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(57) Abstract: Methods of generating a nucleic acid
signature for identitying particles associated in a parti-
tion are provided. In one aspect, the method comprises:
partitioning a sample into a plurality of partitions com-
prising a particle comprising a solid support surface, the
solid support surface having a plurality of oligonuc-
leotide primers conjugated thereon, wherein the oligo-
nucleotide primers comprise a barcode sequence, and
wherein the partitions have 0, 1, or more than 1
particles per partition; providing in a partition a sub-
strate comprising a barcode sequence or repeating
clonal barcode sequences; and in the partition, associat-
ing a first particle conjugated to oligonucleotide
primers comprising a first barcode sequence and a
second particle conjugated to oligonucleotide primers
comprising a second barcode sequence to a barcode se-
quence from the substrate, thereby generating a nucleic
acid signature for the particles in the partition.
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5 MULTIPLE BEADS PER DROPLET RESOLUTION
CROSS-REFERENCE TO RELATED APPLICATIONS
{3601} This application claims priority to U.S. Provisional Application No. 62/276,392,
filed January 8, 2016, the content of which is incorporated herein in is entirety.
10

BACKGROUND OF THE INVENTION

{6802} Beads conjugated to oligonucleotides are used in microfluidic detection
applications such as high-throughput sequencing. In order to uniquely identify each partition,
the beads can be labeled with unique barcode sequences. However, in order to ensure that

15 partitions have only one bead and thus are uniguely labeled by the barcode, bead
concentrations are typically adjusted so that only about | out of 10 partitions are occupied by
a bead. This results in about 90% dead volume in the partiions, and imcreases the amount of

sample and reagents that 1s needed for detection of samples.

20 BRIEF SUMMARY OF THE INVENTION
[3003]  In one aspect, methods of generating a nucleic acid signature for identifying
particles associated in a partition are provided. In some embodiments, the method comprises:
{a) partitioning a sample mwto a plurality of partitions comprising a particle

comprising a solid support surface, the sohid support surface having a plurality of

b2
(V1

oligonucleotide primers conjugated thereon, wherein the oligonucleotide primers comprise a
barcode sequence and wherein at least a majority of the plurality of oligonucleotide primers
conjugated to a sohid support surface comprise the same barcode sequence, and wherein the
partitions have 0, 1, or move than 1 particles per partition;

(b} providing in 3 partition a substrate comprising a barcode sequence or
30 repeating clonal barcode sequences; and
{c) in the partition, associating a first particle conjugated to oligonucleotide

primers comprising a first barcode sequence and a second particle conjugated to
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oligonuclestide primers comprising a second barcode sequence to a barcode sequence from

the substrate; thereby generating a nucleic acid signature for the particles in the partition.

[0804] In some embodiments, the providing step comprises releasing the barcode sequence
or the repeating clonal barcode sequences from the substrate. In some embodiments, the
substrate comprising repeating clonal barcode sequences comprises tandem repeating clonal
barcode sequences that are separated by a cleavable hinker. In some embodiments, the
releasing step comprises cleaving the substrate at the cleavable hinker. In some embodiments,
the cleavable linker is a restriction enzyme recognition site, a undine incorporated site, or a

photocleavable nucleotide.

(6805} In some embodiments, the substrate comprsing the barcode sequence or repeating
clonal barcode sequences is a droplet encapsulating the repeating clonal barcode sequences
.and the providing step comprises releasing the barcode sequence or the repeating clonal
harcode sequences from the substrate. In some embodiments, the releasing step comprises

breaking the droplet.

{0806} In some embodiments, the substrate barcode sequence or repeating clonal barcode
sequences compiise DNA, RNA, or a BNA/RNA hvbrid. In some embodiments, the substraie
barcode sequence or repeating clonal barcode sequences are single-stranded {¢.g., single-
stranded DNA or RNA). In some embodiments, the substrate barcode sequence or repeating
clonal barcode sequences are double-stranded (e.g.. double-stranded DNA, RNA, or
DNA/RNA hybrid}. In some embodiments, the substrate barcode sequence is a contiguity

preserved tagmented polynucleotide sequence.

{6807} In some embodiments, the substrate comprises repeating clonal barcode sequences.
In some embodiments, the substrate comprising the repeating clonal barcode sequences is a
hairpin molecule. In some embodiments, the substrate comprising the repeating clonal
barcode sequences s a linear polynucleotide substrate. In some embodiments, the substrate
comprising the repeating clonal barcode sequences is a circular polynucleotide substrate. In
some embodiments, the circular polyvnucieotide substrate 1s a plasmid, a DNA nanoball, ora

multiple displacement amplified branched substrate.

[B808] In some embodiments, the barcode sequence or repeating barcode sequence of the
substrate has a length of at least 6 nucleotides. In some embodiments, the repeating clonal
barcode sequences comprise at least 2, at least 5, at least 10, at least 50, or at least 100 repeats

of the clonal barcode sequence.
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36091  In some embodiments, the substrate comprises a single barcods sequence. In some
embodiments, the associating step comprises (1) annealing an oligonucieotide primer of the
first particle to the substrate barcode sequence and exiending the anncaled product with a

polvmerase, and (2) anncaling an oligonucleotide primer of the second particle to the

(]

substrate barcode sequence and extending the annealed product with the polyvmerase.

[30816] In some embodiments, the providing step comprises providing in a partition a
plurality of substrates comprising a barcode sequence or repeating clonal barcode sequences,
wherein the plurality of substrates comprise distinguishable barcode sequences. In some
embodiments, the providing step comprises providing at feast 10, at feast 20, at least 30, at
10 least 40, at least 50, at least 100, or at least 200 substrates comprising a barcode sequence or

repeating barcode sequence.

[B811] In some embodiments, the partitions have an average of at least about 0.5, 0.6, 0.7,
0.8,09,1,15,2 235, 3 or morg particles per partition. In some embodiments, the partitions
are droplets. In some embodiments, the partitions have an average of about 1 particle per

I35  partition. In some embodiments, the partitions have an average of about 2 particles per
partition. In some embodiments, the partitions have an average of about 3 particles per

partition.

[B812] In some embodiments, the associating step comprises associating (1) the first
particle conjugated to oligonuclestide primers comprising the first barcode sequence with a
20 first substrate barcode sequence, and (2) the second particle conjugated to ohigonucleotide
primers comprising the second barcode sequence with a second substrate barcode sequence.
In some embodiments, the associating step the associating step comprises annealing the first
substrate barcode sequence to an oligonucleotide primer of the first particle and the second
substrate barcode sequence to an oligonucleotide primer of the second particle and extending

25  the anncaled products with a polvmerase.

16013] o some embodiments, the associating step comprises at {cast 1 cvcle of anncaling
and extension. In some embodiments, the associating step comprises at least 3, at least 10, at
least 15, at least 20, at least 25, at least 30, at least 35, or at least 40 cycles of anmealing and

exiension.

3¢ [8614] In some embodiments, the first substrate barcode sequence and the second substrate
barcode sequence are from different substrates. In some embodiment, the first substrate

barcode sequence and the second substrate barcode sequence are from the same substrate.
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36151  In some embodiments, the associating step comprises ligating a substrate barcode
sequence to both an ohigonmucleotide primer of the first particle and an oligonucleotide primer

of the sccond particle.

{6816} In some embodiments, the sample comprises a target nucleic acid. In some
5 cmbodiments, the sample comprising a target nucleic acid comprises a cell containing the

target nucleic acid.

16017] o another aspect, a plurality of partitions generated according to the methods

described herein are provided.

{6818} In ancther aspect, partition libraries are provided. In some embodiments, the

10 partition library comprises two or more partitions, wherein at least some partitions comprise
at least a first particle conjugated to oligonuclestide primers comprising a first barcode
sequence and a second particle conjugated to oligonuclectide prnimers comprising a second
harcode scquence, and further comprise a substrate comprising a barcode scquence or

repeating clonal barcode sequences.

15 [0819] In some embodiments, the substrate comprises a single barcode sequence. In some
embodiments, the substrate comprises repeating clonal barcode sequences. In some
embodiments, the substrate comprising the repeating clonal barcode sequences comprises
tandem repeating clonal barcode sequences that are separated by a cleavable linker. In some
embodiments, the substrate comprising the tandem repeating clonal barcode sequences is a

20 hairpin molecule. In some embodiments, the substrate comprising the tandem repeating
clonal barcode sequences 1s a tinear polyvnucleotide substrate. In some embodiments, the
substrate comprising the tandem repeating clonal barcode sequences is a circular
polynucleotide substrate. In some embodiments, the substrate comprising the repeating clonal

barcode sequences is a droplet encapsulating the repeating clonal barcode sequences.

25 [6628] Insome embodiments, the first substrate barcode secquence and the second substrate
barcode sequence are distinguishable sequences. In some embodiments, the first substrate

barcode sequence and the second substrate barcode sequence are identical sequences.

38211 In some embodiments, the partition library comprises a plurality of substrates

comprising a barcode sequence or repeating clonal barcode sequences, whergin the plurality

LN
<o

of substrates comprise distinguishable barcode sequences.
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36221  In some embodiments, the partition library comprises two or more partitions,
wherein at least some partitions comprise at least a first particle conjugated to cligonucleotide
primers comprising a first barcode sequence and a second particle conjugated to
oligonucleotide primers comprising a second barcode scquence, and further comprise at least
one substrate barcode sequence associated with the first particle and the second particle.
some embodiments, at feast some partitions comprise a first substrate barcode sequence
associated with the first particle conjugated to oligonucicotide primers comprising the first
barcode sequence and a second substrate barcode sequence associated with the second
particle conjugated to oligonuclestide primers comprising the second barcode sequence. In
some embodiments, the first substrate barcode sequence and the second substrate barcode
sequence are distinguishable sequences. In some embodiments, the first substrate barcode
sequence and the second substrate barcode sequence are identical sequences. In some
embodiments, at least some partitions comprise a substrate barcode sequence higated to both
an oligonucleotide primer of the first particle and to an oligonucleotide primer of the sccond

particle.

{6623}  In some embodiments, a partition library comprises at least 300, at least 1600, at
least 10,000, at east 50,000, or at least 100,000 partitions. In some embodiments, the
partitions comprise droplets. In some embodiments, the partitions have an average of at least

about 0.5,0.6,07, 068,09, 1, 15,2 2.5 3 or more particles per partition.

DEFINITIONS

362417  Unless defined otherwise, all techmical and scientific terms used herein generally
have the same meaning as commonly understood by one of ordinary skill in the art to which
this mnvention belongs. Generally, the nomenclature used herein and the laboratory
procedures in cell culture, molecular genetics, organic chenustry, analvtical chemistry, and
nucleic acid chemistry and hybridization described below are those well-known and
commonly employed in the art. Standard techniques arc used for nucleic acid and pepiide
synthesis. The techniques and procedures are generally performed according to conventional
methods in the art and various general references (see generally, Sambrook ef @,
MOLECULAR CLONING: A LABORATORY MANUAL, 2d ed. (1989) Cold Spring
Harbor Laboratory Press, Cold Spring Harbor, N.Y ., which is incorporated herein by

reterence), which are provided throughout this document.

(V]
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16625] The term "amplification reaction” refers to any in vitro method for multiplying the
copies of a target sequence of nucleic acid in a linear or exponential manuner. Such methods
mclude, but are not limited to, polymerase cham reaction (PCR); DNA ligase chain reaction
(LCR}); QBeta RNA replicase and RNA transcription-based amplification reactions {e.g.,
amplification that involves T7, T3, or SP6 primed RNA polymerization}, such as the
transcription amplification system (TAS), mucleic acid sequence based amplification
(NASBA), and self-sustained sequence replication (38R} single-primer 1sothermal
amplification (SPIA), loop mediated isothermal amplification (LAMP), strand displacement
amplification (SDA)Y: multiple displacement amplification (MDA} rolling circle
amplification (RCA); as well as others known to those of skill in the art. See, e.g., Fakruddin

ctal., J Pharm Bioaliied Sci. 2013 5(43:243-252.

