a plurality of compartments.

[0055] In some embodiments, the plurality of compartments comprise a
compartment selected from a well, a channel, or a droplet.

[8056] In some embodiments, the plurality of combinatonially indexed beads
comprise magnetic beads.

00587} Some embodiments also distributing the plurality of combinatorially
indexed beads on an array. Some embodiments also sequencing the combinatorially indexed
beads on an array.

[G058] Some embodiments also decoding the location of a bead of the plurality of
combinatorially indexed beads on an array based on the combinatorial indexes.

[8059] In some embodiments, each bead of the plurality of combinatorially indexed
beads comprises a capture probe. In some embodiments, the first polynucieotide, the second
polvoucleotide or the third polynucleotide comprises the capture probe. Some embodiments
also hvbridizing a plurality of target nucleic acid to the capture probes. Some embodiments

also extending the capture probes.

BRIEF DESCRIPTION OF THE DRAWINGS

[0060] FIGL 1 depicts an example embodiment of combinatorial indexing including
a pool and sphit strategy.

[B8061] FIG. 2 depicts an embodiment of a scheme to join to a first index (index A}
attached to a substrate, a second index (index B), and a third index {index C} by sequential
splinted ligation reactions with hnker-splints.

[8062] FIG 3 depicts an embodiment of 3 scheme to join a second index (index B)
to a first index {index A} attached to a substrate by click chemistry ligation.

[0063] FIG. 4 depicts an embodiment of a scheme to add to a first index {(index A}
attached to a substrate, a second index {index B) and a third index (index () by sequential

polymerase extension reaction.
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[0064] FIG. 5 depicts an embodiment of a scheme to add to a first index {(index A}
attached to a substrate, a second index {index B} and a third index (index C) using an adaptor
comprising a double-stranded region and single-stranded overhang.

[8065] FIG. 6 depicts an embodiment of a scheme to add to a first index (index A}
attached to a substrate, a second index {index B} and a third index (index C} by sequential
splinted ligation reactions with short hinker-splints.

[8066] FIG. 7A depicts a schematic including a bead with a capture ohigonuclestide
{(P3-index A-Link 1a) hybridized with an extension template {Link 1a™~index B-Hyb"} for
polymerase extension, and the positions of primers useful to measure amounts of capture
oligonucleotide; and a bead with an extension product, and the positions of primers useful to
measure amounts of full length extension producis.

[6067] FIG. 7B depicts a graph for amounts of capture oligonucleotides and of full
length product from ligation extension of capture oligonucieotides or polymerase extension of
capture oligonucleotides under various conditions.

[6068] FIG. 8A 1s a schematic outhning steps and conditions tested in methods for
3-level indexing that include extension of capture ohigonucleotides by either polymerase
extension or hgation. The numbering corresponds to conditions tested.

[8069] FIG. 8B 1s a table which suromarizes various experimental conditions to
compare splint higation {SL) and polymerase extension {(PE), and includes various conditions
{cond) numbered in FIG. BA for level 1 indexing (L1}, and level 2 indexing (L2), and level 3
indexing {L.3}.

[6070] FIG 9 13 a graph showing amounts of capture oligonucieotides (CQ), 2nd
level extension products, and 3rd level extension products under various conditions.

[8071] FIG. 10 15 a graph of the concentration of capture oligonucleotides with a
1st-extension product attached to beads via biotin or dual desthiobiotin {ddbiotin) and treated
under various denaturing conditions, as measured by quantative PCR.

[0072] FIG. 11A 18 a schematic showing sequencing read orientation for a synthesis
product on a bead including a 3-level indexing product, a PCR product derived from the
synthesis product, and a sequencing read derived from the PCR product.

[8073] FIG. 11B 1s a graph showing percentage of sequencing reads that include

sequences that are either fully correct or where both indexes are usable for extension products

0.
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generated by polymerase extension or splint Higation. Useable indexes include those that could
be decoded corrected with an index error correction implementation, and mncluded no more
than one ‘SNP” within indexes designed with 3 nuclectide Hamming distance, and no mndels
across entire ‘index” region, for example, in a 3-level index oligonucleotide, the index region
inciudes 3 indexes.

[0074] FIG. 11C is a graph showing per base error rate including whether the error
is a deletion, insertion or base change (SNP), for sequencing reads that include sequences that
are either fully correct or where both mdexes are usable for extension products generated by
polymerase extension or splint ligation. Useable indexes include those that could be decoded
corrected with an imdex error correction implementation, and included no more than one "SNP’
within indexes designed with 3 nucleotide Hamming distance, and no indels across entire
‘index’ region, for example, in a 3-level index oligonucleotide, the index region includes 3
ndexes.

[8G75) FIG. 12A 15 a schematic showing steps in a standard splint ligation method
{(left panel}, and a double-stranded splint ligation method {right panel}. In some embodiments,
the double-stranded splint higation roethod can include an additional oligonucleotide (index 1),

[68476] FIG. 12B is a schematic showing conditions tested in steps in methods for
a standard splint ligation and a double-stranded splint ligation.

(60771 FIG. 12C 18 a schematic showing positions for forward or reverse primers
1o measure extension products from either standard ligation or double-stranded ligation.

[8078] FIG. 13A 18 a graph showing concentration of extension products, as
measured by guantitative PCR.  Capture ohigonucleotides were measured using F2 and Ri
primers, and full-length produets were measured using either F2 and R2 or 3 and R2 primers
as depicted n FIG, 12C.

[8679] FIG. 138 13 a graph showing relative concentration of extension produets
normalized to full length control.

[ 3080] FIGy 13C 15 a graph showing relative concentration of extension products
normalized to capture oligonucleotide concentration.

[8081] FIG. 13D 15 a graph showing concentration of extension products generated

in the presence of various amounts of double-stranded splint oligo.

-10-
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[6082] FIG. 13F 15 a graph showing concentration of extension products generated
in the presence of an additional oligonucleotide complementary to index1, as shown i FIG.
12A.

[B8083] FIG. 13F is a graph showing concentration of extension products generated
in the presence of an oligonucleotide having a non-extendable 3'ddC end.

[0084] FIG. 13G s a graph showing concentration of extension products generated
with a pre-ligation step at room temperature or 75°C.

[B085) FIG. 14A 15 a graph showing percentage of sequencing reads that include
sequences that are either fully correct or where both indexes are usable for extension products
generated by splint higation extension or double-stranded splint higation. Useable indexes
mciude those that could be decoded corrected with an index error correction implementation,
and mcluded no more than one "SNP’ within indexes designed with 3 nucleotide Hamming
distance, and no indels across entire ‘index’ region for example, in a 3-level index
oligonucleotide, the index region includes 3 indexes.

[6(86] FIG. 148 15 a graph showing per base error rate including whether the error
s a deletion, msertion or base change (SNP), for sequencing reads for extension products
generated by splint higation extension or double-~stranded splint ligation.

[8087] FIG. 15A 18 3 schematic showing steps in 3~level indexing for a standard
splint igation method (left panel}, and a double-stranded sphint bigation method {right panel}.

[0088] FIG. 158 18 a schematic showing conditions tested m steps 1n methods for
3-level indexing with a standard sphint ligation or a double-stranded sphint higation.

[6089] FIG. 16A 15 a graph showing concentration of extension products for
capture ohgonucleotides, 2nd-level products, and 3rd level products, as measured by
quantitative PCR.

[68090] FIG. 168 15 a graph showing percentage of sequencing reads that include
sequences that are either fully correct or where all three indexes are usable for extension
products generated by sphint ligation extension or double-stranded splint higation. Useable
indexes include those that could be decoded corrected with an index error correction
implementation, and included no more than one ‘SNP’ within indexes designed with 3
nucleotide Hamming distance, and no indels across entire “index’ region, for example, m a 3-

level index oligonucleotide, the index region includes 3 indexes.

-11-
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[68091] FIG. 16( 15 a graph showing per base error rate including whether the error
is & deletion, msertion or base change (SNP), for sequencing reads for extension products
generated by sphing Higation exiension or double-stranded sphint Ligation.

[8092] FIG. 17 13 a schematic showing extension of capture oligonuciestides by
standard splint higation, or by splint hgation using a shortened splint (upper panel}. Lower
panel depicts the positions of primers to measure extension products.

[8093] {3094] FIG. 18A 18 a schematic showing various splint
oligonucleotides. The sequences depicted 10 FIG. 18A include SEQ 1D NOs:07-16.

[8095] FIG. 18B 15 a table showing various experimental conditions mcluding a
capture ohgonucleotide with level 1 index (L1 oligo), a splint oligonucleotide (splint}, and a
level 2 oligonucleotide (L2 oligo).

[0096] FIG. 18C 1s a graph of full-length extension products relative to control full
length extension products for extension products generated by splint ligation extension with
various sphint oligonuclectides.

(60971 FIG. 19A 15 a schematic for a combmatonial indexing method including
double-stranded sphint ligation which mcludes hinker sequences “K8-3" and “MS-37

[6098] FIG. 19B 13 8 schematic for an overview of an example workflow for a

combinatorial indexing ruethod including double-stranded splint ligation.

DETAILED DESCRIPTION

[8099] Some embodiments relate to methods and compositions for preparing
combinatorially mdexed beads. Some embodiments mchude sequential addition of different
indexes to polynucleotides attached to beads. In some embodiments, indexes are added by
chemical ligation, polymerase exiension, ligation of partially double-stranded adaptors, or
short splint higation.

[0166] Pools of bead-lmked oligonucleotides 1n which each bead 1s uniformly
coated with a single sligonucleotide sequence are a component of sequencing methods such as
synthetic long read sequencing. Combinatorial assembly of such bead pools can be used to
achieve sufficient index diversity; however some methods rely on a splinted ligation sirategy
to join successive levels of the index. Splint higation has the disadvantage of mniroducing

invariant bases into the bead code and increasing the number of sequencing by synthesis (SBS)

-12-
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cycles required to read a complete bead code. Certain embodiments provided heren include
several alternatives to the standard sphint ligation bead code synthesis strategy that reduce the
number of mvariant bases in the bead code, increasing bead code mformation density and
aliowing for more efficient bead code sequencing.

{01681} Combinatonial assembly of bead-linked oligonucleotides allows for the
generation of bead pools containing large numbers of unique indexes in which each bead is
aniformly coated with a single, unigue index oligonucleotide. Starting with a common pool of
magnetic beads derivatized for oligonucleotide capture, such as surface-attached sireptavidin,
beads are aliquoted mnto ‘M wells of a multiwell plate, each well containing a single
oligonucleotide sequence that has been synthesized with a bead-capture moiety, such as biotin.
After binding, the beads are again pooled, mixed, and split into “N” wells of a multiwell plate
to attach a second-level index Fach well in the second index reaction contains a uniform
mixture of first-level oligonucleotides, so the total number of unigue indexes becomes ‘M’ x
‘W’ after the second index is attached. Repeating this process mulkiiple times can yield bead
pools with mullions of umique indexes from sroall sets of individual 1ndex oligonucleotides that
can easily fit in standard multiwell plates, such as 96~ 192- or 384-well plates. An example
embodiment of combinatorial indexing including a pool and split strategy s depicted m FIG.
L

[0162] For indexes beyond a directly captured first level, a method 18 needed to
covalently attach single-stranded index ohigonucleotides to the bead-bound mdexes. This can
be performed using a long sphint ligation approach (FIG. 23 The directly captured first-level
oligonuclectide 15 designed to have an & nucleotide capture sequence (L1A) at its 3" end, and
the ncoming index sligonucieotide has a second & nucleotide capture sequence (L1B) on s
5" end, as well as a phosphate on the 5" end.  In some embodiments, the LIA and/or LIB can
have a length equal to or greater than 4, 5,6, 7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, or
20 nucleotides. These two picces are then assembled in a ligation reaction with a 16
nuclectides splint oligonuclesotide that 1s complemeantary to L1A at the 3" end and L1B at the
5" end; the bound splint hybridizes with both the bead-bound capture oligonucleotide and the
m-sclotion index oligonucleotide bringing the 3’ and 5" ends of the two pieces directly adjacent
to one another. A ligase enzyme in the reaction then covalently links the phosphorylated 5" end

of the index oligonucleotide to the 3" end of the capture oligo. TABLE 1 lhists the number of
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unigue bead codes that may be obtained using 12, 96, 192- or 384- and 768- multiwell plates
in certain methods. Some such methods include: (a) distributing beads 1 wells of a 1%
multiwell plate, each well contains a different index A; attaching index A to the beads; pooling
the beads; (b} redistributing the beads in wells of a 2™ multiwell plate, each well contains a
different index B, and attaching index B to the beads; {¢} redistributing the beads in welis of a

3% multiwell plate, each well contains a different index C, and attaching index C to the beads.