[6026] "Amplifving" refers to a step of submitting a solution to conditions sufficient to
allow for amplification of a polynucleotide if all of the components of the reaction are ntact.
Components of an amplification reaction include, e. g, primers, a polynucleotide template,
polymerase, nucleotides, and the like. The term "amplifying” typically refers to an
"exponential” increase in target nucleic acid. However, "amplifying” as used herein can also
reter to hinear increases in the numbers of a select target sequence of nucleic acid, such as is

obtained with cvcle sequencing or linear amplification.

[3027] "Polymerase chain reaction” or "PCR" refers to a method whereby a specific
segment or subsequence of a target double-stranded DNA | 1s amplified in a geometric
progression. PCR is well known to those of skall in the art; see, e.g., U.S. Pat. Nos. 4,683,195
and 4,683.202; and PCR Protocols: A Guide to Methods and Applications, Innis ot al., eds,
1990, Exemplary PCR reaction conditions tvpically comprise either two or three step cveles.
Two step cycles have a denaturation step followed by a hybridization/clongation step. Three
step cycles comprise a denaturation step followed by a hvbridization step followed by a

scparate clongation step.

10628] A "primer" refers to a polynucleotide sequence that hybridizes to a sequence on a
target nucleic acid and serves as a point of inttiation of nucleic acid synthesis. Primers can be
of a variety of lengths. In some embodiments, a primer 18 less than 50 nucleotides in length,
¢.g., from about 10 to about 40, from about 15 to about 40, or from about 15 to about 30
oucleotides 1o length. The length and sequences of primers for use m an amphification

reaction {¢.g., PCR) can be designed based on principles known to those of skill m the art;

G
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see, e.g., PCR Protocols: A Guide to Methods and Applications, Innis et al | eds, 1990, In
some embodiments, a primer comprises one or more modified or non-natural nucleotide

bases. In some embodiments, a primer comprises a label {e.g., a detectable label).

[6829] A nucleic acid, or portion thereof, "hybnidizes” to ancther nucleic acid under
conditions such that non-specific hvbridization is minumal at a defined temperature in a
physiological butfer. In some cases, a nucleic acid, or portion thercof, hybnidizes to a
conserved sequence shared among a group of target nucleic acids. In some cases, a primer,
or portion thereof, can hybridize to a prmer binding site if there are at least about 6, 8, 10,

2, 14, 16, or 18 contiguous complementary nucleotides, including "universal” nucieotides
that are complementary to more than one nucleotide partner. Alternatively, a primer, or
portion thereof, can hybridize to a primer binding site if there are fewerthan 1 or 2
complementanty mismatches over at least about 12, 14, 16, or 18 contiguous complementary
nucleotides. In some embodiments, the defined temperature at which specific hybnidization
occurs 18 room temperature. In some embodiments, the defined temperature at which specific
hvbridization occurs is higher than room temperature. In some cmbodiments, the defined
temperature at which specific hybridization occurs is at least about 37, 40, 42, 45, 50, 55, 60,

65,70, 75, or 80°C.

[B630] As used herein, "nucleic acid” refers to DNA, RNA, single-stranded, double-
stranded, or more highly aggregated hvbridization motifs, and any chemical modifications
thereof. Modifications include, but are not hnnted to, those providing chemical groups that
mcorporate additional charge, polarizability, hyvdrogen bonding, electrostatic interaction,
points of attachment and functionality to the nucleic acid ligand bases or to the nucleic acid
ligand as a whole. Such modifications include, but are not imited to, peptide nucleic acids
(PN As}, phosphodiester group modifications {e.g., phosphorothioates, methylphosphonates),

2'-posttion sugar modifications, 5-position pyrimidine modifications, §-position purine
modifications, modifications at exocyelic amines, substitution of 4-thicuridme, substifution of
S-bromo or S-iodo-uracil; backbone modifications, methylations, unusual base-pairing
combinations such ag the isobases, isocytiding and isoguanidine and the hke. Nucleic acids
can also include non-natural bases, such as, for example, nitroindole. Modifications can also

mclude 3' and 3' moditications mcluding but not himited to capping with a fluorophore (e.g.,

quantum dot} or ancther moiety.
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13631] As used hercin, the term "partitioning” or "partitioned” refers to separating a sample
mnto a plurality of portions, or "partitions.” Partitions can be solid or flnd. I some
cmbodiments, a partition is a solid partition, e.g., a microchanne}. In somc embodiments, a
partition 1§ a fluid partition, e.g., a droplet. In some embodiments, a fhnd partition (e.g., a
droplet} 1s a mixtare of enmiscible fluids (e. g, water and oil). In some embodiments, a fluid
partition {e.g., a droplet} is an aqueous droplet that is surrounded by an immiscible carrier

fluid (e.g., oil}.

10632}  As used herein, a "barcode” 15 a short nacleotide sequence {e.g., at least about 4, 6,
8, 10, 12, or 14 nucleotides long) that identifics a molecule to which it is conjugated. In some
embodiments, a barcode 18 used 1o identify molecules in a partition. Such a partition-specific
barcode should be unique for that partition as compared to barcodes present in other
partitions. For example, partitions containing target RNA from single cells can subject to
reverse transcription conditions using primers that contain a ditferent partition-specific
barcode sequence in each partition, thus incorporating a copy of a unigue "cellular barcode”
into the reverse transcnbed nucleic acids of each partition. Thas, nucleic acid from each cell
can be distinguished from nucleic acid of other cells due to the vnigque "cellular barcode.” In
some embodiments, a barcode is present on oligonucleotides conpugated to a particle, wherein
the "particle barcode” s shared by {(e.g., identical or substantially identical amongst} all, or

substantially all, of the oligonucleotides conjugated to that particle.

36331 In some embodiments, a barcode 15 provided in a substrate. In some embodiments, a
substrate comprises a single barcode sequence. In some embodiments, a substrate comprises
repeating clonal barcode scquences. As used hercin, a "substrate comprising repeating clonal
barcode sequences” refers to a composition that contains a plurality of identical barcode
sequences that are physically connected to each other (e.g., 1n 3 hairpin molecule, a linear
oucleic acid polymer, or a circular nucleic acid polvmer as tanden repeating barcode
sequences separated by a cleavable Iinker between each repeating sequence) or that are
sequestered from other components when delivered to a partition {e.g., encapsulated within a
droplet that is delivered to a partition). In some embodiments, individual barcode sequences
are released from the substrate or released from a repeating clonal barcode sequence (e.g.,
released from the hairpin, inear nucleic acid polymer, or circular nucleic acid polymer by
cleaving the polvmer at the cleavable linkers, or released from the droplet by breaking the

droplet) 1n a partition, and are associated with a particle in the partition, for example, by
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annealing the clonal barcode sequence to an oligonucleotide on the partition or by ligating the

clonal barcode sequence to an oligonucleotide on the partition.

[0834] As used herein, the term "nucleic acid signature™ refers to a umque combination of
muitiple distinguishable barcodes that is associated with a partition or a combination of

5 particles within a partition. In some embodiments, a nucleic acid signature 1s used to identify
a partition associated with a target nucleic acid (¢.g., in a sequencing read, to wdentify the

partition from which a sequenced target nucleic acid onginated).

BRIEF DESCRIPTION OF THE DRAWINGS

10 [6635] ¥FIG. 1A-C. Schematic depicting an exemplary process of generating a nucleic acid
signature for particles in partitions. (A} A first partition {"Drop 1"} comprises two particles
("bead1" and "bead2") with oligonucleotides conpugated fo the particles, each particle having
a distinguishable barcode on its oligonucieotides ("bel” and "be2," respectively). The first
partition further comprises two substrates comprising repeating clonal barcode sequences in

15 the form of hairpin oligos, cach substrate having a distinguishable barcode (barcode "5" in
red, and barcode "6" in purple). A second partition ("Drop 2") comprises two particles

("bead3"™ and "bead4") with oligonucleotides conjugated to the particles, each particle having
a distinguishable barcode ("be3" and "bed,” respectively}. The second partition further
comprises two substrates comprising repeating clonal barcode sequences in the form of

20 bhairpin oligos, cach substrate having a distinguishable barcode (barcode "7" in blue, and
barcode "8" in green). Fach partition further comprises one target molecule per partition. The
cleavable linkers in the hairpin oligos are cleaved, releasing the individaal clonal barcode
sequences in the partition. {(B) The partitions are subjected to denaturation conditions that
denature the double-stranded clonal barcode sequences into single-stranded clonal barcode

25 sequences. After an annealing and extension reaction, different combinations of clonal
barcode sequences associated with particle-conjugated oligonucleotides are possible in cach
partition. {C) The combinations of the clonal barcode associated with particle-conjugated
oligonucleotides vicld a nucleic acid signature for each partition. For Drop 1, bead barcodes |

and 2 will only appear with clonal barcode sequences 5 and 6. For Drop 2, bead barcodes 3

LN
<o

and 4 will only appear with clonal barcode sequences 7 and 8. In sequencing reads, the
presence of a nucleic acid signature associated with a particular partition will indicate the

partition from which a target molecule origmated.
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363617 FIG. 2. Substrates comprising repeating clonal barcode sequences can be circular
substrates, including single stranded nucleic acid polymers (RNA, DNA, or a mixture
thercot) and double stranded nucleic acid polvmers (RNA, DNA, or a mixture thercof). The
oligonucleotides conjugated to the particles and the substrate barcode sequences comprise
umiversal tag sequences (tag B, tag C) for hybndizing the substrate barcode sequences to the

particle-conjugated oligonucleotides.

36377 FIG. 3. Substrates comprising repeating clonal barcode sequences can be lincar
substrates, including single stranded nucleic acid polymers (RNA, DNA, or a mixture

thereof) and double stranded nucleic acid polymers (RNA, DNA| or a mixture thercot).

DETAILED DESCRIPTION OF THE INVENTION
I Introduction
10638} Described hercin are methods, compositions, and kits for generating a nucleic acid
signature for identifying particles that are associated with cach other in a partition. Ina
partition comprising two or more particles conjugated to barcode sequence-contaiming
oligonucleotide primers {(e.g., partitions comprising two particles or partitions comprising
three particles), one or more additional barcode sequences are introduced into the partition
that are distinct from the barcodes of the oligonucleotide primers conjugated to the particles.
In some embodiments, the additional barcode sequences are mtroduced into a partition in a
substrate. The substrate barcode sequences are associated with the oligonucleotide primers
(c.g., in annealing and extension reactions, ligation, or amplification reactions}) to gencrate a
combination of barcode sequences that is unigue to the particles in that partition. This unigue
combination of barcodes for the particles m a partition 1s a "nucleic acid signature” that

identifies the particles as originating from a specific partition.

36391 Nucleic acid signatures for partitions can be used, e g, for deconvoluting data from
a pool of partitions. For example, in some embodiments, the contents of multiple partitions
are pooled for detection (c.g., by sequencing), and the nucleic acid signature can be used to
deconvolute the sequencing data in order to identify the specific partition from which a target

nucleic acid onginated.

[3840] The methods, compositions, kits, and partition libraries described herein can be
used, ¢.g., for increasing the rate of socupancy for partitions loaded with particles. Ag

described herein, the use of two or three particles per partition on average increases particie

16
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occupancy from about 10% to about 85% or 95%, thereby drastically minimizing the dead

volume of partitions and improving the efficiency of partition-based reactions.