TABLE 1
Index A
Index C | Index B | g5 wapt | OGowell | 192-well | 384-well
plate plate plate plate
Sewell | 10500 | 884,736 | 1769472 | 3.538.044
plate
2well | o0 1o | 1769472 | 3.538.944 | 7.077.888
96-well plate
piate R
S8-well | 0o 368 | 3,538,044 | 7.077.888 | 14.155.776
piate
768-well | g0 936 | 7.077.888 | 14,155,776 | 28.311.552
plate
LS T RN
P6-well | n1 184 | 1769472 | 3.538.944 | 7,077,888
plate
192'_’““ 442368 | 3,538,944 | 7.077.888 | 14,155,776
192-well plate
plate e
S¥bwell | ooy 936 | 7.077.888 |14.155.776] 28.311,552
plate
Te8well |y 00 472]14.155.776| 28,311,552 | 56,623,104
plate
96-well | o0 104 | 1769472 | 3,538,944 | 7.077.888
plate
’?“ AN
19‘;"“‘“ 442368 | 3,538,944 | 7,077,888 | 14,155,776
384-well piate
plate -
SBwell | oo1 736 | 7.077.888 | 14,155,776 | 28,311,552
plate 4
T68-well 1 506 472114155776 | 28,311,552 | 56,623,104
plate
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[6103] The splinted ligation approach requires a 16 nucleotides invariant splint
sequence between the variable index regions for each level of indexes in the bead code.
Because the bead code is typically sequenced with a single read, these invanant regions must
be read through with chemistry-only, such as “dark’ cycles during SBS. For example, each
base in the invariant region requires an additional SBS cycle to maintain correct phasing. These

chemistry-only” or “dark” SBS cycles in which the polymerization chemistry step

are typically
is used without an imaging step. For a three level index with 8 nucleotides individual sub-
indexes, this means that at least 32 total dark cycles are needed to sequence just 24 nucleotides
of mformative index sequence. This large number of cycles has been observed to result in
decreased read quality, both for the index sequences and any subsequent insert sequencing
reads.

[0104] Certain embodiments provided herem include bead code synthesis
strategies in addition to the long splint ligation strategy to reduce the number of invariant bases,
and consequently chemistry-only SBS cycles needed to read a bead code. Some such
embodiments include bead code synthesis by chenucal ligation using amde-alkyne click
chenustry; bead code synthesis by templated polymerase extension; bead code synthesis by
enzymatic higation of double-stranded fragments; and bead code synthesis by splinted ligation
with shortt splints containing nonstandard vucleotides.

[0105] Some embodiments provided herein in relate to high~-throughput genotyping
on arrays. Some embodiments relate to decoding the locations of microfeatures in an array. In
some embodiments, nmicrofeatures comprise polynucleotides having barcodes and mdexes.
Some embodiments include sequencing barcodes and indexes to identify the locations of
polynucieotides n an array. Certamn aspects that may be useful with the methods and
compositions disclosed heremn are disclosed m WO 2020/086746 which 13 mcorporated by
reference n 1t entirety.

[0166] Decoding by hybridization mcludes 1dentifying the location of a capture
probe in a randomly distributed array of capture probes. The method typically involves several
successive cycles of hybridizing labeled hvbridization probes to one or more portion of the
capture probe, imaging hybridization events, and removing the hybridization probes. Decoding

by hvbnidization requires specialized reagents, specialized fluidic devices and specialized
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detectors. In some embodiments, decoding by hybridization can take up to 8 hours with 7-8
successive cycles.

[8107] Embodiments provided herein include random-distributed arrays of
polynucleotides comprising a primer binding site and a barcode. In some embodiments, the
barcode can be readily sequenced to decode the array using a high throughput sequencing
system. Some embodiments can significantly reduce the time taken to decode an array with no
additional reagents, hybridization probes, or specialized decoding equipment.

[8108] Some embodiments include the use of next generation sequencing (NGS)
technigues and bead-based microarrays. Some such embodiments deliver high-performance,
low-cost and high throughput genotyping assays that can be run on a generic NGS sequencing
platform with minor modifications to substrates and reagents.

[0109] Some embodimenis include conducting a genotyping assay in which a
multiwell plate containing *S” wells is loaded with S bead pools, each bead pool having a
unique sample index, with each well containing "N unigue bead types. After nucleic acid
library generation from saroples, such as treating a nucleic acid sample with steps including
random primer amplification followed by enzymatic fragmentation and clean up, each sample
library 13 added to an mdexed well and allowed to hybridize to the capture probes. After
hbridization s complete, a single base extension assay to probe the SNP of interest is executed
by adding an incorporation mix that includes fluorescent nucleotides and an appropriate
polyvmerase. At the end of the mcorporation, all bead-capture samples in a plate are pooled and
loaded nto a floweell. The floweell can be plain or patterned, and the surface appropriately
modified to support the immobilization of beads at the desired density. In some embodiments,
upon bead mmmobilization, a SNP readout 1s performed which includes a single scan cycle to
read the signal deriving from fluorescent incorporation at the SNP sife. This cycle may melude
an SBS cycle on the instrument. A barcode readout 13 also performed which ncludes 12-20
SBS cycles, depending on bead pool plexity, to identify capture probe and position of a specific
bead within the flowcell. In some embodiments, this step could be replaced by additional
cycles of sequencing past the identified SNP. A sample index readout is also performed which
includes 6-12 8BS cycles to read the sample index. In some embodiments, the entire on-
floweell assay can include less than about 30 SBS cycles and can be executed in less than 4

hours.
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Definitions

{6116} As used herein, “nucleic acid” is intended to be consistent with its use in
the art and includes naturally occur ring nucleic acids or functional analogs thereof.
Particularly usefiud functional analogs are capable of hybridizing to a nucleic acid in a sequence
specific fashion or capable of being used as a template for replication of a particular nucleotide
sequence. Naturally occwrring nucleic acids generally have a backbone containing
phosphodiester bonds. An analog structure can have an alternate backbone linkage including
any of a variety of those known in the art. Naturally occurring nucleic acids generally have a
deoxyribose sugar {e.g found 1n deoxyribonucleic acid (DNA)} or a ribose sugar {e.g. found
i ribonucleic acid (RNAY). A nucleic acid can contain any of a variety of analogs of these
sugar moieties that are known in the art. A nucleic acid can include native or non-native bases.
In this regard, a native deoxyribonucleic acid can have one or more bases selected from the
group consisting of adenine, thymine, cytosine or guanine and a ribonucleic acid can have one
or more bases selected from the group consisting of uracil, adenine, cytosine or guanine. Useful
non-native bases that can be included in a nucleic acid are known in the art. Examples of non-
native bases include a locked nucleic acid (LNA) and a bridged nucleic acid (BNA). LNA and
BNA bases can be incorporated mfo a DNA oligonucleotide and mcrease oligonucleotide
hybridization strength and specificity. LNA and BNA bases and the uses of such bases are
known to the person skilled in the art and are routine.

(0811 As used herein, the term "nucleotide analogs" refers to synthetic analogs
having modified nucleotide base portions, modified pentose portions, and/or modified
phosphate portions, and, 1n the case of polynucleotides, modified miternucleonde linkages.
Modified mnternucleotide binkages inchide phosphate analogs, analogs having achiral and
uncharged intersubunit linkages, and uncharged morpholino-based polymers having achiral
mtersubuntt binkages. Some intemuclectide linkage analogs include morpholidate, acetal, and
polyamide-linked heterocycles. Examples of phosphate analogs include but are not imited to
phosphorothioate,  phosphorodithioate,  phosphoroselencate,  phosphorodiselenoate,
phosphoroanilothinate, phosphoranilidate, phosphoramidate, boronophosphates, including
associated counterions, e.g., H+, NH4+ Na+ if such counterions are present. Examples of

modified nucleotide base portions include but are not limited to S-methylcytosine (SmC); C-
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S-propynyl analogs, including but not himited to C-5 propynyl-C and C-5 propynyl-U; 2,6-
diaminopurine, also known as 2-amino adenine or 2-amino-dA); hypoxanthine, pseudournidine,
2-thiopyrimidine, isocytosine (isoC}, S-methyl isoC, and isoguanine {(iso(3). Examples of
modified pentose portions include but are not himited to, locked nucleic acid (LNA} analogs
including without limitation Bz-A-LNA, 5-Me-Bz-C-LNA, dmf-G-LNA, and T-LNA, and 2'-
or 3'-modifications where the 2'- or 3'-position 1s hydrogen, hydroxy, alkoxy (e g., methoxy,
methoxy-ethyl, --O-methyi, ethoxy, allyloxy, isopropoxy, butoxy, isobutoxy and phenoxy),
azido, aming, alkylamino, fluoro, chloro, or bromo. Other examples include Z-aminopuring; 5-
bromo du; deoxyUnidine; deoxvinosine; hydroxymethyl dC; S-methyl dC; 5-Nitroindole; 3-
hydroxybutynl-2'-deoxyuridine; and 8-aza-7-deazaguanosine.

(8112} As used herein, “target” when used i reference to a nucleic acid, 1s intended
as a semantic wdentifier for the nucleic acid in the context of a method or composition set forth
herein and does not necessarily limit the structure or function of the nucleic acid bevond what
is otherwise explicitly mdicated. A target nucleic acid may be essentially any nucleic acid of
known or unknown sequence. It may be, for example, a fragment of genomic DNA or ¢DNA.
Sequencing may result 1o determination of the sequence of the whole, or a part of the target
molecule. The targets can be derived from a primary nucleic acid sample, such as a nucleus or
cell free sample. In one embodiment, the targets can be processed into templates suitable for
ampiification by the placement of universal sequences at the ends of each target fragment. The
targets can also be obtained from a primary RNA sample by reverse transcription into ¢DNA.

[8113] As used herein, “universal” when used to describe a nucleotide sequence,
refers to a region of sequence that 1s common to two or more nucleic acid molecules where the
molecules also have regions of sequence that differ from each other. A universal sequence that
1s present i different members of a collection of molecules can allow capture of maltiple
different nucleic acids using a population of universal capture nucleic acids, e.g., capture
oligonuclectides that are complementary to a portion of the universal sequence, e¢g., a
universal capture sequence. Non-himiting examples of universal capture sequences include
sequences that are identical to or complementary to P5 and P7 primers. Similarly, a universal
sequence present in different members of a collection of molecules can allow the amplification
or replication {e.g., sequencing) of multiple different nucleic acids using a population of

universal primers that are complementary to a portion of the universal sequence, eg., a
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universal anchor sequence. A capture oligonucleotide or a universal primer therefore includes
a sequence that can hybridize specifically to a universal sequence. Two universal seguences
that hybridize are referred o as a universal binding pair. For instance, a capture oligonuclestide
and a universal capture sequence that hybridize are a universal binding pair.

[0114] As used herein, “P5” and “P7” may be used when referring to primer
sequences or primer binding sites. The terms “P5' 7 (PS5 prime} and “P7' " (P7 prime) refer to
the complement of PS and P7, respectively. It will be understood that any suitable amplification
primers can be used in the methods presented herein, and that the use of P3 and P7 are example
embodiments only. Uses of amplification primers such as PS and P7 on flowcells are known
in the art, as exermplified by the disclosures of WO 2007/610251, WO 2006/06419%9, WO
2005/065814, WO 2015/106941, WO 1998/044151, and WO 2000/018957 which are each
incorporated by reference in its entirety. For example, any suitable forward amplification
primer, whether immobilized or in solution, can be useful in the methods presented herein for
hybridization to a complementary sequence and amplification of a sequence. Similarly, any
suttable reverse amplification primer, whether immobilized or n solution, can be useful in the
methods presented herein for hybridization to a complementary sequence and amplification of
a sequence. One of skill m the art will understand how to design and use primer sequences that
are suitable for capture and/or amplification of nucleic acids as presented heren.

[0115] As used herein, “coropartment” 15 mtended to mean an area or volume that
separates or isolates something from other things. Example compartments include vials, tubes,
wells, droplets, boluses, beads, vessels, surface features, or areas or volumes separated by
physical forces such as fhad flow, magnetism, electrical current or the like. In one
embodiment, a compartment 1s a well of a multi-well plate, such as a 96- or 384-well plate.

{8116} As used herein, the term “primer” and its derivatives refer generally to any
nuclete acid that can hybridize to a target sequence of interest. Typically, the primer functions
as a substrate onto which nucleotides can be polymerized by a polymerase; in some
embodiments, however, the primer can become incorporated into the synthesized nucleic acid
strand and provide a siie to which another primer can hybridize o prime synthesis of a new
strand that s complementary to the synthesized nucleic acid molecule. The primer can include
any combination of nucleotides or analogs thereof. In some embodiments, the primer is a

single-stranded oligonucleotide or polynucleotide. The terms "polynuclectide” and
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"oligonucleotide” are used mterchangeably herein o refer to a polymeric form of nucleotides
of any length, and may include ribonucleotides, deoxyribonucleotides, analogs thereof, or
mixtores thereof The terms should be undersiood to include, as equivalents, analogs of erther
DNA or RNA made from nucleotide analogs and to be applicable to single stranded {such as
sense or antisense) and double stranded polynucleotides. The term as used herein also
encompasses cDBNA | that 1s complementary or copy DNA produced from an RNA template,
for example by the action of reverse transcriptase. This term refers only to the primary struciure
of the molecule. Thus, the term includes triple-, double- and single-stranded deoxyribonucleic
acid ("DNA™), as well as triple-, double- and single-stranded ribonucleic acid ("RNA").

[8117] As used herein, “adaptor” or “adapter” and their derivatives, e.g., universal
adaptor, refers generally to any linear oligonucleotide which can be ligated to a nucleic acid
molecule or form a sphint in a ligation reaction. In some embodiments, the adaptor or a portion
of the adaptor is substantially complementary or complementary to the 3" end or the 5" end of
a target sequence, such as a linker region of a target nucleic acid. Generally, the adaptor can
melude any combination of nucleotides and/or nucleic acids. In some aspects, the adaptor can
melude one or more cleavable groups at one or more locations. In another aspect, the adaptor
can mnclude a sequence that is substantially identical, or substantially complementary, to at
least a portion of a primer, for exaruple a uruversal primer. In some embodiments, the adaptor
can melude a harcode or tag to assist with downstream error correction, identification or
sequencing. The terms "adaptor” and "adapter” are used interchangeably.