. Methods of Generating a Nucleic Acid Signatures for Particles in a Partition

13641] In onc aspect, methods of generating a nucleie acid signatare for identifying

A

particles associated in a partition are provided. In some embodiments, the method comprises:

{a} partitioning a sample into a plurality of partitions comprising a particle
comprising a solid support surface, the sohid support surface having a plurality of
oligonucleotide primers conjugated thereon, wherein the oligonucleotide primers comprise a
barcode sequence and wherein at least a majority of the plurality of cligonuclestide primers

10 conjugated to a solid support surface comprise the same barcode sequence, and wherein the
partitions have 0, 1, or more than | particles per partition;

{b} providing in a partition a substrate comprising a barcode sequence or
repeating clonal barcode sequences; and

{c} in the partition, associating a first particle conjugated to oligonucleotide

15  pumers comprising a first barcode sequence and a second particle conjugated to
oligonucleotide primers comprising a second barcode sequence to a clonal barcode sequence;

thereby generating a nucleic acid signature for the particles n the partition.

[6642} In some embodiments, the sample to be partitioned comprises one or more target
nucleic acids. In some embodiments, the sample 1o be partitioned comprises one or more

20 target nucleic acids and further comprises particles conjugated 1o the oligonucleotide primers
and/or substrates comprising repeating clonal barcode sequences.
Samples

(6643} In some embodiments, the method comprises partitioning a sample compriging one

or more target nucleic acids into a plurality of partitions. In some embodiments, the sample

b2
(V1

comprising target nucleic acids comprises BNA, RNA, or a combination or hyvbrid thereof. In
some embodiments, the sample comprising target nucleic acids comprises genomic DNA or
DNA from a subsct of a genome {¢.g., selected genes that mav harbor mutations for a
particular population, such as individuals who are predisposed for a particular type of
cancer). In some embodiments, the sample comprising target nucleic acids comprises cDNA.
30 In some embodiments, the sample comprising target nucleic acids comprises exome DNA
{(i.c., a subset of whole genomic BDNA enriched for transcnbed sequences which contains the

set of exons in a genome) or transcriptome DNA (1.¢.. the sct of all mRNA or "transcripts”

11
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produced in a cell or population of cells). In some embodiments, the sample comprising
target nucleic acids comprises long fragment DNA {¢.g., DNA having a length of at least
about 300, 400, 500, 600, 700, 800, 1000, or more bases, or base pairs for double-stranded
DNA). In some embodiments, the sample comprising target nucleic acids comprises RNA,
c.g., mRNA or IneRNA. In some embodiments, the target nacleic acids are double stranded.
In some embodiments, the target nucleic acids are single stranded. In some embodiments, the

sample comprises target nucleic acids 1solated from tissue, cells, or a single-cell sample.

10844}  In some embodiments, the sample comprising target nucleic acids is a biological
sample. Biological saraples can be obtained from any biclogical organism, ¢.2., an animal,
plant, fungus, pathogen {¢.g., bacteria or virus), or anv other organism. In some
crabodiments. the biological sample is from an animal, e.g., a mammal {¢.g., ahuman or a
non-human primate, a cow, horse, pig, sheep, cat. dog, mouse, or rat), a bird {e.g., chicken),
or a fish. A biological sample can be anv fissue or bodily fluid obtained from the biological
organism, e.g., blood, a blood fraction, or a blood product {e.g., serum, plasma, platelets, red
blood cells, and the like). sputum or saliva, tissue (e.g., kidoey, lung, liver, heart, brain,
nervous tissue, thyroid, eve, skeletal muscle, cartilage, or bone tissue); cultured cells, ez,
primary cultures, explants, and transformed cells, stem cells, stool, urme, etc. In some
cmbodiments, the sample 1s a sample comprising cells. In some embodiments, the sample is a

single-cell sample.

38457  In some embodiments, the methods described herein are used for single cell
analysis. Accordingly, in some embodiments, target nucleic acids from a single cell are
partitioned into a plurality of partitions. In some embodiments, target nucleic acids from a
biological sample containing a plurality of cells are extracted and partitioned such that

mdividual partitions contaim nucleic acid from less than one, one, or a plurality of cells.
Furticles Conjugated to Oligonucientide Primers

[0646] In some embodiments, particles that are conjugated to barcode-labeled
oligonucleotide primers are used in the methods, partition libraries, and kits described herein.
In some embodiments, the particle comprises a solid support surface having a plurality of
oligonucleotide primers conjugated thercon. In some embodiments, the particle comprises at
least about 10, 50, 100, 500, 1000, 5000, 10,000, 30,000, 100,000, 360,000, 1,000,000,

5,000,000, 10,000,000 or more oligonucleotide primers conjugated thereto. In some
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embodiments, the oligonucleotide primers are double stranded. In some embodiments, the

oligonuclestide primers are single stranded.

[0847} In some embodiments, the oligonucleotide primers comprise a barcode sequence,
wherein at least 3 majority, substantially all, or all of the phirality of oligonucleotide primers
comjugated to a solid support surface comprise the same barcode sequence. In some
embodiments, the barcode is a sequence of about 6 to about 20 nucleotides, ¢.g., about 6-16,
about 6-14, about 8-20, about 8-18, about 10-20, about 10-18, or about 12-20 nucleotides. In
some embodiments, the barcode is a sequence of at least about 10 nucleotides. In some
embodiments, the oligonucleotide primers conjugated to a particular particle comprise a
barcode sequence that is the same or substantiaily the same among the plurality of
oligonucleotides on a particle, but unigue or substantially unigue as compared to the plurality

of ohigonucleotides on other paiticies.

[3848]  In some embodiments, the oligonucleotide primers comprise a "tag” portion. In
some embodiments, the tag portion provides a functionality to be used for downstream steps.
For example, n some embodiments, the tag portion comprises a universal sequence that is
common to all or substantially all cligonucleotide primers on all particles. In some
crabodiments. the tag portion comprises a pnmer for use in a downstream armaplification step.
In some embodiments, the tag portion comprises a sequence or a partial sequence of a
sequencing adapter, ¢.g., a RD1 sequence from the P35 adapter (IHuminay}, or a sequence
complementary to the adapter sequence or portion of the adapter sequence (e.g., RTH
sequenee). In some embodiments, the tag portion is at the 5' end of the chigonucleotide

primer.

{6849} In some embodiments, the oligonucleotide primers comprise a random sequence

portion. In some embodiments, the random sequence portion of an oligonucleotide primer is
used for hybridizing to a target nucleic acid or a clonal barcode sequence and/oris used as a
primer in a downstream primer extension step. In some embodiments, the random sequence
portion 1S a sequence of at least about 5, 10, 15 or more nucleotides, e.g., about 6-%, about 6-

10, or about 5-15 nucleotides.

[B053]  In some embodiments, the oligonucleotide primers comprise a poly-thymine region.
In some embodiments, the polv-thymine region comprses from about 15 to about 20, or from
about 15 to about 35 thynmine nucleotides. In some embodiments, the poly-thymine region is

at the 3' end of the oligomucleotide primer.
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36511  In some embodiments, the plurality of oligonucleotide primers are conjugated to the
solid support surface of the particle at the 5' end of the oligonucleotide primer. In some
embodiments, the oligonucleotide primers comprise a barcode sequence portion in the middle
portion of the oligonuclectide primer and a 3' end that is available for ligation and/or

extension by a polvmerase.

[B8521 Sohd supports surtable for attaching oligonucleotides thereto mcelude controlled
pore glass (CPG) (available from Glen Research, Sterling, Va)), oxalyl-controlled pore glass
(See, e.g., Alal, et al., Nucleic Acids Rescarch 1991, 19, 1527}, TentaGel Support--an
aminopolvethyleneglveol dervatized support (See, e.g., Wright, ef o/, Tetrahedron Letters
1993, 34, 3373), polystyrene, Porvos--a copolymer of polystyrene/divinylbenzene, or
reversibly cross-linked acrviamide. Many other solid sapporis are commercially available

and amenable to use in attaching oligonucleotides thereto.

{36531  In some embodiments, a solid support is coated with a material fo aid in the
attachment of an oligonucleotide primer to the surface. Exemplary surface coatings include,

but are not limited to metals such as gold, silver, steel, aluminum, silicon, and copper.

{6854} In some embodiments, the solid support is a bead (¢.g, silica gel, glass {c.g ,
controlled pore glass), magnetic bead, plastic, metal, polvstyrene, or polymer bead). In some
embodiments, the bead has a size of about | wm to about 100 wm m diameter. Bead diameters
may be selected based on the sizes of the partitions {e.g., the sizes of microfluidic channels or

droplets as discussed herein).

[0855} Particles comprising oligonucleotides conjugated to a solid support surface,
including barcode-labeled oligonucleotides, and methods of making such particles, are known
i the art. Sce, ¢.g., US 6,133.436; US 2011/0028334; and International Application No.

PCT/US2015/037525, incorporated by reference herem.
Substrates Comprising Barcode Sequences

[0856] Insome embodiments, sabstrates comprising a barcode sequence or repeating clonal
barcode sequences are provided. In some embodiments, a substrate comprises a single
barcode sequence (i.¢., does not comprise repeating clonal barcode sequences). In some
embodiments, the substrate comprising the single barcode sequence is a hairpin molecule. In
some embodiments, the substrate comprising the single barcede sequence is a lingar

polynucleotide substrate. In some embodiments, the substrate comprising the single barcode
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sequence 18 a circular polynucleotide substrate. In some embodiments, the substrate

comprising the single barcode sequence is encapsulated in a droplet.

[0857} Insome embodiments, a substrate comprises repeating clonal barcode sequences.
Ag used herein, a "substrate comprising repeating clonal barcode sequences” refers to a
composition that contains a plurality of identical "clonal” barcode scquences that are either
phvsically connected to each other (¢.g., in a hairpin molecule, in a hinear nucleic acid
polymer, or in a circular nucleic acid polymer as tandem repeating barcode sequences) or that
are sequestered from other components when delivered to a partition {¢.g., encapsulated
within a droplet that is delivered to a partition). o some embodiments, the clonal barcode
sequences are not avallable o associate with oligonucleotide primers of particles in a
partition without first being released from the physical connection or sequestration. In some
crobodiments, a plurality of substrates {¢.g.. a plurality of hairpin molecules, lincar nucleic
acid polymers, circular nucleic acid polymers, or droplets) are delivered to a partition. For
example, in some embodiments, a partition comprises at feast about 5, 10, 15, 20, 25, 30, 35,
40, 50. 60, 70. 80, 90, 100, 110, 120, 130. 140, 130, 160, 170, 180, 190, 200 or more

substrates.

[6858] In some embodiments, a substrate barcode sequence has a length of at least 6
nucleotides. In some embodiments, the substrate barcode sequence has a length of at least
about 6, 7,8, 9,10, 11, 12,13, 14, 15,16, 17, 18, 19, 20, 21, 22, 23, 24 or 25 nucleotides. In
some embodiments, the substrate barcode sequence has a length of about 6 to about 23

nucleotides.

{0859} In some embodiments, the clonal barcode sequences from a particular substrate
comprise a region of nucleotide sequence that is a unique identifier sequence for all of the
clonal barcode sequences from that substrate, and the clonal barcode sequences further
comprise a poly-thymine region and/or a poly-adenine region flanking the region of unique
identifier sequence. In some embodiments, a poly-adenine region or poly-thymine comprises
from about 15 to about 20, or from about 15 to about 35 thymine noclestides. In some
embodiments, a poly-adenine region of a clonal barcode sequence is used for hvbridizing the
clonal barcode sequence to an oligonucleotide primer at a poly-thymine region of the

oligonucleotide primer. Seg, eg., Figure 1.

[B866] In some embodiments, a barcode sequence or clonal barcode sequences from a

particular substrate comprise a region of nucleotide sequence that 1s a unique wWentifier
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sequence for all of the clonal barcode sequences from that substrate, and further comprise one
or more universal tag sequences. In some embodiments, the universal tag sequence 1s used for

hybridizing the substrate barcode sequence to an oligonuclectide conjugated to a particle.