[8118] As used herein, “array” refers o a population of sites that can be
differentiated from each other according to relative location. Different molecules that are at
different sites of an array can be differentiated from each other according to the locations of
the sites in the array. An individual site of an array can mclude one or more molecules of a
particular type. For example, a site can include a single target nucleic acid molecule having a
particular sequence or a site ¢an include several nucleic acid molecules having the same
sequence (and/or complementary sequence, thereof}). The sites of an array can be different
features located on the same substrate. Exemplary features include without limitation, wells in
a substrate, beads {or other particles) in or on a substrate, projections from a substrate, ridges
on a substrate or channels in a subsirate. The sites of an array can be separate substrates each

bearing a different molecule. Different molecules attached to separate substrates can be
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identified according to the locations of the subsirates on a surface to which the subsirates are
associated or according to the locations of the substrates in a Liquid or gel Example arrays in
which separate substrates are located on a surface inchude those having beads in wells. Insome

embodiments, an array can be located on a floweell.

Combinatorial indexing

[6119] Some embodiments of the methods and compsositions provided herein
include preparation of indexed beads by combinatornial indexing in which a first polynucleotide
attached to a bead is extended by sequential addition of indexes. In some embodiments, the
first polynucleotide, such as a single-stranded DNA polynucleotide, is extended with a second
polynucleotide, such as a single-stranded DNA polynucleotide, comprising an index by various
methods including by chemical ligation, by polymerase extension, by ligation of a double
stranded adaptor comprising the second polynucleotide and a single-stranded overhang, or by
splint ligation.

[6126] Some embodiments include split and pool ndexing. For example, a first
population of beads 1s sphit into a first plurality of subpopulations, and a different first index 1s
added to each subpopulation by attaching a first polynucleotide comprising the first index to
the beads, and the subpopulations are combined to obtain a second population of beads. The
second population of beads s sphit into a second plurality of subpopulations, and a different
second mdex 15 added to each subpopulation by extending the attached first polynuclectide
with a polynucleotide comprising the second 1ndex, and the subpopulations are combined to
obtain a third population of beads. The third population of beads is split into a third plurality
of subpopulations, and a different third index 15 added to each subpopulation by extending the
second polynuclectide with a polynucleotide comprising the third index, and the
subpopulations are combined to obtain a fourth population of beads. The spliting of the
populations mto subpopulations and adding different indexes to each subpopulation can be
repeated to generate even more diverse combinatorial indexes.

[6121] Some embodiments for preparing a plurality of combinatorially indexed
beads include: {(a) obtamning a population of primary indexed beads comprising a first
polvnucleotide comprising a first index, wherein the population of primary indexed beads

comprises a plurality of first subpopulations of indexed beads, wherein the first subpopulations
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of indexed beads comprise a different first index from one another; {b} splitting the population
of primary indexed beads into a phurality of second subpopulations of beads; (¢} obtaining a
population of secondary indexed beads, comprising: (1} extending the first polyvnucleotide of
the plurality of second subpopulations of beads with a second polynucieotide comprising a
second index to obtain second subpopulations of indexed beads, wherein the second
subpopulations of indexed beads comprise a different second index from one another, and (i)
combining the second subpopulations of indexed beads to obtain the population of secondary
indexed beads.

(0122} Some embodiments also mclude: (d) splitting the population of secondary
indexed beads into a plurality of third subpopulations of beads; and {e} obtaining a population
of tertiary indexed beads, comprising: {1} extending the second polynuclectide of the plurality
of third subpopulations of beads with a third polvnucleotide comprising a third index to obtain
third subpopulations of indexed beads, wherein the third subpopulations of indexed beads
comprise a different third index from one another, and {11} combining the third subpopulations
of indexed beads to obtain the population of tertiary indexed beads. Some embodiments also
repeating {d) and (e} and adding additional indexes to indexed subpopulations of beads to
obtain even more diverse to generate even more diverse combinatorial indexes.

[0123] In some emboduments, obtaining the population of primary indexed beads
comprising a first polynucleotide comprising a first index comprises: (i) attaching the first
polynucleotide to a plurality of first subpopulations of beads to obtain the first subpopulations
of mdexed beads, wherein the first polynucleotide comprises a different first mdex for each
first subpopulation of beads; and (11} combining the first subpopulations of indexed beads to
obtain the population of primary indexed beads. In some embodiments, the first polynucleotide
1s attached to a bead of the phurality of first subpopulations of beads via a first binding pariner
and a second binding partner. In some embodiments, the first binding partner or the second
binding partner s selected from the group consisting of biotin, streptavidin, a biotin derivative,
a streptavidin derivative, an antibody, and an antigen binding fragment of an antibedy. In some
embodiments, the first polvnucleotide 15 atiached to a bead by a covalent attachment, for
example via a chemical reaction.

[8124] in some embodiments, the first polynucleotide comprises a primer binding

site. Examples of primer binding sites can include a PS5 sequence, a P53’ sequence, P7 sequence,
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and P7' sequence. P35 sequence: AAT GAT ACG GCG ACC ACC GA (SEQ 1D NO:01); and
P7 sequence: CAA GCA GAA GAC GGC ATA CGA GAT (SEQ ID NG:02). In some
embodiments, the first polynucleotide comprises a cleavable linker. In some embodiments,
the first polynuclestide comprises a umiversal sequence.

[0125] in some embodimenis, the first index, the second index, and/or the third
index has a length greater than, less than, or equal to 100, 90, 80, 70, 60, 50, 40, 30, 25, 20, 19,
18,17,16, 15,14, 13,12, 11,10, 9,8,7, 6, 5, 4, 3, 2 consecutive nucleotides, or a length within
a range of any two of the foregoing numbers. In some embodiments, an index or a combination
of indexes can be used to tag an element such as an attached nucleic acids, or a bead. Certain
methods and compositions useful with emboduments provided herein are disclosed in U8,
20180023119 and U.S. 20180355348 which are each incorporated by reference in its entirety.

[6126] In some embodiments, splitting a population of indexed beads, such as a
population of primary indexed beads or population of secondary indexed beads, can include
randomly distributing the population of indexed beads into a plurality of compartmenis. In
some embodiments, the plurality of compartments comprise a compartment selected from a
well, a channel, or a droplet. In some embodiments, the plurality of compartments comprises
a 96-well plate, a 192-well plate, or a 384-well plate. Tu some embodiments a flow cell
comprises the plurality of compartments.

[6127] In some embodiments, the plurality beads comprise magnetic beads.

[0128] Some embodiments also include distributing a plurality of combinatorially
mdexed beads on an array. In some embodiments, the plurality of combinatorially indexed
beads 1s randomly distriboted on the array.

[8129] Some embodiments also mclude sequencing the combinatorially indexed
beads. For example, the combinatorial index or a complement thereof of a bead can be
sequenced. In some embodiments, the combinatorial mdex or a complement thereof can be
sequenced on an array. In some embodiments, sequencing can inchude sequencing by synthesis
{SBS8). Example SBS procedures, fluidic systems and detection platforms that can be readily
adapted for use with methods and compositions provided herein are described, for example, in
Bentley et al., Nature 456:53-59 (2008), WO 04/018497; U.S. Pat. No. 7,057,026, U.S. Pat.
No. 7,329,492; 1J.S. Pat. No. 7,211 ,414; U 8. Pat. No. 7,315,019; U.8. Pat. No. 7,405,281, each

of which is mcorporated herein by reference. Some embodiments also include decoding the
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location of a bead of the plurality of combinatorially indexed beads on an array based on the
combinatorial index of the bead.

(0130 In some embodiments, a bead of the plurality of combinatonally indexed
beads comprises a capture probe. In some embodiments, the first polynuclestide, the second
polvnucieotide or the third polynuclestide comprises the capture probe. Some embodiments
also include hybridizing a plurality of target nucleic acid to the capture probes. Some

embodiments also include extending the capture probes.

Combinatorial indexing comprising chemical hioation

[8131) Some embodiments of the methods and compositions provided herein
wnclude preparation of indexed beads by combinatorial indexing in which a polynucleotide
attached to a bead is extended by sequential addition of indexes with chemical ligation. Certain
methods and compositions useful with embodiments provided herein are disclosed in US.
20180127816 which is mcorporated by reference in its entirety.

[68132] In some embodiments, sequential addition of indexes by chemical ligation
mcludes a Copper-catalyzed azide-alkyne cycloaddition “click” reaction (CuAAC) 1o
covalently bond successive levels of index oligonucleotides or polynucleotides (FIG. 3). Click
chemustry 15 compatible with DNA oligonucleotides, and a cyclic triazole product has siratlar
dimeunsions to the phosphodiester bond present in DNA. The similar dunensions of a cychic
irtazole product to the phosphodiester bond present in DNA makes the triazole linkage a viable
template for many DNA polymerases, and triazole-contaiming DNA strands can by amplified
by methods including a polymerase chain reaction (PCR}. An advantage of chemical higation
mcludes a method i which the ends of different single-stranded polynucleotides can be joined
in the absence of a splint oligonucleotide or sphint adaptor, by using an excess of index
oligonucleotides or polynucieotides, and ehimmating all or just a handful of invariant base
positions within a final bead code or combinatorial mdex. In addition, the absence of an
enzymatic ligation step increases flexibility in reaction conditions, as the CuAAC reaction can
be carried out in alternative solvents and at nonstandard temperatures.

[8133] In some embodiments, chemical ligation for bead code or combinatorial
index synthesis includes a two-step synthesis strategy. For the first level of the bead code, the

mitial capture oligonucleotide, such as a first polynuclectide comprising a first index, is
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produced with a CuAAC handle (azide or alkyne} at the 3’ end, and this oligonucleotide 1s
bound to magnetic beads via binding partners such as 5'-biotin / streptavidin.  For the second
level of the bead code, an excess of index oligonucleotide, such as a second polynuclestide
comprising a second index, with a cognate CuAAC handle, such as 3"-Azide / 5" Alkyne or 3’
Alkyne/ 5'-Azide, 1s added along with a copper catalyst to the bead-bound first polynucleotide.
In some embodiments, the polynucleotide comprising a second index will only have the click
handle on the 5’ end. When the reaction is completed, the beads are pelleted and any remaining
CuAAC reagents washed away. This results in an essentially ‘scar-less’ junction between the
index levels, such as the first polynucleotide and second polynucleotide, with no mvariant
bases separating the levels.

[8134] in some embodiments, attaching a third polynucleotide comprising a third
index can include the use of the second polynucleotide synthesized with complementary click
handles on both the 3’ and 3’ ends; however, this could result in the formation of long
concatemers. To add additional index levels while avoiding formation of concatemers, an
enzyme such as a terminal deoxynucleotidy! transferase (TdT) 1s used to insert 4 single base,
containing a chick handle at the 3" OH posttion of deoxyribose, to the 3" end of the assembled
two-level bead code. TdT attaches nucleotide triphosphates to the 37 end of a single-stranded
oligonucleotide with hittle specificity, but because the chick handle blocks the 3'OH only a
single base 1s attached to each oligo. After washing away the TdT, an additional index level 15
added using an identical procedure to the linkage of the first two ohigonuclestides. Because
the chick reaction may not have 100% efficiency, further ligations can be blocked to avowd
combinatorial indexes with ‘skipped” levels. This is accomplished by adding a small molecule
containing a complementary click handle to block any unreacted 3’ groups.

[0135] In some embodiments, chemical ligation can be used m a splinted higation
strategy to reduce the amount of oligonucieotide needed for the reaction. Chemical higation 13
compatible with the use of nonstandard nucleotides. The use of certam nonstandard nucleotides
with higher hvbridization specificities allows for shorter splint oligonuclestides. For example,
modified nucleotides such as peptide nucleic acids (PNAs), locked nucleic acids (LNAs), or
2'-OMe bases can increase the melting temperature of an oligonuclestide without adding

length.
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[68136] FIG. 3 depicts an embodiment of a scheme to join a second index (index B}
to a first index (index A) attached 1o a substrate by click chemistry ligation. As shown in FIG.
3, a first polynucleotide comprising a P35 sequence and an index A 1s joined to 8 bead via a
biotin/streptavidin binding pair. For example, the bead 15 coated with biotin, and the first
polvnucleotide comprises a 5" end linked to a streptaviding or the bead 1s coated with
streptavidin, and the first polynuclectide comprises a 5" end linked to a bistmn.  The first
polvnucleotide comprises a 3’ end with a propargyl moisty. A second polynuclectide
comprises an index B and a 3’ end with an azide moiety. A copper catalvzed click reaction
resulis in joining of the first and second polynuclectides. Additional polynucleotides are added
to the 3’ end of the second polynucieotide by first treating the bead-linked polynucleotides with
a TdT to add a single nucleotide comprising a propargyl moiety. An additional polynucleotide
comprising a 5" end with an azide moiety can be used to further extend the bead-linked
polynucleotides via an additional click reaction.

[8137) Some embodiments include extending a first polynucleotide, such as a
bead-linked furst polynucleotide, with a second polynucleotide by a chemical Ligation reaction.
In some embodiments, the first polynucleotide comprises a terminal 3-modified
deoxynucleotide (dNTP) comprising a 37 functional mooiety capable of participating m a click
chemustry reaction. o some embodiments, the second polvnucleotide coroprises a termumal 57
modified nucleotide comprising a compatible 5S'-functional moiety capable of participating in
a chick chemustry reaction with the 3’ fimctional molety. In some embodiments, the 37
functional moiety and the 5" functional motety are capable of reacting with one another to form
a modified backbone linkage.

[6138] in some embodiments, extending the first polynucleotide with the second
polvnucleotide obtains a secondary mdexed polynucleotide, and the method further comprises
modifying the secondary indexed polynuocleotide to obtain a modified polynucleotide
comprising a terminal 3" modified nuclestide comprising a 3 functional motety capable of
participating in a click chemistry reaction. In some embodiments, the modifving comprises
contacting the secondary indexed polynucleotide with a template independent polymerase. In
some embodiments, the template independent polymerase is selected from a terminal
deoxynucleotidy! transferase (TdT), PolvA polymerase, or CCA-adding RNA polymerase. In

some embodimenis, the template independent polymerase 1 TdT.
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[0139] Some embodiments also include extending the modified polynuclestide
with a third polynucleotide by a chemical ligation reaction, wherein the third polynucleotide
comprises a terminal 3 modified nuclestide comprising a compatible 5" functional moiety
capable of participating in a click chemistry reaction with the 3’ functional moiety.

{0140 In some embodiments, the 37 functional motety 1s selected from the group
consisting of an azide, an alkynyl, an alkenvl, a thiol, and a nitrone. In some embodiments, the
5" functional moiety 1s different from and compatible with the 37 functional mosety and is
selected from the group consisting of an azide, an alkvnyl, an alkenyl, a thiol, and a nitrone In
some embodiments, the 3’ functional motety and the ' functional moiety are selected from the
following pairs: (1) 3™-azido/5 -alkynyl; (1) 3-abkynyl/&’ azido; (111} 3'-thiol/3-alkynyl; (tv) 3~
thiol/S"-alkenyl; (v} 3"-alkynyl/8'-thiol; (vi} 3 -alkenyl/5"-thiol; (vu) 3-azdo/S-cyclooctynyl;
{viti} 3'-cyclooctyne/S-azido; (ix) 3'-mitrone/S’-cyclooctynyl: and (x} 3'-cvelooctynyl/5-
nitrone. In some embodiments, the 3 functional moiety is a 3'-azido and the 5’ functional
motety is a S-alkyayl In some embodiments, a TdT step can be avoided if orthogonal click
reactions are used between the L1/L.2 indexes and L2/L.3 indexes.

[0141] In some embodiments, the click chemistry reaction comprises copper
catalyzed azmde-alkyne cycloaddition (CuAAC) to form a modified backbone linkage

comprising a triazolyl.

Combinatorial ndexing comprising polvinerase exiension

[8142] Some embodiments of the methods and compositions provided herein
imciude preparation of indexed beads by combinatorial indexing m which a polynuclectide
attached to a bead 1s extended by sequential addition of mdexes by polymerase extension.

[8143] In some embodiments, an adaptor comprising oligonucleotide contaming
both a 3’ region complementary to a 3" linker (.1 A) region of a bead-bound first polynucleotide
comprising a first index, and a reverse-complement of a second index sequence (FIG. 4}. The
adaptor ohigonucleotide 1s hybridized to the bead-bound first polynucleotide, and 2 DNA
polymerase and dNTPs extend the first polynucleotide, resulting in a covalently linked, bead-
bound oligonuclectide containing the complement of the adaptor at its 3" end. Because the
adaptor hybridizes directly to the first polynucleotide, half the number of bases are sufficient

to achieve a similar specificity of binding, such as & bases vs. 16 bases for the current sphint
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ligation workflow. Once polymerization is complete, the adaptor can be removed by
denaturation using heat, base (NaOH), or treatment with 8 USER enzyme, for example if the
adaptor comprises deoxyUracil residues in place of Thymine. Additional index levels can be
added by hybridizing a second adaptor comprising a third index to the 3’ end of the extended
first polynucleotide and extending the extended first polynuclectide further with a
polymerization reaction and the hybridized second adaptor. In some embodiments, to prevent
the polymerase from using the 37 end of an adapter as a primer and generating undesired
products, the 3’ end of the adapter can be blocked, for example with a 3’ 2’ dideoxy nucleotide,
(3 linker, or other standard blocking chemistry.

[8144] FIG. 4 depicts an embodiment of & scheme to add to a first index (index A)
attached to a substrate, a second index {index B) and a third index {index C) by sequential
polymerase extension reaction. As shown in FIG. 4, a first polynucleotide comprising a P35
sequence, an index A and a first linker {Link 1a) s joined to a bead via a biotin/sireptavidin
binding pair. For example, the bead is coated with biotin, and the first polynucleotide
comprises a 3’ end linked to a streptaviding or the bead 1s coated with streptavidin, and the first
polynucleotide comprises a 5" end linked to a biotin. A first adaptor comprising a region
capable of hybridizing to the first linker, an index B', and a linker 23’ 13 hybridized to the first
hinker, and the first polynucleotide 15 extended in the presence of a polymerase to obtain an
extended polynucleotide comprising indexes A and B. The first adaptor is removed. A second
adaptor comprising a region capable of hybridizing to the linker 2a, an index ', and a capiure
probe’ (Hyb'} 1s hybridized to the linker 2a region of the extended polynucleotide comprising
mdexes A and B, and the extended polynucleotide comprising indexes A and B 1s further
extended in the presence of a polymerase {0 oblain an extended polynuclectide comprising
mdexes A, B, and C, and a capture probe (Hyb).

[8145] Some embodiments mclude extending the first polynucleotide by
polymerase extension. In some embodiments the first polynuclestide comprises 3 first hinker,
Some embodiments also include {1} obtaining a first adaptor comprising a region capable of
hybridizing to the first linker and a region comprising the second index or complement of the
second mdex; {11} hybridizing the first adaptor to the first linker; and {111} extending the first
polvnucleotide to obtain a secondary indexed polynuclectide. In some embodiments, the first

adaptor comprises a non-extendable 3" end. In some embodiments, the non-extendable 3" end
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comprises a 32" dideoxy nucleotide, or a C3 linker, such as a 3-carbon spacer arm . Some
embodiments also include removing the first adaptor from the secondary indexed
polvnucleotide. In some embodiments, the removing comprises denaturing the first adaptor by
heat or base, or degrading the first adaptor by enzymic degradation. In some embodiments, the
first linker has a length less than 109, 8, 7, 6, 5, 4, 3, or 2 consecutive nucleotides. In some
embodiments, the first linker has a length less than 5 consecutive nucleotides.

[68146] In some embodiments, obtatning a population of tertiary indexed beads
comprises extending the second polynucleotide by polymerase extension. In some
embodiments, the first adaptor comprises a complement of a second linker, such that the
secondary indexed polynucleotide comprises the second linker. Some embodiments also
melude (1} obtaining a second adaptor comprising a region capable of hybridizing to the second
linker and a region comprising the third index or complement of the third index; (i1}
hybridizing the second adaptor to the second linker; and {111} extending the secondary indexed
polynucleotide to obiain a tertiary indexed polynucleotide. In some embodiments, the second
adaptor comprises a non-extendable 3" end. In some embodiments, the non-extendable 3" end
comprises a 32" dideoxy nucleotide, or a 3 linker. Some ernbodiments also include removing
the second adaptor from the tertiary indexed polynucleotide. In some embodiments, the
removing comprises denaturing the first adaptor by heat or base, or degrading the first adaptor
by enzynuc degradation. In some embodiments, the second hinker has a length less than 10, 9,
8, 7,6, 5,4, 3, or 2 consecutive nucleotides. In some embodiments, the second linker has a

length less than § consecutive nuclestides,

Combinatorial indexing comprising higation of double-stranded fragments

[8147] Some embodiments of the methods and compositions provided herein
inciude preparation of indexed beads by combinatorial indexing m which a polynucleotide
attached to 3 bead 15 extended by sequential addition of ndexes by ligation of an adaptor
comprising a second polynuclestide and a double-stranded region. In some embodiments, the
use of a partially double-stranded adaptor means that a single linker sequence can be used to
ligate an additional index to a bead-linked oligonucleotide, thereby reducing the length of a
linker sequence in a combinatorially indexed oligomucleotide compared to some other

methods. For example, FIG. 15A (left panel} shows an example embodiment for a standard
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splint ligation i which the splint contains two linker sequences “K8-3” and “KS8-5" which
anneal to a “K8-3" sequence in a bead-linked oligonucleotide and to a “K&8-57 sequence in an
adaptor sequence containing Index2, respectively. In contrast, the example embodiment of
double stranded splint ligation shown in FIG. 15A {right panel} shows a double-stranded splint
which contains a single linker sequence “K8-3” sufficient for ligating an adaptor sequence
containing an index to a bead-linked oligonucleotide.

[0148] Some embodiments inchude the use of double stranded adapiers comprising
index oligonucleotides with complementary overhangs extending from the 3’ end of both
strands of the duplex (see e.g, FIG 3, FIG. 15A, and FIG. 19A). Some such embodiments
reduce by up to 50% the number of invariant bases in the Bead code as only a single region of
complementary bases is sufficient for assembly. Beginming with a bead-bound first
polynucleotide comprising a first tndex, an adaptor comprising a double-stranded fragment
with a 3’ overhang complementary to the 3’ end of the first polynucleotide is added to the beads
and allowed to hybridize. The ‘“top’ fragment, containing the index sequence and a 3
hybridization sequence for the next mdex level, 1s then linked to the first polynucleotide by
enzymatic or chemical hgation. Once ligation 15 complete, the bottom strand of the double-
stranded index portion of the adaptor can be removed by denaturation, and additional ndex
levels can be added by the same procedure. In some embodiments, an additional single-
stranded oligonucleotide may be present during the ligation (see e.g., FIG 12, nght panel
‘index1” ohgo’). The additional oligonucleotide can hybridize to an index sequence of the
bead-bound polynucleotide. In some such embodiments, the additional oligonuclestide may
further stabilize the higation complex and promote Hgation.

[0149] FIG. S depicts an embodinment of a scheme to add to a first index (index A}
attached to a subsirate, a second 1ndex (ludex B) and a third index (index C}) using an adaptor
comprising a double-stranded region and single-stranded overhang. As shown i FIG 5, a first
polynucleotide compnising a PS sequence, an mdex A and a first hinker (Link 13} 1s joinedto a
bead via a biotin/streptavidin binding pair. For example, the bead 1s coated with biotin, and
the first polynucleotide comprises a 5" end linked to a streptaviding or the bead is coated with
streptavidin, and the first polynuclestide comprises a 5" end linked to a biotin. A first adaptor
comprising a single stranded 5" overhang comprising a region capable of hybridizing to the

first linker, a double stranded region comprising an index B, and a region comprising a second
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linker (link Za) s hybridized to the first linker. The first adaptor 15 covalently joined to the
first polynuclestide via the linker 1a and index B regions of the first polynucleotide and
adaptor, respectively by ligation with a ligase, or by chemical ligation to obtain an extended
polynucleotide comprising indexes A and B. The strand of the first adaptor not covalently
joined to the first polynucleotide is removed. A second adaptor comprising a single stranded
5 overhang comprising a region capable of hybridizing to the second finker, a double stranded
region comprising an index € and a capture probe (Hyb) is hybridized to the second linker.
The second adaptor is covalently joined to the extended first polynucleotide via the linker 1a
and index B regions of the first polynucleotide and adaptor, respectively by ligation with a
ligase, or by chemical ligation to obtain an extended polynucleotide comprising indexes A, B,
and C and a capture probe (Hyb). The strand of the second adaptor not covalently joined to
the extended polynucleotide comprising indexes A, B, and C and a capiure probe (Hyb is
removed.

[8158) FIG. 19A depicts an additional example embodiment of combinatorial
indexing in which a polynucleotide attached to a bead is extended by sequential addition of
mdexes by ligation of an adaptor comprising a second polynucleotide and a double-stranded
region. As shown in FIG. 194, an oligonucieotide comprising a P3 sequence, an 1ndex], and
a KS-3' sequence 1s linked to a bead via biotin (B) and streptavidin (8A). A partially double-
stranded adapter in which one strand comprises a KS8-3 sequence, an index2’ and an MS3-3
sequence, and the other strand comprises an index?2 sequence and an MSJ-3" sequence, 1
annealed to the bead-linked oligonucleotide via the KS-3 and K5-3' sequences.  Adapter
sequences are ligated to bead-linked sequences to form an extended bead-linked
oligonucleotide hvbridized to a strand of the adapter. The strand of the adapter is removed by
denaturation. A secound round of mdexing is performed.

[8151] Some embodiments include extending the first polynucleotide with the
second polynucleotide by higation. Some embodiments also include (1) obtainimg a double
stranded first adaptor comprising the second polynuclectide and a 3" single stranded overhang
capable of hybridizing to a first linker of the first polynucleotide; {ii) hybridizing the first
adaptor to the first linker; and (111} ligating the first polynucleotide to the second polynucleotide
to obtain a secondary indexed polynucleotide. Some embodiments also include extending the

second polynucleotide with a third polynucleotide by hgation. Some embodiments also include
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(i) obiaining a double stranded second adaptor comprising the third polynucleotide and a 37
single stranded overhang capable of hybridizing to a second lhinker of the second
polvnucleotide; (it} hvbridizing the second adaptor to the second linker; and (111} ligating the
second polynucleotide to the third polynuclectide to obtain a tertiary indexed polynucleotide.
In some embodiments, the ligation comprises use of a ligase. In some embodiments, the
ligation comprises a chemical ligation reaction, such as a click chemisiry reaction disclosed

herein.