{6861} In some embodiments, a substrate barcode sequence is a contiguity preserved
tagmented polynucleotide (e.g., DNA) sequence. In contiguity preserved transposition or
tagmentation, a tagmentase or transposase {(e.g., TnS transposase) 1s used to modity DNA
with adaptor sequences while maintaining contiguity of DNA segments. The DNA can also
be labeled or modified with barcode or index sequences. Methods of preparing contiguity
preserved tagmented polvnucicotide scquences are known. See, ¢.g., Amini et al., Narure
Genetics, 2014, 46:1343-1349; W0 2016/061517; and U.S. Provisional Patent Application

No. 62/436,288; gach of which is incorporated by reference herein.

[B862] In some embodiments, a substrate compnsing repeating clonal barcode sequences is
a hairpin molecule of tandem repeating clonal barcode sequences, wherein the clonal barcode
sequences are identical to cach other and wherein the barcode sequences are separated by a
cleavable linker between cach repeating sequence. fn some embodiments, the bairpin
molecule comprises at least 2, 3, 4,5, 6,7, 8,9, 10, 15, 20, 25, 30, 35, 40, 50, 60, 70, 80, 90,

100 or more tandem repeating clonal barcode sequences.

[B863] In some embodiments, a substrate compnising repeating clonal barcode sequences is
a linear nucleic acid polymer of tandem repeating clonal barcode sequences, wherein the
clonal barcode sequences are identical to each other and wherein the barcode sequences are
separated by a cleavable linker between each repeating sequence. In some embodiments, the
lincar polymer comprises at least 2, 3.4, 5, 6,7, & 8, 10, 13, 20, 25, 30, 35, 40, 50, 60, 70,
80, 90, 100 or more tandem repeating clonal barcode sequences. In some embodiments, the
lincar nucleic acid polvmer comprises DNA, RNA, or a hybrid of DNA and RNA. In sone
embodiments, the linear nucleic acid polvmer is double siranded. In some embodiments, the

linear nucleic acid polymer 15 single stranded.

[6664] In some embodiments, a substrate comprising repeating clonal barcode sequences is
a circular nucleic acid polymer of tandem repeating clonal barcode sequences, wherein the
clonal barcode sequences are identical to each other and wherein the barcode sequences are
scparated by a cleavable linker between each repeating sequence. In some embodiments, the
circular polvmer comprises at least 2, 3, 4, 5, 6,7, 8, 9, 10, 15, 20, 25, 30, 35, 40, 50, 60, 70,

80, 90, 100 or more tandem repeating clonal barcode sequences. In some embodiments, the
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cireular polvmer is a plasmid. In some embodiments, the circular polymer is a DNA nanoball
{i.e., asingle stranded DNA molecule that collapses into a spheroid structure due o
secondary structures torming at regular intervals). In some embodiments, the circular

polymer is a multiple displacement amplified branched substrate. In some embodiments, the

(]

circular nucleic acid polymer comprises DNA, RNA, or a hybnd of BDNA and RNA  In some
embodiments, the circular nucleic acid polymer is double stranded. In some embodiments,

the circular nucleic acid polymer is single stranded.

10665)  In some embodiments, the substrate comprising the barcode sequence or repeating
clonal barcode sequences is a droplet encapsulating the repeating clonal barcode sequences.

10 In some embodiments, the droplet encapsulating the repeating clonal barcode sequences
comprises atleast 2.3, 4, 5,6, 7, 8,9, 10, 15,20, 25, 30, 35, 40, 50, 60, 70, %0, 90, 100 or
more clonal barcode sequences that are identical to each other. In some embodiments, the
droplet comprises an emulsion composition, i.e., a mixture of imnuscible fluids {e.g., water
and otl}. In some embodiments, the droplet is an agueous droplet that i1s surrounded by an

15 immiscible carrigr fluid {e.g., oil}. In some embodiments, the droplet is an wil droplet that is
surrounded by an immiscible carrier thuid {e. g, an agucous solution). fn some embodiments,
the droplet has a diameter of about 0.001 microns to about 500 microns, ¢.g., about 0.003 to
about 100 nucrons, or about 0.01 to about 30 microns. The size of the droplet may be selected
based on the sizes of the partitions {¢.g., the sizes of microfluidic channels or droplets as

20 discussed herein). Methods of generating droplets are described below and are also described,
¢.g., in published patent applications W0 2011/109546 and WO 2012/061444 the entire

content of each of which is incorporated by reference herein.

[6666] In some embodiments, wherein the substrate comprising a barcode sequence or
repeating clonal barcode sequences is a droplet encapsulating the repeating clonal barcode
25  sequences, the droplet that 1s within a partition is relatively unstable and can be triggered to
release the barcode sequences into the partition without breaking the partition. fn some
embodiments, factors such as surfactants, oils, osmolarnity, or heat lability can affect the

ability of a droplet within a partition to release the contents of the droplet into the partition.
Partitioning

30 8067]  In some embodiments, a sample {e.g., a sample comprising target nucleic acids) 15
p 8 P prising targ
partitioned into a plurality of partitions. In some embodiments, the sample comprising target

nucleic acids 1s partitioned such that the partition contains 0, 1, or more than 1 target nucleic

[—y
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acids. In some embodiments, the sample comprising target nucleic acids is partitioned such
that, on average, the partitions contain no more than 1 target nucleic acid. In some
embodiments, a sample for partitioning further comprises particles conjugated to

oligonucleotide primers as desenibed herein. In some embodiments, wherein the sample

(]

comprises particles conjugated to oligonuclectide primers, the sample 1s partitioned such that,
on average, a partition contains about one particle. In some embodiments, wherein the sample
comprises particles conjugated to oligonucleotide primers, the sample is partitioned such that,
on average, a partition contains at least two particles {e.g., such that, on average, a partition
contains two particles or contains three particles). In some embodiments, a sample for

10 partitioning further compriscs substrates comprising a barcode sequence ot repeating clonal
barcode sequences as described herein. In some embodiments, a sample for partitioning
further comprises one or more additional components, including but not limuted to reagents
for extension, ligation, reverse transcription, or amplification reactions {¢.g., polymerases,

nucleotides, buffers, salts, ete ).

15 |6068] Partitions can include any of a mumber of types of partitions, including solid
partitions {e.g., wells or tubes) and fluid partitions (e.g., aqueous droplets within an o1l
phase}. In some embodiments, the partitions are droplets. In some embodiments, the
partitions are microchannels. Methods and compositions for partitioning a sample are
described, for example, in published patent applications WO 2010/036352, US

20 2010/0173394, US 201 1/6092373, WO 2011/120024, and US 2011/0092376, the entire

content of each of which is mcorporated by reference herein.

[6669]  In some embodiments, a sample (2.2, a sample comprising one or more target
nucleic acids, particles conjugated to oligonucleotide primers, and/or substrates comprising
repeating clonal barcode sequences) s partitioned into a plurality of droplets. In some

25  cmbodiments, a droplet comprises an emulsion composition, i.e., a nuxture of inumiscible
fluds {e.g.. water and oil). In some embodiments, a droplet is an aqueous droplet that 1s
surrounded by an immiscible carrier fluid {e.2., oil}. In some embodiments, a droplet is an oil
droplet that is surrounded by an immiscible carrier fluid {e.g., an aqueous solution). In some
embodiments, the droplets are relatively stable and have minimal coalescence between two or

30 more dioplets. In some embodiments, less than 0.0001%, 0.0005%, 0.001%, 0.005%, 0.01%,
0.03%, 0.1%, 0.5%, 1%, 2%, 3%, 4%, 5%, 6%, 7%, 8%, 9%, or 10% of droplets generated
from a sample coalesce with other droplets. The emulsions can aiso have limited flocculation,

a process by which the dispersed phase comes out of suspension in flakes. Methods of

18



10

5

30

WO 2017/120531

PCT/US2017/012618

emulsion formation are described, for example, in published patent applications WO
20117109546 and WO 2012/061444, the entire content of each of which is incorporated by

reference herein.

[B07¢] In some embodiments, the droplet is formed by flowing an oil phase through an
agueous sample comprising the polyvnucleotide fragments and ddPCR reaction components.
The o1l phase may comprise a fluorinated base 01l which may additionally be stabilized by
combination with a fluormated surfactant such as a perfluormated polyether. In some
embodiments, the base ol comprises one or more of a HFE 7500, FC-40, FC-43, FC-70, or
another common fluorinated oil. In some embodiments, the oil phase comprises an anionic
fluorosurfactant. In some embodiments, the antonic tlucrosurfactant 1s Ammonium Krytox
{(Krytox-AS), the ammonium salt of Krytox FSH, or a morpholino derivative of Krytox FSH.
Krvtox-AS may be present at a concentration of about 0.1%, 0.2%, 0.3%, 0.4%, 0.5%, 0.6%,
3.7%, 0.8%, 8.9%, 1.0%, 2.0%, 3.0%, or 4.0% (w/w}. In some embodiments, the
concentration of Kryvtox-AS s about 1.8%. In some embodiments, the concentration of
Kryviox-AS is about 1.62%. Morpholino denvative of Keytox FSH may be presentat a
concentration of about 0.1%, 0.2%, 0.3%, 0.4%, 0.5%, 0.6%, 0.7%, 0.8%, 0.9%, 1.0%, 2.0%,
3.0%, or 4.0% (w/w). In some embodiments, the concentration of morpholine denvative of
Krytox FSH is about 1.8%. In some embodiments, the concentration of morpholing

derivative of Krviox FSH is about 1.62%.

36711  In some embodiments, the o1l phase further comprises an additive for tuning the o1l
properties, such as vapor pressure, viscosity, or surface tension. Non-hmiting examples
mchude perfluorooctano! and 1H,1H,2H . 2H-Pertluorodecanol. In some embodiments,

TH, EH 2H, 2H-Perfluorodecano! 1s added 1o a concentration of about 0.05%, 0.06%, 0.07%,
0.08%, 0.09%, 0.1%6, 0.2%, 0.3%, 0.4%, 0.5%, 0.6%, 0.7%, 0.8%, (.9%, 1.0%, 1.25%,
1.50%, 1.75%, 2.0%, 2.25%, 2.5%, 2.75%, or 3.0% {w/w). In some embodiments,

1H,1H,2H.2H-Perfluorodecanol 1s added to a concentration of about 0.18% (w/w).

10672} In some embodiments, the eraufsion is formulated to produce highly monodisperse
droplets having a liquid-hke interfacial film that can be converted by heating into
microcapsules having a solid-like interfacial film; such microcapsules may behave as
bioreactors able to retain their contents through an incubation period. The conversion to
nuicrocapsule forma may occur upon heating. For example, such conversion may occur at a

temperature of greater than about 40°, 50°, 60°, 70°, 80°, 90°, or 95°C. During the heating
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process, a fhud or mineral oil overlay may be used to prevent evaporation. Excess contimuous
phase oil may or may not be removed prior to heating. The biocompatible capsules may be
resistant to coalescence and/or flocculation across a wide range of thermal and mechanical
processing. Following conversion, the microcapsules may be stored at about -70°, -20°, 0°, 3°,

4250 6°,7°, 80, 90, 10°, 15, 20°, 25°, 30°, 35°, or 40°C.

(]

{38731 The microcapsule partitions, which may contain one or more polynucieotide
sequences and/or one or more one or more sets of primers pairs, may resist coalescence,
particularly at high temperatures. Accordingly, the capsules can be incubated at a very high
density {e.g.. number of partitions per unit volume). In some embodiments, greater than

106 100,000, 500,000, 1,000,000, 1,500,000, 2,000,000, 2,500,000, 5,000,000, or 10,000,000
partitions may be incubated per mL. In some embodiments, the sample-probe incubationg
occur n a single well, e.g., a well of a microtiter plate, without inter-mixing between
partitions. The microcapsules may aiso contain other components necessary for the

mcubation.