Combinatorial indexing comprising splint Heation

[8152) Some embodiments of the methods and compositions provided herein
wnclude preparation of indexed beads by combinatorial indexing in which a polynucleotide
attached to a bead is extended by sequential addition of indexes by splint ligation in which the
splint comprises nucleotides having increased hybridization specificity. In some
embodiments, the splint comprises nuclectides that have stronger binding with a
complementary sequence, for example a nucleotide sequence comprising nucleotides that
result in an ncreased Tm for the nucleotide sequence. In some embodiments, the splint
comprises one or more modified nucleotides, or nucleotide analogs. In some embodiments,
the splint wncludes a locked nucleie acid (INA) In some embodiments, the splint coraprises
one or more moesine nucleotides.

[0183] Some embodiments 1nclude the use of sphinted ligation to hink successive
levels of an index with a reduced number of bases in the splint comprising chernically modified
bases which increase the strength of hybnidization between the sphint and the index/capture
oligonucleotides (FIG. 6}. In their current form, the splint sequences are 8 nucleotides long
with a midpowt of denaturation {Tm) close to room temperature (~25°C). This ensures that the
splint can bind both the capture oligonucleotide and the index oligonucleotide during the room-
temperature ligation reaction.

[0154] FIG. 6 depicts an embodiment of a scheme to add to a first index (index A)
attached to a substrate, a second index {index B) and a third index {index C} by sequential
splinted ligation reactions with short linker-splints. As shown in FIG. 6, a first pelynuclectide
comprising a PS5 sequence, an index A and a first linker (Link 1a} s joined to a bead via a

biotin/streptavidin binding pair. For example, the bead 15 coated with biotin, and the first
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polyvnucleotide comprises a 5" end linked io a sireptavidin, or the bead is coated with
streptavidin, and the first polynucleotide comprises a 5" end linked to a biotin. A second
polvnucleotide comprises a second linker (Link1b}, an index B, and a third Linker (Link 2a).
A smgle-stranded first adaptor, such as a sphint, comprising a region capable of hybridizing to
the first linker and a region capable of hybridizing to the second linker 1s hvbridized to both
the first linker of the first polynucleotide, and to the second linker of the second polynuciestide.
The first polynucleotide is covalently joined to the second polynucleotide by ligation, such as
by use of a ligase to obtain an extended polvnucleotide comprising indexes A and B and a third
linker (Link 2a). The first adaptor is removed. A third polynucleotide comprises a fourth linker
{Link 2b), an index C, and a capture probe (Hyb}. A single-stranded second adaptor, such as
a splint, comprising a region capable of hybridizing to the third linker and a region capable of
hybridizing to the fourth linker 1s hybridized to both the third linker of the extended
polynucleotide and to the fourth linker of the third polynucleotide. The third polynucleotide
is covalently joined to the extended polynucleotide by ligation, such as by use of a ligase to
obtain an extended polynucleotide comprising indexes A, B, and C, and the capture probe. The
second adaptor 1s removed.

[0185] Some embodiments mclude extending the first polynucleotide by higation,
wheretn the first polynuclectide comprises a first linker, and the second polynucleotide
comprises a second hinker. Some embodiments also inchude (1) obtaining a fust adaptor
comprising a region capable of hybndizing to the first linker and a region capable of
hybridizing to the second hinker; (i1} hybridizing the first adapior to the first linker, {111}
hybridizing the second oligonuclectide to the region capable of hybridizing to the second
linker; and (v} ligating the first polynuclectide to the second polynucleotide to obtain a
secondary indexed polynucleotide. In some embodiments, the first linker and/or the second
linker has a length less than 10, 9, 8 7, 6, S, 4, 3, or 2 consecutive nucleotides. In some
embodiments, the first hinker and/or the second linker has a length less than 5 consecutive
nucleotides. In some embodiments, the first linker and/or the second linker is modified to have
an increased Tm compared to an oligonuclestide having the same length as the first adaptor.
In some embodiments, the first linker and/or the second linker comprises an increased G/C
content compared to the oligonucleotide having the same length, or comprises modified

nuclectides. Some embodiments also include removing the first adaptor from the secondary
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indexed polynucleotide. In some embodimenis, the removing comprises denaturing the first
adaptor by heat or base, or degrading the first adaptor by enzymic degradation.

[8156] in some embodiments, obtaining a population of tertiary indexed beads
comprises extending the second polynucleotide by lgation, wherein the second
oligonucleotide comprises a third finker, such that the secondary indexed polynucleotide
comprises the third linker, and wherein the third polynucleotide comprises a fourth linker.
Some embodiments also include (1) obtaining a second adaptor comprising a region capable of
hybridizing to the third linker and a region capable of hybridizing to the fourth linker; (31)
hybridizing the second adaptor to the thurd linker; (111} hybridizing the third polynuclectide to
the second adaptor via the region capable of hybridizing to the fourth index; and (1v} higating
the secondary indexed polynucleotide to the third polynuclectide to obtain a tertiary indexed
polynucleotide. In some embodiments, the third linker and/or the fourth linker has a length less
than 9, 8, 7, 6, 5, 4, 3, or 2 consecutive nucleotides. In some embodiments, the third linker
and/or the fourth linker has a length less than 3 consecutive nucleotides. In some embodiments,
the third linker and/or the fourth hinker is modified to have an increased Tm coropared o an
chigonucleotide having the same length as the second adaptor. In some embodiments, the third
linker and/or the fourth linker comprises an increased G/C content compared to the
oligonucleotide having the same length, or comprises modified nucleotides. Some
embodiments also include removing the second adaptor from the tertiary indexed
polynuclestide. In some embodiments, the removing comprises denaturing the first adaptor by

heat or base, or degrading the first adaptor by enzymic degradation.

Sequencing and analvsis of target nucleic acids

[81587] Some embodiments include sequencing and/or analysis of target nucleic
acids. Certain methods and compositions useful with embodiments provided herein are
disclosed m UK. 2021/0087613 which 15 meorporated by reference in i3 entirety. Some
embodiments include decoding the locations of polynucleotides in an array according to
methods provided herein; hybridizing target nucleic acid to capture probes, extending the
capture probes; and detecting the extension of the capture probes hybridized to the target
nucleic acid at a location on the array. In some embodiments, the locations of the

polynucleotides on an array can be decoded before hybridizing target nucleic acid to the
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polynucleotides. In some embodiments, the locations of the polynucleotides on an array can
be decoded after detecting the extension of the capture probes hybnidized to the target nucleic
acid. In some such embodiments, each polynucleotide can be associated with a capture probe
through a common element. For example, a polynucleotide and a capture probe can each be
bound to the same mucrofeature, such as a bead. In more such embodimenis, each
polynucieotide can include the capture probe.

[0158] Some embodiments include single base extension {SBE) of capture probes.
In some embodiments, SBE can be used for detection of an allele, mutations or other features
in target nucleic acids. Briefly, SBE utilizes a capture probe that hybridizes to a target genome
fragment at a location that is proximal or adjacent to a detection position, the detection position
being indicative of a particular locus. A polymerase can be used to extend the 3’ end of the
capture probe with a nucleotide analog labeled with a detection label Based on the fidelity of
the enzyme, a nucleotide is only incorporated into the capture probe if it is complementary to
the detection position in the target nucleic acid. If desired, the nucleotide can be dervatized
such that no further extensions can occur using a blocking group, mcluding reversible blocking
groups, and thus only a single nucleotide 1s added. The presence of the labeled nucleotide in
the extended capture probe can be detected for example, at a particular location m an array and
the added nucleotide dentified to determine the identity of the locus or allele. SBE can be
carried out under known conditions such as those described in US. Pat. Nos. 9,441,267 and
9,045,796 each of which 13 mcorporated by reference mn its entirety.

[0859] Some embodiments inchude allele specific primer extension {ASPE}. In
some embodiments ASPE can include extension of capture probes that differ in nuclectide
composition at their 3" end. An ASPE method can be performed using a nucleocside or
nucleotide containing a cleavable hinker, so that a label can be removed after a probe 1s
detected. This allows further use of the probes or verification that the signal detected was due
o the label that has now been removed Briefly, ASPE can be carried out by hybndizing a
target nucleic acid to a capture probe having a 3’ sequence portion that s complementary to a
detection position and a 5" portion that is complementary to a sequence that 13 adjacent to the
detection position. Template directed modification of the 3’ portion of the capture probe, for
example, by addition of a labeled nucleoiide by a polymerase yields a labeled extension

product, but only if the template inclodes the target sequence. The presence of such a labeled
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primer-extension product can then be detected, for example, based on s location in an array
to indicate the presence of a particolar allele. In some embodiments, ASPE can be carried out
with multiple capture probes that have simlar 5" ends such that they anneal adjacent to the
same detection position in a target nucleic acid but different 3° ends, such that only capture
probes having a 3" end that complements the detection position are modified by a polymerase.
A capture probe having a 3’ terminal base that is complementary to a particular detection
position is referred to as a perfect match (PM) probe for the position, whereas capture probes
that have a 3 terminal nusmatch base and are not capable of being extended in an ASPE
reaction are mismatch (MM} probes for the position. The presence of the labeled nucleotide
the PM probe can be detected and the 3’ sequence of the capture probe determined to identify

a particular allele at the detection position.

Kits and systems

[8160] Some embodiments provided herein include kits and systems. Some such
embodiments can include reagents to perform certain methods provided herein ncluding,
beads, roultiwell plates, enzymes, such as Higases and polvmerases, polynucleotides, binding-

pairs such as biotin and streptavidin or derivatives thereof, and click chemistry reagents.

EXAMPLES

Example 1-—Bead code synthesis by chick chemical ligation

[B161] A pharality of beads are coated with streptavidin and are distributed in the
wells of a first 96 well plate. A dufferent first polynucleotide 1s distributed nto each well
Each first polynuclectide comprises a 5" end hnked 1o a biotin, such that the first polynucleotide
1s joined to a bead via the biotin/streptavidin binding pair. The first polynucleotide comprises
a PS5 sequence, an index A, and a 3" end with a propargyl motety. The first polynuciectide in
each well has a different index A from a first polynucleotide 1 a different well. The beads are
pooled and distributed into the wells of a second 96 well plate.

[68162] A second polynucleotide 1s added to each well of the second 96 well plate.
The second polynucleotide comprises an index B and a 5" end with an azide molety. The index
B 15 different for each well. A copper catalyzed click reaction is performed in each well and

results in joining of the first and second polynucleotides. The bead-linked polynucleotides are
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treated with a TdT to add a single nuclestide comprising a propargyl moiety. The beads are
pooled, and distributed into the wells of a third 96 well plate.

[8163] Additional polynuclectides are added to the 3’ end of the second
polynucleotide. A third polynucleotide comprising a 5' end with an azide moiety and an index
C can be used to further extend the bead-linked polynucleotides via an additional click reaction.

The index C 1s different for each well.

Fxample 2—Combinatorial indexine comprisine polvmerase extension

[6164] A plurality of beads are coated with streptavidin, and are disiributed in the
wells of a first 96 well plate. A different first polynucleotide is distributed into each well
Each first polynuclectide comprises a 5" end linked to a biotin, such that the first polynucleotide
is joined to a bead via the biotin/streptavidin binding pair. The first polynucleotide comprises
a PS sequence, an index A, and an 8 nucleotide first linker. The first polynucleotide in each
well has a different index A from a first polynucleotide 1n a different well. The beads are
pooled and distributed into the wells of a second 96 well plate.

[8165] A fust adaptor 1s added to each well of the second 96 well plate. The first
adaptor comprises a region capable of hybridizing to the first linker, an mndex B’ sequence, and
a hinker 2a’. The index B’ sequence 18 different for each well. The first adaptor 1s hybridized
o the first linker, and the first polynucleotide 15 extended 1o the presence of a polymerase to
obtain an extended polynucleotide comprising indexes A and B. The first adaptor 1s removed
from the beads. The beads are pooled and distributed into the wells of a third 96 well plate.

[8166] A second adaptor is added to each well of the third 96 well plate. The
second adaptor comprises a region capable of hybridizing to the hinker 2a, an index ', and a
capture probe’ (Hyb"). In some embodiments, the capture probe 13 useful for a specific
application where a untversal transposome 18 attached to the 37 end of the bead-linked oligo,
and can be is unrelated to mdexing (1e this could be any sequence depending on the
apphication). The index ' sequence is different for each well. The second adapior is
hybridized to the linker 2a region of the extended polynucleotide comprising indexes A and B,
and the extended polynucleotide comprising indexes A and B is further extended in the
presence of a polymerase o gbtain an extended polynucleotide comprising indexes A, B, and

C, and a capture probe (Hyb). The second adaptor is removed from the beads.
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Example 3—Combinatorial indexing comprisine lication of double-stranded fragmenis

[8167] A plurality of beads are coated with streptavidin and are distributed in the
wells of a first 56 well plate. A different first polynucleotide is distributed into each well
Each first polynucleotide comprises a 5' end linked to a biotin, such that the first polynucleotide
is joined to a bead via the biotin/streptavidin binding pair. The first polymucleotide comprises
a PS5 sequence, an index A, and an 8 nucleotide first linker. The first polynucleotide in gach
well has a different index A from a first polynucleotide in a different well. The beads are
pooled and distributed into the wells of a second 96 well plate.

[8168] A furst adaptor 1s added to each well of the second 96 well plate. The first
adaptor comprises a single stranded 5" overhang comprising a region capable of hybridizing to
the first linker, a double stranded region comprising an index B, and a region comprising a
second hinker (link 2a). The index B is different for each well. The first adaptor is hybridized
to the first linker. The first adaptor is covalently joined to the first polynucleotide via the linker
1a and mdex B regions of the first polynucleotide and adaptor, respectively by higation with a
higase, or by chenucal Ligation to obtain an extended polynucleotide comprising indexes A and
B. The strand of the first adaptor not covalently jomed to the first polynucleotide 1s removed.
The beads are pooled and distributed 1ato the wells of a third 96 well plate.

[0169] A second adaptor 15 added to each well of the third 96 well plate. The
second adaptor comprises a single stranded 5 overhang comprising a region capable of
hybridizing to the second linker, a double stranded region comprising an index C and a capture
probe {(Hyb}. The second adaptor 1s hybridized to the second linker. The second adaptor is
covalenily joined 1o the extended first polynucieotide via the linker 13 and index B regions of
the first polynuclectide and adaptor, respectively by ligation with a ligase, or by chemical
ligation to obtain an extended polynucieotide comprising indexes A, B, and € and a capture
probe (Hyb), The strand of the second adaptor not covalently joined to the extended
polynucleotide comprising mdexes A, B, and C and a capture probe (Hyb) i1s removed from

the beads.
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Example 4—Combinatorial indexing comprising splint Lisation

[8170] A pharality of beads are coated with streptavidin and are distributed in the
wells of a first 96 well plate. A different first polynucleotide 15 distribuied into each well.
Fach first polynuclectide comprises a 5" end hinked to a biotin, such that the first polynucleotide
is joined to a bead via the biotin/streptavidin binding pair. The first polynucleotide comprises
a PS sequence, an index A, and a first linker. The first polynucleotide in each well has a
different index A from a first polynucleotide in a different well. The beads are pooled and
distributed into the wells of a second 96 well plate.

(8171} A second polynucleotide 1s added to each well of the second 96 well plate.
The second polynucleotide comprises a second linker (Link1b}, an index B, and a third linker
(Link 2a}. The index B 1s different for each well. A single-stranded first adaptor, such as a
splint, comprising a region capable of hybridizing to the first linker and a region capable of
hybridizing to the second linker is added to each well. The first adaptor is hybridized to both
the furst linker of the first polynucleotide, and to the second linker of the second polynuclestide.
The first polynucleotide s covalently joined to the second polynucleotide by higation, such as
by use of a higase to obtain an extended polynucleotide comprising indexes A and B and a third
linker (Link 2a). The first adaptor is removed. The beads are pooled and distributed into the
wells of a third 96 well plate.

[6172] A third polynucieotide 15 added to each well of the third 96 well plate. The
third polynuclestide comprises a fourth linker (Link 2b), an index C, and a capture probe
{Hyb). The mndex B is different for each well. A single-stranded second adaptor, such as a
splint, comprising a region capable of hybridizing to the third hinker and a region capable of
hybridizing to the fourth inker 13 added to each well. The second adaptor 1s hybridized to both
the third Iinker of the extended polyvnucleotide and to the fourth lnker of the third
polynucleotide. The third polynucleotide 15 covalently joined to the extended polynucleotide
by higation, such as by use of a ligase to obtain an extended polynucleotide comprising mdexes

A, B, and C, and the capture probe. The second adaptor is removed from the beads.

Example 5—Combinatorial indexine comprising polvimerase extension

[8173] Combinatorial indexing comprising polymerase extension {see e.g., FIG. 4}

was compared to combinatorial indexing comprising splint higation (see e.g., FIG. 2}. A Z-level
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indexing protocol by polymerase extension was performed using beads with a capture
oligonucleotide (PS-index A-Link 13}, and an extension template (Link la'-index B'-Hyb").
Polymerase extension was performed with different amounts of template, and T4 polymerases
with and without exonuclease activity. The number of capture probes and the number of fuil-
length products were measured using quantitative PCR (gPCR) with primers at positions
shown in FIG. 7A. As shown in FIG. 7B, (1} T4 polymerase (Exo+) degraded capture probes
and extension templates; {2) T4 polymerase (Exo-) exhibited reduced degradation of capture
cligonucleotides; {3) 30X excess extension template (330 fmol/ug) over capture oligo, was
sufficient for full-length extension using T4 Polymerase (Exo-}.

[8174] FIG. 8A and FIG 8B summarize varicus conditions tested in a 3-level
indexing protocol. Volumes were 25 ul/condition in duplicates. Polymerase extension was
performed for 15 minutes at 20°C (no rotation) and with NaOH extension oligo denaturation.
Splint ligation was performed overnight and for 4 hours {no rotation} and with 60°C splint
denaturation. Readouts included a quantitative PCR (gPCR) assay, and direct beadcode
sequencing. For gPCR, a chemically synthesized full-length control oligo {sequence dentical
to the corresponding 3-level PE or SL oligo) was used to create a standard curve for
quantitation. Conceuntrations of splint higation (SL) Znd-level and 3rd-level amplicons were
adjusted for size difference.

[0175] FIG. 9 summarizes gPCR results and shows that PE (8) gives fewer full-
length oligos than SL (12}, Effictency of synthesis was lower for PE vs SL, for example, PE:
20% of oligos are full-length, and SL: 40% of ohigos are full-length which may have been due
1o the second ligation being much less efficient than 1st Higation (12}, and/or to 20°C meubation
without rotation. Samples that underwent PE showed lower capiure oligo (CO} molecules/bead
(3-8} compared to foll length (FL} PE (1) and SL (10-12). Each extension reduced CO
molecules/bead (3-5 vs 6-8). Some logs was due to NaOH wash stripping Bio-oligos off beads.
Some loss may have been due to T4 polymerase chewing back the oligos as n {6) vs (7&8),
and 1 (3} vs {5), but this was not observed in (3} vs (4).

[8176] Effects of 0.2N NaCH in a denaturation step were tested. Beads with 6.6
fmol 1st level oligo (B1 index) bound to beads via either 57 biotin or 5" ddBiotin were used
with no extension / ligation in 5§ different denaturation treatments and a control: none {-

control}; no denaturation, just wash step (2 washes per level, 4 total);, 2x 60°C Heat denature
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+ washes; 2x 80°C Heat denature + washes; 1x 0.2N NaOH denature + wash; and 2x 02N
NaOH denature + washes. Remaining oligo was measured by ¢PCR w/ 1st level primers.
Results are summarized in FIG. 10 which shows that 0.2N NaOH denaturation caused biotin-
specific CO loss.

(68771 A direct beadcode sequencing analysis was performed for 3-level indexing.
Briefly, this assay mvolves amplifying the synthesized beadcode oligos off of the beads by
PCR, using a PS5 forward primer and a reverse primer targeting the Hyb region. The reverse
primer introduces a sample index, a binding region for the ME V2 B1S sequencing primer,
and a P7’ sequence to enable clustering. FIG. 11A outlines a read orientation for the analysis.
The analysis mcludes trimming and pairwise alignment of each read against an expected
sequence with error calling including identification of deletions and putative “SNP’s which
indicate base change errors in a sequence. Fully correct indexes included no errors {(SNPs,
indels) across an index region, for example in a 3-level index: index 1, index 2, and index 3.
All usable indexes included those indexes which could be decoded correcily with an index
error correction implemendation.  FIG 11B and FIG. 11C show levels for fully correct
sequences, usable indexes, and per base error rates. Splint higation was more efficient than
polymerase extension, while both had similar levels of errors,

[8178] From the foregoing studies, 3-level polymerase extension produced fewer
full-length molecules than splint higation. Addition of 02N NaOH denaturation and T4
polymerase exonuclease activity hikely contributed to reduction in total capture oligos.
Polymerase extension appeared to be less efficient than splint higation in this experiment. 0.2N
NaQH denaturation fed to loss of biotinylated oligos from the bead, though this can be
mitigated by replacing the single 5" biotin with a §' dual desthiobiotin. Synthesized polymerase

extension oligos had similar levels of errors compared to the splint ligation method.

Example 6-—2-level indexing with double-stranded sphint lisation

[0179] 2-level indexing comprising double-stranded splint ligation was compared
to 2-level indexing comprising splint ligation (standard). An overview of standard
combinatorial indexing by splint Higation, and double-stranded splint ligation is shown n FIG.
12A. Compared to standard splint ligation, 10 the double-stranded method, the 5" half of the

splint may be complementary to the second level index, reducing the common sequence length
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between indices in half. An overview of protocols and conditions tested are depicted in FIG.
1ZB.

{8186 A gPCR assay was performed and full-length splint ligation and double-
stranded ligation oligos were used to generate standard curves. Primer positions are shown in
FIG. 12C for combinatorial indexing comprising splint ligation (standard), and combinatorial
indexing comprising double stranded splint ligation {dsindex ligation} in which products were
determined using primer combinations including: F2 and R2 or F3 and R2. Concentrations
were determined using the appropriate standard curve for each sample. FIG 13A depicts the
results of the qPCR, and FIG. 138 and FIG. 13C depicts results for normalized gPCR in which
synthesized ds index ligation oligos were similar to splint ligation oligos. After normalizing
for differential amplification between the SL and DS full-length control oligos, DS-ligated and
splint-ligated oligos showed similar performance.

0181} Double-stranded splint ligation was performed with increasing amounts of
the ds index oligo, and the products measured with gPCR. As depicted in FIG. 13D, there was
no substantial increase 1n the amount of product. Double-stranded splint ligation was
performed 1u the presence of an oligo complementary to index 1, and the products measured
with gPCR.  As depicted in FIG. 13E, there was no substantial increase m the amount of
product where double-stranded splint Ligation was performed 1o the presence of an oligo
complementary to index 1. Double-stranded sphnt ligation was performed with an oligo having
a 3'ddC, and the products measured with qPCR.  As depicted n FIG. 13F, there was no
substantial increase m the amount of product where double-stranded splint ligation was
performed with an oligo having a 3'ddC. Double-siranded sphnt ligation was performed
inciuding pre-ligation mcubation at either room temperature or 75°C, and the products
measured with gPCR. As depicted in FIG. 13G, there was no substantial increase in the amount
of product where double-stranded sphint ligation was performed with a pre-ligation incubation
at either room temperature or 75°C.

[0182] Direct beadcode sequencing for a 2-level double-stranded index higation
was performed. The results are summarized in FIG 14A and FIG. 14B.

[8183] From the foregoing 2-level experiments, double-stranded index ligation
gave results similar to splint ligation as measured by ¢PCR. For double-siranded index

amounts above 33 fimol/ug beads there was no substantial increase in full-length product with
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a single ligation or increase in errors within the beadcode. The following manipulations had
fittle effect: (1} addition of an oligo complementary to indexi; {2} removal of the 3° ddC
madification; or (3) replacement of pre-ligation incubation at 75°C with room temperature
incubation. In addition, beadcode sequencing showed fewer errors with double-stranded

ligation compared to splint ligation.

Example 7—3-level indexings with double-stranded splint lisation

[8184] 3-level indexing comprising double-stranded splint ligation was compared
to 3-level indexing comprising splint ligation {standard). An overview of an experimental
design 18 shown in FIG. 15A and FIG. 158,

[8185] gPCR was performed on 3-level mdexed products using either double-
stranded splint ligation or splint ligation. Full-length double-stranded ligation index control
was used as standard curve (higher purity), and concentration of splint ligation amplicons were
size-adjusted. Results are summarized in FIG. 16A. For splint ligation, denaturation at 80°C
reduced total number of oligos (2 vs 3), and annealing at 50°C slightly increased the total
nurnber of oligos (3 vs 4). For sphint ligation vs ds higation, annealing at 50°C and denaturation
at 80C gave comparable numbers of full-length oligos with splint and ds ligation methods {4
vs 7}, oligos were full-length (3rd-level vs bio-oligo), and ds ligation showed a lower number
of 2nd level oligos. For full-length controls, there was a lower total number of molecules,
perhaps due to purity issues.

[6186] Direct beadeode sequencing for a 3-level double-stranded index higation
was performed. The results are summarized in FIG 168 and FIG. 16C

[6187] From the foregoing double-stranded splint higation studies, splint hgation
and ds hgation gave comparable numbers of full-fength oligos, and denaturation at 80°C led
to loss of some capture oligonucleotides (C(s), but anneahing at 50°C shightly mcreased
number of COs. C0s synthesized by ds higation had fewer errors than CQOs synthesized by

spiint ligation.

Example 8—F NA-containing splint oligos

[0188&] Shortened first splints (kangaroo splints) are designed coniaining lock

nucleic acid nucleotides (LNAs}). The kangaroo splints are based on the sequence: {(SEQ 1D
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N03) ATGCTCTAGACAAGT/3ddC in which 3ddC 15 37 dideoxycytidine.  Generated
splints include those shortened from both the 5’ end and the 3" end, all keeping the last base a
dideoxy-cytidine (ddC), and those containing all possible LNA substitutions. Generated oligos
are analyzed with IDT°s OligoAnalyzer (Integrated DNA Technologies™, Coralville, fowa).
Generated oligos are selected that follow Qiagen’s design guidelines for LNA oliges including:
a GC content between 30-60%; <4 LNA bases in a row; <3 Gs or (s in a row. Generated
oligos are selecied that have Tm’s similar to original splint and do not have any ENAs at base
positions complementary to ligation site. Generated oligos are selected that have no secondary
structure or self-hybridization at room temperature, and are not complementary to PS or the

Hyb sequence. TABLE 2 lists three example oligos.