15 0074]  In some embodiments, a sample {¢.g., 2 sample comprising ong or more target
nucleic acids, particles conjugated to oligonucleotide primers, and/or substrates comprising a
barcode sequence or repeating clonal barcode sequences) is partitioned into at least 300
partitions, at least 1000 partitions, at least 2000 partitions, at least 3000 partitions, at least
4000 partitions, at least 5000 partitions, at least 6000 partitions, at least 7000 partitions, at

20 least 8000 partitions, at least 10,000 partitions, at least 15,000 partitions, at least 20,000
partitions, at least 30,000 partitions, at least 40,000 partitions, at least 50,000 partitions, at
least 60,000 partitions, at least 70,000 partitiouns, at least 80,000 partitions, at least 90,000
partitions, at least 100,000 partitions, at least 200,000 partitions, at least 300,000 partitions, at
least 400,000 partitions, at least 300,000 partitions, at least 600,000 partitions, at least

25 700,000 partitions, at least 800,000 partitions, at least 900,000 partitions, at least 1,000,000
partitions, at least 2,000,000 partitions, at least 3,000,000 parutions, at least 4,600,000
partitions, at least 3,000,000 partitions, at least 10,000,000 partitions, at least 20,000,000
partitions, at least 30,000 000 partitions, at least 40,000,000 partitions, at least 50,000,000
partitions, at least 60,000,000 partitions, at least 70,000,000 partitions, at least 80,000,000

30 partitions, at least 90,000,000 partitions, at least 100,000,000 partitions, at least 150,000,000

partitions, or at least 200,000,000 partitions.
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36751  In some embodiments, a sample {¢.g., a sample comprising one or more target
nucleic acids, particles conjugated to oligonucleotide primers, and/or substrates comprising a
barcode sequence or repeating clonal barcode sequences) 1s partitioned into a sufficient
number of partitions such that at least a majonty of partitions have at east about 0.1 but no
more than about 10 target nucleic acids per partition {e. g, about 0.1, 02,03, 04,05, 1,2, 3,
4,5,6,7, 8,9, or 10 targets per partition}. In some embodiments, at least a majonty of the
partitions have at least about 0.1 but no more than about 5 targets per partition {¢.g., about
0.1,02,03,04,05 1,2, 3,4, or 5 targets per partition). In some embodiments, at least a
majority of partitions have no morc than about 1 target nucleic acid per partition. In some
embodiments, on average about 0.1, 0.2, 0.3, 0.4, 0.5, or | target nucleic acids are present n

cach partition.

[6076] In some embodiments, the droplets that are generated are substantially uniform in
shape and/or size. For example, in some embodiments, the droplets are substantially uniform
i average diameter. In some embodiments, the droplets that are gencrated have an average
diameter of about 0.001 microns, about 0.005 microns, about 0.01 microns, about 0.05
migcrons, about 0.1 microns, about 0.5 microns, about 1 microns, about 5 microns, about 10
migcrons, about 20 microns, about 30 mucrons, about 40 microns, about 50 nmicrons, about 60
microns, about 70 microns, about 80 microns, about 90 microns, about 100 mucrons, about
150 microns, about 200 microns, about 300 microns, about 400 microns, about 300 microns,
about 600 microns, about 700 mucrons, about 800 nucrons, about 900 microns, or about 1060
microns. In some embodiments, the droplets that are generated have an average diameter of
less than about 1000 microns, less than about 900 microns, less than about 800 microns, less
than about 700 nucrons, less than about 600 microns, less than about 300 microns, less than
about 400 microns, less than about 300 microns, less than about 200 microns, less than about
100 microns, less than about 50 microns, or less than about 25 microns. In some

embodiments, the droplets that are generated are non-uniform in shape and/or size.

36777 In some embodiments, the droplets that are generated are substantially uniform in
volume. For example, in some embodiments, the droplets that are generated have an average
volume of about 0.001 nL, about 0.003 nl., about (.01 nl., about 0.02 nl., about .03 nlL,
about 0.04 ok, about 0.05 nL, about .06 nL, about 0.07 nl, about 0.08 nl, about 0.09 nlL,
about 0.1 nl, about 0.2 nl, about 0.3 nl., about 0.4 nl., about .5 nl, about 0.6 nL, about 4.7
bl about 0.8 nL, about 0.9 nL, about 1 nL. about 1.5 nL.. about 2 nL, about 2.5 nL, about 3

nl, about 3.5 nl., about 4 nl, about 4.5 nL., about 5 nl., about 5.5 nl., about 6 nL, about 6.5
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nl., about 7 oL, about 7.5 nL, about 8 nl, about 8.3 nl., about 9 nL, about 9.5 nL, gbout 10
ni. about 11 nl, about 12 nl.. about 13 nl, about 14 nL. about 15 nL, about 16 nL. about 17
ni.. about 18 nl., about 19 nl.. about 20 nl., about 25 nl.. about 30 nl., about 35 nL., about 40
nl., about 43 nl., or about 50 nL. In some embodiments, the droplets have an average volume
of about 50 picoliters to about 2 nanoliters. In some embodiments, the droplets have an
average volume of about 0.5 nanoliters to about 50 nanoliters. In some embodiments, the

droplets have an average volume of about 0.5 nanoliters to about 2 nanoliters.
Release of Barcode Seguences from Partitions

[6678] In some embodiments, atier the step of partitioning the sample, particles conjugate
to oligonucleotide primers, substrates comprising a barcode sequenae or repeating clonal
barcode sequences, and/or any other components (¢.g., reagents for amplification or
polymenization reactions), the individual barcode sequences are released from the substrate
comprising the barcode sequence or repeating clonal barcods sequence into the partition. In
some embodiments, the step of releasing the barcode sequence or repeating clonal barcode
sequences comprises triggering the substrate {e.g., a droplet) to release the plurality of clonal

barcode sequences.

[B079]  In some embodiments, barcode sequences are released from a droplet by breaking
the droplet. In some embodiments, heat is used to break the droplet. In some embodiments, a
photochemical reaction is used to break the droplet. In some embodiments, acoustic waves
are used to break the droplet. in some embodiments, a chemical reaction upon mixing the
droplet with the larger partition (¢.g., a larger droplet) results in the breaking of the smaller

droplet.

[B080] In some embodiments, the substrate compnses repeating clonal barcode sequences,
and the step of releasing the barcode sequences from the substrate comprises separating the
repeating clonal barcode sequence into a plurality of clonal barcode sequences. In some
embodiments, the individual clonal barcode sequences are released from a hairpin molecule,
hinear nucleic acid polvmer substrate, or circular nucleic acid polymer substrate by cleaving
the hairpin molecule, lincar nucleic acid polvmer substrate, or circular nucleic acid polymer
at the cleavable linker or linkers between the repeating clonal barcode sequences. In some
cmbodiments, the cleavable hinker 15 a restriction enzvme site that is cleaved by a restriction
enzyme {¢.g., an endonuciease such as a Type I endonuciease or Type IS endonuclease).

For example, i some embodiments, the cleavable linker comprises a Type I restniction
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enzyme binding site {¢.g., Hhal, HindHI, Notl, BbvCl, EcoRI Bgll) or a Type 5 restniction
enzyme binding site {e.g, Fokl, Alwl, BepMIi, Mall Bbvl, Beel, Mbol). In some
embodiments, the cleavable linker comprises a uridine incorporated site in a portion of a
nucieotide sequence. A uridine incorporated site can be cleaved, for example, using a uracil
glveosylase enzyme (e.g., a uractl N-glycosylase enzyme or uractl DNA glycosylase
enzyme}. In some embodiments, the cleavable hnker comprises a photocleavable nucleotide.
Photocleavable nucleotides include, for example, photocleavable fluorescent nuclootides and
photocleavable biotinylated naclestides. See, e.g., Lietal, PNAS, 2003, 100:414-419; Luo et
al., Methods Enzymol, 2014, 549:115-131.

Associating Substrate Barcode Sequences with Oligonucleotide Primers on Particles

[B081] Aficr the substrate barcode sequences are released into the partition, the substrate
barcode sequences are associated with parficles in the partition in order to generate a nucleic
acid signature for the particles in the partition. In some embodiments, a substrate barcode
sequence can be associated with two particles located in the same partition, resulting in the
virtual joining of the two particles via the substrate barcode sequence. Accordingly, in some
embodiments, the method comprises associating a substrate barcode sequence with a first
particle conjugated to oligonucleotide primers comprising a first barcode sequence and a
second particle conjugated to oligonucleotide primers comprising a second barcode sequence.
In some embodiments, wherein the partition comprises three particles, a first substrate
barcode sequence can be associated with a first particle conjugated to oligonucleotide primers
comprising a first barcode sequence and a second particle conjugated to cligonuclectide
primers comprising a second barcode sequence, and a sccond substrate barcode sequence can
be associated with a third particle conjugated to oligonuclectide primers comprising a third

barcode sequence.

[B882] In some embodiments, the method comprises associating two or more distingt
substrate barcode sequences (i.¢., a first substrate barcode sequence from a first substrate and
a second substrate barcode sequence from a second substrate) with two or more distingt
particles conjugated to oligonucleotide primers {¢.g., a first particle conjugated to
oligonucleotide primers comprising a first barcode sequence, a second particle conjugated to
oligonucleotide primers comprising a second barcode sequence, and/or a third particle
conjugated to oligonucleotide primers comprising a third barcode sequence). Accordingly, in

some embodiments, the associating stop comprises assoctating (1) the first particle

b
)
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conjugated to oligonucleotide prnmers comprising the first barcode sequence with a first
substrate barcode sequence, and (2} the second particle conjugated to oligomucleotide prnmers
comprising the second barcode sequence with a second substrate barcode sequence. In some

embodiments, the associating step comprises associating (1) the first particle conjugated to

(]

oligonucleotide primers comprising the first barcode seqaence with a first substrate barcode
sequence; (2 the second particle conjugated to oligonuciestide primers comprising the
second barcode sequence with a second substrate barcode sequence; and (3) the third particle
conjugated to oligonucleotide primers comprising the third barcode sequence with a third

substrate barcode sequence.

10 [6683] Insome embodiments, the associating step comprises annealing a substrate barcode
sequence (e.g., a clonal barcode sequence) to an ohigonucleotide primer conjugated to a
particle and extending the annealed products with a polymerase. fn somce embodiments, the
annealing comprises hybridizing a poly-adenine region on a clonal barcode sequence to a
poly-thymine region on an chigonucleotide primer conjugated to the particle. See, e.g., Figure

i5 1. In some embodiments, atleast 1,2, 3,4, 5, 6,7, 8, 9, or 10 ¢cycles of annealing and
extension are performed to attach the substrate barcode sequences to the oligonucleotide
primers. In some embodiments, at least 1 cycle of annealing and extension 1s performed. In
some embodiments, up to 5 cycles or up to 10 cycles of annealing and extension are
performed. Annealing and extension methods are described in the art. See, e.g., US

20 2015/0284712 and US 2015/0322503.

10684} In some embodiments, the associating step comprises hybridizing a clonal barcode
sequence to an oligonucleotide primer conjugated 1o a particlc in a partition, then pooling a
plurality of partitions and extending the hybndized products with a polymerase in a bulk

reaction. Hybridization methods are described m the art. See, e.g., Intemational Application

b2
(V1

No. PCT/US2015/037525, incorporated by reference herein.

{36851  In some embodiments, whergin the substrate comprises a single barcode sequence,
the associating step comprises {1) annealing an oligonucleotide primer of the first particle to
the substrate barcode sequence and extending the annealed product with a polvmerase, and
(23 annealing an oligonucleotide primer of the sccond particle to the substrate barcode

30 sequence and extending the annealed product with the polymerase.

[B886] In some embodiments, the extension and amplification reaction comprises the use of

apolymerase, ¢.g., a DNA polymerase. DNA polymerases for use in the methods deseribed
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herein can be any polymerase capable of replicating a BDNA molecule. In some embodiments,
the DNA polymerase is a thermostable polymerase. Thermostable polymerases are isolated

from a wide vanety of thermophilic bactenia, such as Thermus aguaticus (Tag), Pyrococcus

furiosus (Pfu), Pvrococcus woesei (Pwo), Bacilius sterothermophilus (Bst), Sulfolobus

acidocaldarius (Sacy Sulfolobus solfataricus (Sso), Pyrodictium occultum (Poc), Pvrodictium
ahyssi (Pab), and Methanohacterium thermoautotrophicum {(Mth), as well as other species.
DNA polvmerases are known in the art and are commercially available. In some
embodiments, the DNA polvmerase 1s Tag, Thr, T, Try, Tth, Th, Tac, Tne, Tma, Tih, TH,
Pfu, Pwo, Kod, Bst, Sac. Sso, Poc, Pab, Mth, Pho, ES4, VENT™, DEEPVENT™ or an
active mutant, varant, or derivative thereof. In some embodiments, the polymerase is Tag
DNA polymerase. In some embodiments, the polymerase 1s a high fidelity DNA polymerase
{e.g., IProof™ High-Fidelity DNA Polymerase, Phusion® High-Fidelity DNA polymerase,
(35® High-Fidelity DNA polymerase, Platimum® Tag High Fidelity DNA polvmerase,
Accura® High-Fidelity Polymerase}. in some embodiments, the polymerase 1s a fast-start
polymerase (¢.g., FastStart™ Tag DNA polvmerase or FastStart®™ High Fidehity DNA
polymerase). In some embodiments, the polymerase is a strand displacing polymerase (e.g.,

phiZ9, or Bst BNA Polymerase, Large Fragment).

{0887} Insome embodiments, the associating step comprises ligating a substrate barcode
sequence (e.g., a clonal barcode sequence) to an oligonucleotide primer of a first particle and
to an ohgonucleotide primer of a second particie. In some embodiments, the clonal barcode
sequence and/or cligonucleotide primer sequence to be annealed are single-stranded nucleic
acid. In some embodiments, the ligation reaction comprises the use of a figase, ¢.g., a DNA
ligase. Exeraplary ligases for use in the methods described herein include, but are not imited
to, T4 DNA ligase and T4 RNA lgase. Nucleic acid ligation methods are descrnibed in the art;
see, ©.2., L et al,, Anal Biochem, 2006, 349:242-246; and Kehn et al |, FEBS J., 2005,
212:5991-6000.

v

Downstream Applications

[6688] Once the particles conjugated to oligonucleotide primers are associated with
substrate barcode sequences in order {0 generate a umigue nucleic acid signature for the
particles within a specific partition, the nucleic acid signature can be used for deconvoluting

data generated in downstream apphications, such as downstrecam detection and/or analysis
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methods. In some embodiments, the downstream application 1s sequencing (¢.g., high

throughput sequencing}.

{0689} In some embodiments, after the step of associating the substrate barcode sequences
with particles in the partition in order to generate a nucleic acid signature for the particles in
the partition, the method further comprises associating a target nucleic acid in the partition
with a particle i the partition. In some embodiments, the siep of associating a target nucleic
acid in the partition with a particle i the partition comprises hybridizing a target nucleie acid,
or a portion thercof, 1o a portion of an oligonucleotide primer conjugated to a particle. In
some embodiments, the target nucleic acid or portion thercof hybridizes to a universal tag

portion or to a random sequence portion of the oligonucleotide primer.

[B090] In some embodiments, the step of associating a target nucleic acid in a partition
with a particle in the partition is carried out prior to the step of associating the substrate
harcode sequences with particles m the partition. In some embodiments, while i partition, a
target nucieic acid or a portion thereof is hvbridized to a portion of an oligonuclectide primer
conjugated to a particle, and the clonal barcode sequence is also hyvbndized to a portion of the
oligonucleotide primer conjugated to the particle. The partitions are then broken and the
contents of multiple partitions are pooled before performing an extension rgaction to extend
the hybridized target nucleic acid-oligonucleotide primer product and the hvbridized substrate

barcode seguence-oligonucieotide primer product.

{6691}  In some embodiments, the method further comprises polymerizing the hybridized
target nucleic acid-oligonucleotide primer product. In some embodiments, the polymenzation
comprises primer extension. In some embodiments, the polymerization comprises reverse
transcription {¢.g., reverse transcription of a RNA target nucleic acid). In some embodiments,
the method further comprses amplifying the target nucleic acid-oligonucleotide primer
product. In some embodiments, the amplification reaction is a droplet digital PCR reaction.
Methods for performing PCR in droplets are described, for example, n US 2014/0162266,
US 2014/0302503, and US 2015/0031034, the contents of each of which is incorporated by

reference.

Release of Pariition Contenis

[38921 In some embodiments, after the particles conjugated to oligonucieotide prnimers are
associated with sobstrate barcode sequences in order to generate a unique nucleic acid

signature tor cach partition, the contents of the partitions {¢.g., target nucleic acids associated

26
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with a particle as deseribed herein) are released prior to the downstream application, ¢.g., to
pool multiple partitions for a downstream application such as a sequencing reaction. Partition
breaking can be accomplished by any of a number of methods, including but not linited to
clectrical methods and mtroduction of a destabilizing fluid. See, ¢ g, Zeng et al,, 4nal Chem
2011, 83:2083-2089. Methods of breaking partitions are also described, for example, in US

2013/01897060, incorporated by reference herein.

{36931  In some embodiments, partitions are broken by mixing the partitions {e.g., droplets)
with a destabilizing fluid. In some embodiments, the destabilizing fluid is chloroform. In
some embodiments, the destabilizing fluid comprises a perfluorinated alcohol. In some
embodiments, the destabilizing fluid compnises a fluonnated o1, such as a pertiuorocarbon

oil.

[3894] In some embodiments, the method further comprises punifving a target nucleic acid
that 1s released from a partition {¢.g., a target nucleic acid associated with a particle as
described herein), ¢.g., in order to separate the target nucleic acid from other partition
components. In some embodiments, the purifying step compnses the use of solid-phase
reversible immobilization (SPRI) paramagnetic bead reagents. SPRI paramagnetic bead
reagents are commercially available, for example in the Agencourt AMPure XP PCR

purification systermn (Beckman-Coulter, Brea, CA).

Sequencing
[6693] In some embodiments, a target nucleic acid from a partition having a unigue nucleic
acid signature as described herein is analyzed by a sequencing or genotyping method. In
some embodiments, the target nucleic acid is analvzed by sequencing, ¢.g., high throughput
sequencing. In some embodunents, the method of analyzing a partitioned sample (¢.g., a cell
or target nucleic acid) further comprises determining the nucleic acid signatures of sequence
reads and deconvoluting the nucleic acid signatures in order to allow sequence mnformation

from each partitioned sample to be uniquely identified.

16096] Methods for high throughput sequencing and genotyping are known in the art. For
example, such sequencing technologies include, but are not himited to, pyrosequencing,
sequencing-by-ligation, single molecule sequencing, sequence-by-synthesis (5B8), massive
paraliel clonal, massive paraliel single molecule SBS, massive paralle] single molecule real-

time, massive paratlel single molecule real-time nanopore technology, efc. Morozova and

]
~d
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Marra provide a review of some such technologies n Genomics, 92: 255 (2008}, herein

mcorporated by reference in its entirety .

{0697} Exemplary DNA sequencing technigues mclude flucrescence-based sequencing
methodologies {(See, ¢.g., Birren ef o/, Genome Aunalysis: Analyzing BNA, 1, Cold Spring
5 Harbor, N.Y ; herein incorporated by refercnee in its entirety). In some crmbodiments,

automated sequencing technigues understood m that art are utilized. In some embodiments,
the present technology provides parallel sequencing of partitioned amplicons (PCT
Publication No. WO 2006/0841,32, herein incorporated by reference m s ¢ntirety). In some
cmbodiments, DNA sequencing is achieved by paraliel oligonucleotide extension (See, e.g.,

10 U.S. Pat. Nos. 5,750,341, and 6,306,597, both of which are herein incorporated by reference
in their entiretics). Additional examples of sequencing technigues include the Church polony
technology (Mitra ef ¢/, 2003, Analytical Biochenustry 320, 55-63; Shendure ef o/, 2005
Science 309, 1728-1732; and U.S. Pat. Nos. 6,432,360, 6,485,944 6,511,803 herein
mcorporated by reference n their entireties), the 454 picotiter pyrosequencing technology

15 (Margulies ef ¢/, 2005 Nature 437, 376-380; U S, Publication No. 2005/0136173; heremn
mcorporated by reference in their entireties), the Solexa single base addition technology
(Bennett et of , 2005, Pharmacogenomics, 6, 373-382; U 8. Pat. Nos. 6,787,308; and
6,833,246; herein incorporated by reference in their entireties), the Lynx massively parallel
signature sequencing technology (Brenner ef af, (2000). Nat. Biotechnol. 18:630-634; U S,

20 Pat. Nos. 5,695,934, 5,714,330; herein incorporated by reference in their entireties), and the
Adessi PCR colony technology {Adessi ef o/, (2000}, Nucleic Acid Res. 28, E87, W0

2000/018957 herein incorporated by reference in its entirety).

16098] Typically, high throughput sequencing methods share the common feature of
massively parallel, high-throughput strategies, with the goal of lower costs in comparison to
25  older sequencing methods {See, e g., YVoelkerding ef o/, Clinical Chem,, 55: 641-638, 2009;
MacLean ef /., Nature Rev. Microbiol, 7:287-296; each herein meorporated by reference in
their entirety}. Such methods can be broadly divided into those that typically use template
amplification and those that do not. Amplification-requiring methods include
pyvrosequencing commercialized by Roche as the 454 technology platforms {e.g , G5 20 and
30 GS FLX), the Solexa platform commercialized by Hlumina, and the Supported
Ohgonucleotide Ligation and Detection (SOLiDY) platform commercialized by Applied
Biosystems. Non-amphification approaches, also known as single-molecule sequencing, are

exemplified by the HeliScope platform commercialized by Helicos BioSciences, and

28
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platforms commercialized by VisiGen, Oxford Nanopore Technologies Lid., Life

Technologies/Ion Torrent, and Pacific Biosciences, respectively.

1609%] Inpvrosequencing {Voelkerding e/ /., Clinical Chem., 55: 641-658, 2009;
MacLean et al., Nature Rev. Microbial,, 7:287-296; U 8. Pat. Nos. 6,210,891; and 6,238,568,
5 cach herein incorporated by reference in its entirety), tomplate DNA 1s fragmented, end-

repaired, ligated to adaptors, and clonally amplified in-sifu by capturing single template
molecules with beads bearing oligonuclectides complementary to the adaptors. Each bead
bearing a single template type is compartmentalized info a water-in-otf microvesicle, and the
template is clonally amplified using a techmique referred to as emulsion PCR. The emulsion

10 1s disrupted afier amplification and beads are depostted mto individual wells of a picotitre
plate functioning as a flow cell duning the sequencing reactions. Ordered, iterative
mtroduction of each of the four dNTP reagents occurs in the flow cell in the presence of
sequencing enzymes and luninescent reporter such as luciferase. In the event that an
appropriate dANTP is added to the 3’ end of the sequencing primer, the resulting production of

15 ATP causes a burst of luminescence within the well, which is recorded using a CCD camera.
It is possible to achicve read lengths greater than or equal to 400 bases, and 10° sequence

reads can be achieved, resulting in up to 500 nmullion base pairs (Mb} of sequence.