TABLE 2
Name Original kangareo 1, (o of k_ina 41 k_Ina 76
splint - - -
ATGCTCTAGACAA | TGCHTHCTAHCH | ATGHCTHCTAHC | GCTHCHTAASC
< GT/3d4C/ AAG/H3dAC/ +AAG/3dAC/ +AAG/33dC/
Sequence
g (};Q B ATGCTCTAGACAA | TGCTCTACAAG | TGCTCTACAAG | GCTCTAACAAG
) GTC (SEQID C (SEQID C (SEQID C (SEQID
NO:03) NO:04) NO:05) NO:06)
Length 16 12 12 12
GC , 438 30 50 36
content
Number of .
0 y
LNAs ' ' 7 )
3TM 303 363 36.6 341
3IT™M 326 359 359 359
Fuil length < . . ..
: 53¢ 54 .
™ 46.3 338 54 519
Nucleotides to the loft of “+7 symbol are LNA nuclootides

[0189] 5" and 3" TMs are calculated using IDT s oligo analvzer with the following
settings {(based on ligation reaction): 1.98 uM oligo, 100 mM Na™, 7.9 mM Mg ™ Full-length
TMs are calculated using IDT’s oligo analyzer with the following settings (based on splint
denaturation): 0.05 pM oligo, 100 mM Na™. An overview of the experiment is shown in FIG.

17.
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Example 9—Modified splint oliconucleotides to reduce linker sequence lencths

[019¢] Further splints were designed in which a Phos-oligo splint hybridization
sequence was decreased to 6 nucleotides and the G/C content was mcreased. Multiple splints
were designed against the new phos-olige. An overview of the designed splints 15 shown in
FIG. 18A which shows the sequences listed in TABLE 3, where X is mosine.

TABLE 3
SEQIDNO: | SEQUENCE
SEQ ID NOG:07 | GACTTGTCCGGIGG
SEG ID NO:OR | CTGAACAGGCCACC
SEQ ID NG:09 | CTGAACAGGCCA
SEQID NO:10 | GAACAGGCCACC
SEQID NO: 11 | CTGAACAGGCCACCX
SEGID NO:12 | CTGAACAGGCCACCXX
SEQ D NG 13 | CTGAACAGGCCAXX
SEGQID NO: 14 | CTGAACAGGUCAXKXX

(6191} A summary of the experimental conditions is shown in FIG 188, Tested
conditions included 20°C vs 12°C splint ligation which were carried out overnight in a
thermocycler {no rotation). DS oligo annealing was performed using either a snap-cooling
protocol (incubation at 75°C, immediately transferred to ice) or slow anneahng (samples
mncubated at 75°C in a thermocycler, then teraperature was ramped down with a decrease rate
of 1°C/30s). gPCR measured capture and full-length oligo. Results are summarized i FIG.
18C which shows that there was about 10-20% less higation with redesigned 6 nucleotide p-
ohigo/splint. There was about 40-50% less higation with redesigned 4 nucleotide splint. From
results with the *6bp New 6bp-K splint’” shown in FIG. 18A which had the shortest 3" portion
of the splint of the splints tested, it was inferred that reducing the 3’ half of splint to just 6
nucleotides reduced ligation efficiency ~50%. Slow annealing had little effect on number of
full-length oligos. Adding mosine bases may not have improved higation efficiency. Replacing
bases with mosing may have reduced ligation efficiency. In semmary, redesigning splint
sequence and shortening the 5" end of the splint to & nucleotides and 4 nucleotides reduced
ligation efficiency, even when ligation was performed below the splint Tm. Adding mosines
o the 5° end of the splint did not improve higation efficiency. Replacing bases at the 5 end of

the splint with inosines reduced higation efficiency. Slow annealing was found to have httle

-45-



WO 2022/271954 PCT/US2022/034734

effect on ligation efficiency. A reduction in higation efficiencies in preparing beads-linked
indexed oligonucieotides with shorted linker sequences should Likely be outweighed by
increased efficiencies of sequencing workflows which include the use of linker sequences with

reduced lengths.

Example 10—Workflow for indexing with double-stranded splint ligation

[6192] An overview of indexing with double-stranded splint ligation i1s shown in
FIG. 19A and an example workflow is shown in FIG. 198, In the scheme depicted n FIG.
19A, annealing includes: 60°C for 3min, transfer to ice; the ligating includes: 1st ligation: O/N,
and 2nd ligation: Shrs; and the denaturing include 80°C for 2 min, remove buffer immediately.
The following summarizes steps for preparing a beadpool indexed by double-stranded splint
ligation.

Oligo preparation

Lyophiized olicos

If not in solution, suspend in RS1 {1x TE) to 100uM conceniration.

For Index A ohgos, prepare a 1uM working stock 1n a 96-well plate.

Recommended oligo storage @ 4C.

Dilute ds-SL olisos

Make fresh working dilutions day of bead pool prep.

index A: 96 DDTB Oligos index B: 24 Indices index C: 24 Indices
For 250aM dilution: For SuM dilotion: For SuM dilution:

756l Ix TE 28 50l Ix TE 28 5ul ix TE

2 5ul 1uM Working stock | 1.5ul 100uM stock 1.3ul 100uM stock

Starting M280 bead guantification

Thoroughly mix stock of M280 beads before
pipetting.

Make a 1000x dilution of MZ280 beads w/ TWEH
- 25x 50l M280 in 120ul. TWB
- 1000x: 4ul of 25x dilution in 136ul TWH

Measure beads/ull on Countess
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Beads/ul. 752,500
ug beads/ul. {(advertised) 10
Beads/ug (calc) 75,250
fmoles/mole LOGE+LS
molecules/mole 6.02E+23
Target molecules/bead (cale) 48,016

DDTB-olizo binding {96-plex)

Day 1

Take 12250k of 10mg/mL M280 streptavidin beads into a eppindorf tube.

Place on magnet and allow beads to peliet.

Remove and discard supernatant.

Wash bead pellet with 1000uL of TWEB Ix:

- Pipette 1000ul. TWR onio beads.

- Move tube back and jorth on magnet 8x so beads travel through the buffer

- Remove and discard supernatant

Resuspend beads in 1225ul. TWB. Transter to a trough.

Dhlute beads to 2. Smg/mL with 3675ul. of TWB. Pippet up and down to fully suspend beads.

Dhstribute 50ul. beads/well mto a 96 well plate.

Add indicated volume of a unique Index A oligo/well using a multi-P10. After addition to
each column, pipette 8x w/ mulii-P200.

Amount 250nM Index A/Well

Seal plate. Incubate at RT for 30min on rotator

Place saroples on a magnet and allow the beads to pellet.

Remove and discard supernatant.

Wash bead pellet with 100uL of TWEB 3x

Resuspend beads in 30ul of TWB/well.

Pool all beads in trough.

‘Wash plate where binding took place with 100ul. TWB

- Add TWR to wells in a single column. Pipette mix. Transfer wash io each column in plate.

Combine plate wash with pooled beads.
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Transfer beads to SmL tube.

1% splint Ligation {24-plex)

Prepare the following ligation MM:

TIG MM Per Index 24 Indicies
Reagent ix MM 24.5x MM
H20 §3.76 2101.0
10x E.coli Ligase
Buffer 9.44 2314
SM NaCl 2.40 58.8
Total volume 97.6 2391

Remove TWH from beads, add 2391ul. of LIG MM

Pipet to nux, transfer to trough

Dhstribute 97 66l beads/well into a new 96 well plate.

-~ Roughly split excess beads between wells.

Add the followmng amount of 5uM Index B oligo/well:

Amount SuM Index B/Well

Mix wells by pippette. Ensure beads are fully suspended.

Seal plate. Heat for 3m @ 60C then transfer o 1ce (~5 min).

To each well, add 10 4oL E coli ligase (10U/uL).

Mix by pippette. Ensure beads are fully suspended.

Seal plate. Incubate at RT on rotator ~15hrs

Bay 2

Inactivate ligase by adding 12ul. of 500mM EDTA/well (MgCI2 conc. ~8mM, final EDTA
conc. ~50mM).

Mix by pipetting.

Incubate at RT Smin to ensure all Mg is captured by EDTA.

Wash 2x with 100ul, TWE + 10mM EDTA

Wash Ix with 100uLl. TWEB buffer.

Add 100ul. TWE. Mix by pipette to fully suspend beads.

Seal plate. In thermocycler, heat at 80C for 2 mun.
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Remove TWEB as quickly as possible.

Wash 1x with 100ul TWB.

Resuspend beads in 100ull of TWHB/well.

Pool all beads in trough.

Wash plate where binding took place with 100ul. TWB

~ Add TWE towells in o single cohamn. Pipette nux. Transfer wash to each colwmn in
plate.

Combine wash with rest of pooled beads.

Transfer pooled beads to Sml tube.

224 enling Ligation (24-plex)

Prepare the following higation MM:

LIG MM Per Index Per Plate
Reagent Ix MM 24.5x MM
H20 83.76 2101.0
10x E.colr
Ligase Buffer 9.44 314
SM NaCl 2.40 58.8
Total volume 97.6 391

Remove TWEB from beads, add 239 1ul. of LIG MM

Pipet to mix, transfer to trough.

Distribute 97 6ull beads/well into a new 96 well plate.

- Roughly split excess beads between wells.

Add following amount of SuM Index B oligo/well:

Amount 5oM Index O/Well

Mix wells by pippette. Ensure beads are fully suspended.

Seal plate. Heat for 3m (@ 60C then transfer to ice (~5 min}.

To each well, add 10.4ul. E.coli ligase (10U/L).

Mix by pippette. Ensure beads are fully suspended.

Seal plate. Incubate at RT on rotator ~5hrs.
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Inactivate ligase by adding 120k of S00mM EDTA/well (MgCl2 cone. ~8mM, final EDTA
cone, ~S0mb).

Mix by pipetting.

Incubate at RT Smm to ensure all Mg 1s captured by EDTA.

Wash 2x with 160uL TWB + 10mM EDTA.

Wash 1x with 100ul TWB buffer.

Add 100ul. TWB. Mix by pipette to fully suspend beads.

Seal plate. In thermocycler, heat at 80C for 2 mun.

Remove TWB as quickly as possible.

Wash Tx with 100ul TWB.

Resuspend beads in 100ul. of TWB/well.

Pool all beads in trough.

Wash plate where binding took place with 100ul. TWEB

- Add TWB to wells in a single column. Pipette mix. Transfer wash io each column in
plate.

Combine wash with rest of pooled beads.

Transfer pooled beads to 1.Sml wbe.

Resuspend beadpool 1n 1.2mL of 300mM NaCl Wash Buffer (Final conc ~10mg/ml)

Final M2&80 bead quantification

Make a 1000x dilution of M280 w/
TWB

~ 25x: Sul. M280in 1200l TWB

- 1000x: 4ul. of 25x dilution n
1560l TWER

Measure beads/ul. on Countess

[0193] The following summarizes steps for a quantitative PCR {gPCR).

Prepare Sampie Dilutions:

Prepare 1000x dilution:
~ Add 3ol sample in 147ul. RSBT (50x).
- Add Sul of 30x dilution in 950l RSBT (1000x)
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- Use countess to measure bead count of 1000x gPCR dilution
{during/atter gPCR)

Preparine ¢ PCR Standard Curve:

Dilute 100uM std curve oligo to 1TuM in RSBT (Add 2ull in 198ul RSBT).

- Store 1uM stock (@ -20C for future use,

Dilute TuM std curve olige to 200M {Add 2ul. in 980l RSBT)

Prepare sid curve by performing six 10x serial dilutions of the 20nM oligo {(Std 1 = 2nM,
Std 2 = 0.20M, etc).

- 10ul previous dilution + 90ul RBST

Include a NTC in standard curve (8td 7)

Prepare gPCR plate -

Prepare gPCR MM (see below ).

Pippete MM up and down to prime tips, before adding 16ull to wells of 384-well gPCR
plate.

Add 4ul. sample to 16ul. of MM in gPCR plate. Pipette up and down 5x to mix.

Seal, vortex, and spin down gPCR plate at ~300rpm for ~3 sec (visually check there is no
hguid stuck to top/clear seal)

Run gPCR program below (1.5 hrs total)

- Denature: 95C for 3m

~ 30 Cycles: 95C for Ss, 55C for 30, plate read

- Melt Curve: 55 > 95(C

[0194] The term “comprising” as used herein 18 synonymous with “including,”

“contamning,” or “characterized by,” and 1s inclusive or open-ended and does not exclude

addiional, enrecited elements or method steps.

[8195] The above description discloses several methods and materials of the

present invention. This invention is susceptible to modifications in the methods and maternials,

as well as alterations m the fabrication methods and equipment.  Such modifications will

become apparent to those skilled in the art from a consideration of this disclosure or practice

of the invention disclosed herein. Consequently, it 13 not intended that this invention be himited
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to the specific embodiments disclosed herein, but that 1t cover all modifications and
alternatives coming within the true scope and spirit of the invention.