[G100]  In the Solexa/lllumina platform (Vocelkerding ef o/, Clinical Chem., 55 641-638,
2009; MacLean ef ¢/, Nature Rev. Macrobial,, 7:287-296; U.S. Pat. Nos. 6,833,246,

20 7,115,400 and 6,969,488; cach herein incorporated by reference in its entirety), sequencing
data are produced in the form of shorter-length reads. In this method, single-stranded
fragmented DNA 15 end-repaired to generate 5'-phosphoryiated blunt ends, followed by
Kilenow-mediated addition of a single A base 1o the 3" end of the fragments. A-addition
facilitates addition of T-overhang adaptor oligonucleotides, which are subsequently used to

25  capture the template-adaptor molecules on the surface of a flow cell that 1s studded with
oligonucleotide anchors. The anchor is used as a PCR primer, but because of the length of
the template and its prosamity to other nearby anchor oligonucleotides, extension by PCR
results in the "arching over” of the molecule to hybridize with an adjacent anchor
oligonucleotide to form a bridge structure on the surface of the flow cell. These loops of

30 DNA are denatured and cleaved. Forward strands are then sequenced with reversible dyve
terminators. The sequence of incorporated nucleotides 1s determined by detection of post-

incorporation fluorescence, with cach fluor and block removed prior to the next cycle of
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dNTP addition. Sequence read length ranges from 36 nucleotides to over 50 nucleotides,

with overall output exceeding 1 billion nucleotide pairs per analytical mn.

[8101] Sequencing nucleic acid molecules asing SOLiD technology (Voelkerding er o/,
Clinical Chem., 533: 641-658, 2009, MacLean ef /., Nature Rev. Microbial, 7:.287-296; U 5.

5 Pat Nos. 5,912,148; and 6,130,073; each hercin incorporated by reference i their entirety)
also involves fragmentation of the template, igation to ohigonucleotide adaptors, attachment
to beads, and clonal amplification by emulsion PCR. Following this, beads bearing template
are immobilized on a denvatized surface of a glass fow-cell, and a primer complementary to
the adaptor oligonucleotide 1s annecaled. However, rather than utibizing this primer for 3’

10 extension, 1t 1s instead used to provide a 5" phosphate group for ligation to imterrogation
probes containing two probe-specific bases followed by 6 degenerate bases and one of four
fluorescent labels. In the SOLAD system, mterrogation probes have 16 possible combinations
of the two bases at the 3" end of each probe, and one of four fluors at the 3" end. Fluor color,
and thus identity of cach probe, corresponds to specified color-space coding schemes.

15 Multple rounds (usually 7) of probe annealing, Higation, and fluor detection are followed by
denaturation, and then a second round of sequencing using a primer that 15 offset by one base
relative to the initial primer. In this manner, the template sequence can be computationally
re-constructed, and template bases are interrogated twice, resulting in increased accuracy.
Sequence read length averages 35 nucleotides, and overall cutput exceeds 4 billion bases per

20 sequencing run.

10182} In some embodiments, nanopore sequencing is employed (See, e.g., Astigref o/, J.
Am. Chem. Soc. 2006 Feb. 8; 128(5317035-10, mcorporated by reference). The theory behind
nanopore sequencing relates to what occurs when a nanopore 1s immersed in a conducting
fluid and a potential (voltage} is applied across it. Under these conditions a slight electric

25 current due to conduction of ions through the nanopore can be obscrved, and the amount of
current is exceedingly sensitive to the size of the nanopore. As each base of a nucleic acid
passes through the nanopore, this causes a change in the magnitude of the current through the
nanopore that is distinct for cach of the four bases, thereby allowing the sequence of the DNA

molecule to be deternuned.

30 [8183] In some embodiments, HeliScope by Helicos BioSciences is employed
(Voclkerding et o, Clinical Chem., 55. 641-658, 2009, Maclean et al., Nature Rev.

Microbial, 7:287-296; U.S. Pat. Nos. 7.169.560: 7,282,337: 7,452,120: 7,501,245: 6,818,395;
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6,911,345 and 7,501,245; each herein incorporated by reference in their entirety}. Template
DNA s fragmented and polyadenyiated at the 3" end. with the final adenosine bearing a
fluorescent label. Denatured polvadenvlated template fragments are ligated to poly{(dT)

oligonucleotides on the surface of a flow cell. Initial physical locations of captured template

(]

molecules are recorded by a CUD camera, and then label 1s cleaved and washed away.
Sequencing is achieved by addition of polymerase and sertal addition of fluorescently-labeled
dNTP reagents. Incorporation events result in fluor signal corresponding to the dNTP, and
signal 1s captured by a CCD camera before cach round of ANTP addition. Sequence read
length ranges from 25-50 nucleotides, with overall cutput exceeding 1 hillion nucleotide pairs

10 peranalyuical mn.

{6104] The fon Torrent techuology is a method of BNA sequencing based on the detection
of hyvdrogen tons that are released during the polymenization of DNA (See, e.g., Science
327(5970): 1190 (2010); U.S. Pat. Appl. Pub. Nos. 2009/0026082; 2009/0127589;
2010/0301398; 2010/0197507; 2010/0188073; and 2010/0137143, incorporated by reference

15 in their entireties for all purposes). A microwell contains a template DNA strand to be
sequenced. Beneath the layer of microwells is a hypersensitive ISFET jon sensor. All layers
are contamed within a CMOS semiconductor chip, simular to that used in the electronics
mdustry. When a dNTP is incorporated into the growing complementary strand a hydrogen
ton 1s released, which triggers the hypersensitive ion sensor. i homopolymer repeats are

20 present in the template sequence, multiple dNTP molecules will be incorporated in a single
cycle. This leads to a corresponding number of released hyvdrogens and a proportionally
higher electronic signal. This technology differs from other sequencing technologics in that
no modified nuclootides or optics are used. The per base accuracy of the lon Torrent
sequencer 1s ~99.6% for 50 base reads, with ~100 Mb generated per nin. The read-length 1s

25 100 base pawrs. The accuracy for homopolymer repeats of 5 repeats in length is ~98%. The
benefits of ion semiconductor sequencing are rapid sequencing speed and fow upfront and

operating costs.

10185} Ancther exemplary nucleic acid sequencing approach that may be adapted for use
with the present invention was developed by Stratos Genomics, Inc. and involves the use of
30 Xpandomers. This sequencing process typically includes providing a daughter strand
produced by a template-directed synthesis. The daoghter strand generally includes a plurality
of subuuiis coupled m a sequence corresponding to a contiguous nucleotide sequence of all or

a portion of a target nucleic acid in which the individual subunits comprise a tether, at least

31
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one probe or nucleobase residue, and at lsast one selectively cleavable bond. The selectively
cleavable bond{s) is/are cleaved to yield an Xpandomer of a length longer than the plurality
of the subunits of the daughter strand. The Xpandomer typically includes the tethers and
reporter elements for parsing genetic information in a scquence corresponding to the
contiguous nuclectide sequence of all or a portion of the target nucleic acid. Reporter
clements of the Xpandomer are then detected. Additional details relating to Xpandomer-
based approaches are deseribed in, for example, U.S. Pat. Pub No. 2009/0035777, which is

incorporated herein in ifs entirety.

[0106] Other single molecule sequencing methods mclude real-time sequencing by
synthesis using a VisiGen platform (Voelkerding ef /., Climical Chem., 53: 641-58, 2009,
U.S. Pat. No. 7,329,492; and U 5. Patent Appl. Ser. Nos. 11/671,936; and 11/781,166; ¢ach
herein incorporated by reforence in their entirety) 1n which imemobilized, primed DNA
template 1s subjected to strand extension using a fluorescently-modified poivmerase and
Horescent aceeptor molecules, resulting in detectible Hluorescence resonance energy transfer

(FRET) upon nucleotide addition.

(0107} Anocther real-time single molecule sequencing system developed by Pacific
Biosciences (Voelkerding er of | Clinical Chem., 535, 641-638, 2009; Machean ef of ., Nature
Rev. Microbiol, 7:287-296; U S, Pat. Nos. 7,170,050; 7,302,146, 7,313,308, and 7,476,503,
all of which are herein incorporated by reference) utilizes reaction wells 50-100 nm in
diameter and encompassing a reaction volume of approximately 20 zeptoliters (107" L),
Sequencing reactions are performed using immobilized template, modified phiZ9 DNA
polymerase, and high local concentrations of fluorescently labeled dNTPs. High local
concentrations and continuous reaction conditions allow mcorporation events {o be captured
i real time by fluor signal detection using laser excitation, an optical waveginde, and a CCD

camera.

[3108]  In some embodiments, the single molecule real time (SMRT) DNA sequencing
methods using zero-mode waveguides (ZMWs} developed by Pacific Biosciences, or similar
methods, are employed. With this technology, DNA sequencing is performed on SMRT
chips, cach contaming thousands of zero-mode waveguides (ZMWs). A ZMW is a hole, tens
of nanomgters in diameter, fabricated in a 100 nm metal film deposited on a silicon dioxide
substrate. Each ZMW becomes a nanophotonic visualization chamber providing a detection

volume of just 20 zeptoliters (1077 L), At this volume, the activity of a single molecule can

o
[
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be detected amongst a background of thousands of labeled nucleotides. The ZMW provides a
window for watching DNA polymerase as it performs sequencing by synthesis. Within each
chamber, a simgle DNA polymerase molecule is attached to the bottom surface such that it

permanently resides within the detection volume. Phospholinked nucieotides, each type

(]

labeled with a different colored fluorophore, are then introduced into the reaction solution at
high concentrations which promote enzyme speed, accuracy, and processivity. Due to the
small size of the ZMW, cven at these high concentrations, the detection volume is occupied
by nucleotides only a small fraction of the time. In addition, visits to the detection volume
are fast, lasting only a few microseconds, duc to the very small distance that diffusion bas to

10 carry the nucleotides. The result is a very low background.

[6109] Processes and systems for such real time sequencing that may be adapted for use
with the invention are described in, for cxample, U.S. Pat. Nos. 7,405,281, 7,315,019,
7,313,308 7,302,146; and 7,170,050; and U.S. Pat. Pub. Nos. 2008/0212960; 2008/0206764;
2008/0199932; 2008/0199874; 2008/0176769; 2008/0176316; 2008/0176241; 2008/0165346;

15 2008/0160531; 2008/0157005; 2008/0153100; 2008/0153095; 2008/0152281, 2008/0152280;
2008/0145278; 2008/0128627, 2008/0108082; 2008/0093488; 2008/0080059; 2008/0050747;
2008/0032301; 2008/0030628; 2008/0009007; 2007/0238679; 2007/0231804; 2007/0206187;
2007/0196846; 2007/0188750; 2007/0161017; 2007/0141598; 2007/0134128; 2007/0128133;
2007/0077364; 2007/0072196; and 2007/0036511; and Korlach ef af. (2008), "Sclective

20 aluminum passivation for targeted immobilization of singie DNA polymerase molecules in
zero-mode waveguide nanostructures,” PNAS 105(4): 1176-81, all of which are hersin

mcorporated by reference i their entiretics.

Hi. Pariition Librarvies
{3110}  In ancther aspect, partition librarigs comprising a plurality of partitions {¢.g., at least
25 about 100; 200; 300; 500; 750; 1000; 2500; 5000; 7500; 10,000; 15,000; 20,000; 30,000, or
more partitions) are provided. In some embodiments, at least some partitions comprise at
least a first particle conjugated to oligonucleotide primers comprising a first barcode
sequence and a second particle conjugated to oligonucleotide primers comprising a second
barcode sequence. In somce embodiments, the partitions comprse 0, 1, or more than 1
30 particles per partition. In some embodiments, the partitions have an average of about one
particle per partition. In some embodiments, the partitions have an average of about two
particles per partition. o some embodiments, the partitions have an average of about three

particles per partition.