[8196] All references cited herein, including but not limited to published and
unpublished applications, patents, and literature references, are incorporated herein by
reference in their entirety and are hereby made a part of this specification. To the extent
publications and patenis or patent applications incorporated by reference contradict the
disclosure contained in the specification, the specification is intended to supersede and/or take

precedence over any such contradictory material,
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WHATIS CEAIMED IS:

I. A method of preparing a plurahity of combinatorally indexed beads,
comprising:

{a} obtamming a population of primary indexed beads comprising a first
polynuclestide comprising a first index, wherein the population of primary indexed
beads comprises a plurality of first subpopulations of indexed beads, wherein the first
subpopulations of indexed beads comprise a different first index from one another;

{b) splitting the population of primary indexed beads into a plurality of second
subpopulations of beads;

{c} obtaining a population of secondary indexed beads, comprising:

(1) extending the first polynucleotide of the plurality of second
subpopulations of beads with a second polynucleotide comprising a second
ndex to obtain second subpopulations of indexed beads, wherein the second
subpopulations of indexed beads comprise a different second index from ove
another, and

(11} combung the second subpopulations of mdexed beads 1o obtain
the population of secondary indexed beads; and optionally, further comprising:
{d) spliting the population of secondary indexed beads into a plurality of thud

subpopulations of beads; and

{e} obtaining a population of tertiary indexed beads, comprising:

() extending the second polynucleotide of the phuality of third
subpopulations of beads with a third polynucleotide comprising a third mdex to
obtain third subpopulations of indexed beads, wherein the third subpopulations
of indexed beads comprise a different third 1ndex from one another, and

{11} combimng the third subpopulations of indexed beads to obtan the
population of tertiary indexed beads.

2. The method of claim 1, wherein {¢) comprises extending the first

polynucleotide with the second polynuclestide by chemical Higation.

-~

3 The method of claim 2, wherein:
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the first polynuclectide comprises a terminal 3" modified deoxynucleotide
{dNTP) comprising a 3" functional mosety capable of participating in a click chemistry
reaction;

the second polynuclectide comprises a terminal 5" modified dNTP comprising
a compatible 5" functional motety capable of participating in a click chemistry reaction
with the 3’-functional moiety; and

the 3’ functional moiety and the 5" functional motety are capable of reacting
with one another to form a modified backbone linkage.

4, The method of claim 3, wherein the extending the first polynucleoiide with the
second polynucleotide obtains a secondary indexed polynucleotide, and the method further
comprises modifying the secondary indexed polynucleotide to obtain a modified
polynucleotide comprising a terminal 3’ modified deoxynucleotide (dNTP) comprising a 3
functional moiety capable of participating in a click chemistry reaction.

5. The method of claim 4, wherein the modifying comprises contacting the
secondary ndexed polynucleotide with a template independent polyroerase.

G. The method of claim S, wherein the template independent polvmerase 1s
selected from a termunal deoxynucleotidy] transferase (TdT), PolyA polymerase, or CCA-
adding RNA polymerase.

7 The method of clairn 6, wherein the template independent polymerase 15 TdT.

8. The method of any one of claims 3-7, further comprising extending the
modified polynuclectide with the third polynuclectide by a chemical Ligation reaction, wherein
the third polynucleotide comprises a terminal 5" modified dNTP comprising a compatible 57
functional motety capable of participating 1 a elick chemistry reaction with the 3" functional
motety.

9. The method of any one of claims 3-8, wherein the 3’ functional motety 13
selected from the group consisting of an azide, an alkynyl, an alkenyl, a thiol, and a nitrone.

10, The method of any one of claims 3-9, wherein the 5" functional motety 18
different from and compatible with the 3" functional moiety and is selected from the group
consisting of an azide, an alkynyl, an alkenyl, a thiol, and a nitrone

It The method of any one of ¢laims 3-10, wherein the 3’ functional moiety and the

5 functional moilety are selected from the following pairs: (1} 3"-azido/S"-alkvnyl, (i) 3-
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alkynyl/$’ azido; (111} 3-thiol/Salkynyl; (v} 3'-thiol/5-alkenyl; (v} 3-alkynyl/5'-thiol; {vi} 3
alkenyl/5"-thiol; (vi} 3%azido/S'-cyclooctynyl;, {vin} 3'-cyclooctyne/S'-azido;, (ix} 3'-
nitrone/S'-cyclooctynyl; and (x) 3'-cyclooctynyl/5'-nitrone.

12, The method of any one of claims 3-11, wherein the 3' functional moiety 153 3'-
azido and the ' functional motety is a 5™-alkynyl

13. The method of any one of claims 3-12, wherein the click chemistry reaction
comprises copper catalyzed aride-alkyne cycloaddition {CuAAC) to form a modified
backbone linkage comprising a triazolyl

14, The method of claim 1, wherein (¢} comprises extending the first
polynucleotide by polymerase extension, wherein the first polynucleotide comprises a first
linker.

15, The method of claim 14, further comprising;

{1} obtaining a first adaptor comprising a region capable of hybridizing to the
first linker and a region comprising the second mndex or complement of the second
index;

{11) hybridizing the first adaptor to the first Iinker; and

{11) extending the first polynucleotide to obtain a secondary mdexed
polyrucleotide.
i6. The method of claimn 14 or 15, wherein the first adaptor comprises a non-

7

extendable 3" end.

17. The method of claim 16, wherein the non-extendable 3" end comprises a 32
dideoxy nucleotide, or a €3 linker.

8. The method of any one of claims 14-17, further comprising removing the first
adaptor from the secondary indexed polynucleotide.

9. The method of claim 18, wherein the removing comprises denaturing the first
adaptor by heat or base, or degrading the first adaptor by enzymic degradation.

20. The method of any one of claims 14-19, whergin the first linker has a length
less than 10 consecutive nucleotides.

2% The method of any one of claims 14-20, wherein the first Hinker has a length

less than 5 consecutive nucleotides.
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22, The method of any one of claims 14-21, wherein (e} comprises extending the

second polvnucieotide by polymerase extension.

23, The method of any one of claims 15-22, wherein the first adaptor comprises a
complement of a second linker, such that the secondary indexed polynucieotide comprises the
second linker.

24 The method of claim 23, further comprising:

{1} obtaining a second adaptor comprising a region capable of hybridizing to
the second linker and a region comprising the third index or complement of the third
index;

{11) hybridizing the second adaptor to the second linker; and

{111) extending the secondary indexed polynuclectide to obtain a tertiary indexed
polynucleotide.

25. The method of claim 24, wherein the second adaptor comprises a non-
extendable 3" end.

26, The method of claim 25, wherein the non-extendable 3" end comprises a 372
dideoxy nucleotide, or a C3 linker.

27. The method of any one of claims 24-26, further comprising removing the
second adaptor from the tertiary indexed polynucleotide.

28. The method of claim 27, wherein the removing comprises denaturing the first
adaptor by heat or base, or degrading the first adaptor by enzymic degradation.

29, The method of any one of claims 23-28, wherein the second linker has a length
less than 10 consecutive nucleotides.

30. The method of any one of claims 23-29, wherein the second linker has a length
less than 5 consecutive nucleotides.

31, The method of claim 1, wherein {¢} comprises extending the first
polynuclestide with the second polynucieotide by ligation.

32. The method of claim 31, further comprising:

{1} obtaiming a double stranded first adaptor comprising the second
polynucleotide and a 3" single stranded overhang capable of hybridizing to a first inker

of the first polynucleotide;
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{11) hybridizing the first adaptor to the first linker, and optionally, hybridizing
an additional oligonucleotide to the first index; and

{111} higating the first polynucleotide to the second polynuclectide to obtain a
secondary indexed polynucleotide.

33 The method of claim 32, further comprising extending the second
polynucieotide with a third polynucleotide by ligation.

34 The method of claim 33, further comprising:

{1y obtaining a double stranded second adaptor comprising the third
polynucleotide and a 37 single stranded overhang capable of hybridizing to a second
linker of the second polynucleotide;

{11) hybridizing the second adaptor to the second linker; and

{111} ligating the second polynuclectide to the third polynucleotide to obtain a
tertiary indexed polynucleotide.

35, The method of any one of claims 31-34, wherein the ligation comprises use of
a ligase.

36. The method of any one of claims 31-34, wherein the ligation comprises a
chemical higation reaction,

37 The method of claim 1, wherein {¢) comprises extending the first
polynucleotide by higation, wheremn the first polynucleotide comprises a first linker, and the
second polynucieotide comprises a second hinker.

38 The method of claim 37, further comprising:

{1} obtaining a first adaptor comprising a region capable of hybridizing to the
first linker and a region capable of hybridizing to the second hinker;

{11) hybridizing the first adaptor to the first linker;

(11} hybridizing the second oligonucleotide to the region capable of hybridizing
1o the second hinker; and

{iv} ligating the first polynuclestide to the second polynuclectide to obtamn a
secondary indexed polymucleotide.

39, The method of claim 38, wherein the first linker and/or the second linker has a

length less than 10 consecutive nucleotides.
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40, The method of claim 39, wherein the first linker and/or the second linker has a
length less than § consecutive nuclectides.

41 The method of any one of claims 37-40, wherein the first linker and/or the
second linker is modified to have an increased Tw compared to an oligonucleotide having the
same length as the first adaptor.

42, The method of claim 41, wherein the first linker and/or the second linker
comprises an increased G/C content compared to the oligonucleotide having the same length,
or comprises modified nucleotides.

43. The method of any one of claims 37-42, further comprising removing the first
adaptor from the secondary indexed polynucleotide.

44, The method of claim 43, wherein the removing comprises denaturing the first
adaptor by heat or base, or degrading the first adaptor by enzymic degradation.

45, The method of any one of claims 37-44, wherein (e) comprises extending the
second polynucleotide by ligation, wherein the second oligonucleotide comprises a third linker,
such that the secondary indexed polynucleotide comprises the third linker, and wherein the
third polvoucleotide comprises a fourth linker.

46, The method of claim 43, further comprising:

{1) obtaining a second adaptor comprising a region capable of hybridizing to the
third hinker and a region capable of hybridizing to the fourth linker;

{11} hybridizing the second adaptor to the third binker;

{111} hybridizing the third polynucieotide to the second adaptor via the region
capable of hybridizing to the fourth index; and

(v} ligating the secondary indexed polvmuiclestide to the third polynucleotide

1o obiain a tertiary indexed polynucleotide.

47, The method of claim 46, wherein the third linker and/or the fourth linker has a
length tess than 9 consecutive nucleotides.

48, The method of claim 47, wherein the third linker and/or the fourth hinker has a
length less than 5 consecutive nucleotides.

49, The method of any one of claims 45-48, wherein the third linker and/or the
fourth linker 1s modified to have an increased Tw compared to an oligonucleotide having the

same length as the second adaptor.
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50. The method of claim 49, wherein the third linker and/or the fourth linker
comprises an increased (F/C content compared to the oligonucleotide having the same length,
or comprises modified nucleotides.

51 The method of any one of claims 46-50, further comprising removing the
second adaptor from the tertiary indexed polynucieotide.

52. The method of claim 51, wherein the removing comprises denaturing the first
adaptor by heat or base, or degrading the first adaptor by enzymic degradation.

53. The method of any one of claims 1-32, wherein {(a} comprises:

{1} atiaching the first polynucleotide to a plurality of first subpopulations of
beads to obtain the first subpopulations of indexed beads, wherein the first
polynucleotide comprises a different first index for each first subpopulation of beads;
and

{ity combining the first subpopulations of indexed beads to obtain the
population of primary indexed beads.

54, The method of claim 53, wherein the first polynucieotide 15 attached to a bead
via a first binding partner and a second binding partoer.

55, The method of claim 54, wherein the first binding partner or the second binding
partner 1s selected from the group consisting of biotin, streptavidin, a biotin derivative, a
streptavidin derivative, an antibody, and an antigen binding fragment of an antibody.

50, The method of any one of claims 1-55, further comprising repeating {d} and (e}
and adding additional indexes to indexed subpopulations of beads.

57. The method of any one of claims 1-56, wherein the first polynuclectide
comprises a primer binding site selected from the group consisting of a PS sequence, a PS’
sequence, P7 sequence, and P7' sequence.

58 The method of any one of claims 1-57, wherein the first index, the second index,
and/or the third index has a length less than 20 consecutive nucleotides.

59, The method of any one of claims 1-58, wherein the first index, the second index,
and/or the third index has a length less than 10 consecutive nucleotides.

&0, The method of any one of claims 1-59, wherein (b} comprises randomly

distributing the population of primary indexed beads into a plurality of compartments.
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61 The method of any one of claims 1-60, wherein {d} comprises randomly
distributing the population of secondary indexed beads into a plurality of comparimenis.

62. The method of claim 60 or 61, wherein the plurality of compartments comprise
a compartment selected from a well, a channel, or a droplet.

63. The method of any one of claims 1-62, wherein the plurality of combinatorially
indexed beads comprise magnetic beads.

64. The method of any one of claims 1-63, further comprising distributing the
plurality of combinatorially indexed beads on an array.

65, The method of any one of claims 1-64, further comprising sequencing the
combinatorially indexed beads on an array.

66. The method of claim 65, further comprising decoding the location of a bead of
the plurality of combinatorially indexed beads on an array based on the combinatorial indexes.

67. The method of any one of claims 1-66, wherein each bead of the plurality of
combinatorially indexed beads comprises a capture probe.

68. The method of claim 67, wherein the first polynucleotide, the second
polynucleotide or the third polynucleotide comprises the capture probe.

69 The method of any one of claims 1-68, further comprising hybudizing a
plurality of target nuclerc acid to the capture probes.

70. The method of claim 69, further comprising extending the capture probes.
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