(W8]
(W8]
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{3111} In some embodiments, at least some partitions of the partition library {e.g., 2
majority, substantially all, or all of the partitions of the partition library) comprise at least a
first particle conjugated to oligonucleotide pruners comprising a first barcode sequence and a

second particle conjugated to ohigonucleotide primers comprising a second barcode sequence,

(]

and further comprise a substrate comprising a barcode sequence or repeating clonal barcode
sequences. In some embodiments, at least some partitions of the partition library comprise (1)
two particles, wherein the first particle 1s conjugated to oligonucleotide primers comprising a
first barcode sequence and the second particle conjugated to oligonucleotide primers
comprising a second barcode sequence; and (2} a substrate comprising a barcode sequence or
10 repeating clonal barcode scquences. In some embodiments, at least some partitions of the
partition library comprise (1) three particles, wherein the first particle 1s conjugated to
oligonucleotide primers comprising a first barcode sequence, the second particle conjugated
to oligonucleotide primers comprising a second barcode sequence, and the third particle is
conjugated to oligonucleotide primers comprising a third barcode sequence; and (2} at least
15  two substrates, each comprising a barcode sequence or repeating clonal barcode sequences,
wherein the barcode sequences of the first substrate and the second substrate are
distinguishable sequences. In some embodiments, a majority, substantially all, or all of the
partitions of the pariition library compnise at least one parficles, at least two particles, or at
least three particles. Particles having conjugated to oligonuclectide primers conjugated
20 thereto and substrates comprising the barcode sequences or repeating clonal barcode

sequences are described i Section 1 above.

10312}  In some embodiments, at least some partitions of the partition library comprise at
least a first particle conjugated to oligonucleotide primers comprising a first barcode
sequence and a second particle conjugated to oligonucleotide primers comprising a second
25 barcode sequence, and at least one substrate barcode sequence associated with the first
particle and the second particle. In some embodiments, at least some partitions of the
partition library comprise (1} a first particle conjugated to oligonucieotide primers
comprising a first barcode sequence with a first substrate barcode sequence, and (2) a second
particle conjugated to oligonuclestide primers comprising a second barcode sequence with a
30 sccond substrate barcode sequence. In some embodiments, a majority, substantially all, or all
of the partitions of the partition hibrary comprise at least two particles. In some embodiments,
the first substrate barcode sequence and the second substrate barcode sequence are

distinguishable sequences. In some embodiments, the first substrate barcode sequence and the

(O8]
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second substrate barcode sequence are identical sequences. In some embodiments, the
substrate barcode sequenaces arg contiguity preserved tagmented polynucleotide (o.g., DNA)

SCQUCNCes.

6113} Insome embodiments, at least some partitions of the partition library {e.g., a
majority, substantially alf, or all of the partitions of the partition library) comprise (1} a first
particle conjugated to oligonucieotide primers comprising a first barcode sequence with a
first substrate barcode sequence; (2} a second particle conjugated to oligonucleotide primers
comprising a second barcode sequence with a second substrate barcode sequence; and (3) a
third particle conjugated to oligonucleotide primers comprising a third barcode sequence with
a third substrate barcode sequence. In some embodiments, a majority, substantially all, or all

of the partitions of the partition bibrary comprise at least three particles.

[3114] In some embodiments, the subsirate comprises repeating clonal barcode sequences.
In some embodiments, the repeating clonal barcode sequences comprise tandem repeating
clonal barcode sequences that are separated by a cleavabke hinker (¢.g., a hatrpin molecule, a

lincar nucleic acid polymer, or a circular nucleic acid polvmer as described herein),

{6115} In some embodiments, the substrate compnsing the barcode sequence or repeating
clonal barcode sequences is a droplet encapsulating the barcode sequence or repeating clonal

barcode sequences.

{6116} In some embodiments, at least some partitions of the partition librarv {c.g., a
majority, substantially all, or all of the partitions of the partition library) further compnise a
sample {e.g., one or more target nucleic acids, or one or more cells). In some embodiments,
the sample comprising target nucleic acids comprises BNA, RNA | or a combination or hybnid
thereof. In some embodiments, the sample is a sample comprising cells, ¢.g., is a single-cell

sample. In some embodiments, the sample 1s a sample as described in Section {1 above.

{6117} In some embodiments, the partitions further comprise additional reagents or
components for polymernization, amplification, reverse transcription, or primer extension
{¢.g., polymerases, salts, nucleotides, buffers, stabilizers, primers, detectable agents, or

nuclease-free water) as described herein.
iv. Kits
(6118} In another aspect, kits for generating a nucleic acid signature for dentifving

particles associated 1n a partition are provided. o some embodiments, a kit comprises:

(o2
N
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(a) a plarality of particles comprising a solid support surface, the solid
support surface of a particle having a plurality of oligonuclectide primers conjugated thereon,
wherein the ohigonucleotide primers comprisc a barcode sequence and wherein at least a
majority of the plurality of oligonucieotide primers conjugated to a solid support surface
comprise the same barcode sequence; and

{b} a substrate compnsing a barcode sequence or repeating clonal barcode

SCQUenCes.

10119} Particles having conjugated to oligonucleotide primers conjugated thereto and
substrates comprising the barcode sequence or repeating clonal barcode sequences are

described m Section I above.

[3G120] In some embodiments, the substrate compnses repeating clonal barcode sequences
that comprise tandem repeating clonal barcode scquences that are separated by a cleavable
linker (c.g2., a hairpin molecule, a linear nucleic acid polymer, or a circular nucleic acid
polvmer as described herein). In some embodiments, the substrate comprising the barcode
sequence or repeating clonal barcode sequences is a droplet encapsulating the repeating

clonal barcode sequences.

[3121}  In some embodiments, the kit further comprises one or more reagents for
polymerization, amplification, reverse transcription, or primer extension {¢.g., polvmerases,
salts, nuclectides, buffers, stabilizers, primers, detectable agents, or nuclease-frec water) as

described herein.

(0122} Insome embodiments, the kit further comprises instructions for performing a
method as described herein {¢.g., instractions for partiticning or instructions for agsociating

substrate barcode sequences with particles conjugated to oligonucleotide primers).

Yi. Examples
[3123] The following examples are oftered to lustrate, but not to limit, the claimed
mvention.

Example I: Generation of Nucleic Acid Sequence for Virtually Linking OQligonucieotide-
Loaded Beads in Partitions

{6124} In partiion libraries that are not loaded with beads (such as oligonucleotide-loaded

beads} in a deterministic fashion, bead concentrations are typically adjusted so that only

98]
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about 1 out of 10 partitions are occupied by a bead, in order to ensare that partitions have

only 1 bead. This results in about 90% dead volume in the partitions.

{0125} Ifbead concentration is adjusted resulting in either 2 or 3 beads per partition on
average. droplet occupancy increases to 3% and 95%, respectively. One benefit of such an

5 approach is that dead volume is drastically munimized. In such a high occupancy scheme,
with ohigonucleotide-loaded beads present at 1X-4X concentrations, very hittle detrimental
effect 18 expected on molecular biclogy reactions (e.g., a reverse transcription reaction).
However, it would be beneficial to be able to deconvolute which beads are present together in

a single partition {¢.g., for deconvoluting sequencing data).

10 [6126] One approach for deconvoluting which beads are present together in a single
partition 1s to provide partitions with substratcs comprising barcode scquences for gencrating
a unigue combination of sequences for beads 1 a particular partition, such that upon their
sequence analysis (e.g., by next-generation sequencing}, the beads are virtually hnked. An
exemplary schematic of such an approach is shown in Figure 1. As shown in Figure 1,

I35 partitions {c.g., droplets) are loaded to have on average 2 barcode-labeled oligonucleotide-
loaded beads, resolting in 85% droplet occupancy. Droplets are also loaded with substrates
comprising repeating clonal barcode sequences {as shown in Figure 1A, hairpin substrates},
for example at a concentration of about 100-200 hairpin substrates per droplet to ensure that
cach droplet is provided with sufficient hairpin substrates for attaching to the

20 oligonuclestides of beads. For releasing the clonal barcode sequences into separate
sequenees, the linkers in the hairpins are cleaved. The separated clonal barcode sequences are
denatured into single-stranded sequences, and then anncaling and extension are carmied out to
attach the clonal barcode sequences to the ohigonucieotides ot the beads, thus creating umigue
combinations of barcode-labeled ohigonucleotide-loaded beads and clonal barcode sequences.

25  Forcxample, as shown in Figure 1C, by secing that both beads 1 and 2 are joined with clonal

barcode sequence 5, one can deconvolute that both beads occupied the same droplet.

10127} Asshown m Figure 2 and Figore 3, a similar strategy of combining oligonucleotides
on beads and clonal barcode sequences can be carried out using clonal barcode subsirates that
are circular substrates (Figure 2) or linear substrates (Figure 33, including single stranded

30 oucleic acid polymers (RNA, DNA. or a mixture thereof) and double stranded nucleic acid

polymers (RNA, DNA, or a nuxture thereof).

8]
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[3128] It is understood that the examples and embodiments described herein are for
ithustrative purposes only and that vanous modifications or changes in light thereof will be
suggested to persons skilled in the art and are to be included within the spint and purview of
this apphication and scope of the appended claims. Al publications, patents, and patent
applications cited herein arg hereby incorporated by reference in their entirety for all

PUrPOSEs.
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WHATIS CLAIMED IS:

I. A method of generating a nucleic acid signature for identifying
particles associated in a partition, the method comprising:

{a) partifioning a sample into a plurality of partitions comprising a particle
comprising a solid support surface, the solid support surface having a plurality of
oligonuclestide primers conjugated thereon, wherein the oligonucieotide primers comprise a
harcode sequence and wherein at least a majority of the plurality of chgonucleotide primers
conjugated to a solid support surface comprise the same barcode sequence, and wherein the
partitions have 0, 1, or more than 1 particles per partition;

{b} providing in a parfition a substrate comprising a barcode sequence or
repeating clonal barcode sequences; and

{c) in the partition, associating a first particle comjugated to
oligonuclestide primers comprising a first barcode sequence and a second particle conjugated
1o oligonucleotide primers comprising a second barcode sequence to a barcode sequence from
the substrate;

thereby generating a nucleic acid signature for the particles i the partition.

2. The method of claim 1, wherein the providing step comprises releasing

the barcode sequence or the repeating clonal barcode sequences from the substrate.

3. The method of claim 2, wherein the substrate comprises repeating
clonal barcode sequences, wherein the subsirate comprises tandem repeating clonal barcode
sequences that are separated by a cleavable linker, and wherein the releasing step comprises

cleaving the substrate at the cleavable linker.

4, The method of claim 3, wherem the cleavable inker 1s a restriction

enzyme recognition site, 8 uridine incorporated site, or a photocleavable nacleotide.

5. The method of claim 2, wherein the substrate comprising the barcode
sequence or the repeating clonal barcode sequences comprises a droplet encapsulating the
barcode sequence or repeating clonal barcode sequences, and wherein the releasing comprises

breaking the droplet.

(s
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6. The method of any of claims 1 to 5, wherein the substrate barcode
sequence or repeating clonal barcode sequences comprise DNA, RNA, or a DNA/RNA
hybrid.

7. The method of any of claims 1 to 6, wherein the substrate barcode

sequenee is a contiguity preserved tagmented polynuclectide sequence.

8. The method of any of claims 1 to 7, whercin the sabstrate comprises

repeating clonal barcode sequences.

9. The method of claim 8, wherein the substrate comprising the repeating

clonal barcode sequences is a hairpin molecule.

10, The method of clamm 8, wherein the substrate comprising the repeating

clonal barcode sequences is a hinear polynucleotide substrate.

i1 The method of claim 10, wherein the lincar polvnucleotide substrate s

a single stranded polynucleotide substrate.

12, The method of claim 10, wherein the linear polynucleotide substrate is

a double stranded polvnucleotide substrate.

13, The method of claim 8, wherein the substrate comprising the repeating

clonal barcode sequences is a circular polynucleotide substrate.

t4.  The method of claim 13, wherem the circular polynucleotide substrate

is a single stranded polynuclectide substrate.

15, The method of claim 13, wherein the circular polvnuclectide substrate

is a double stranded polynucleotide substrate.

16.  The method of claim 13, wherein the circular polynucleotide substrate

is a plasmid, a DNA nanoball, or a multiple displacement amplificd branched substrate.

17.  The method of any of claims 1 to 16, wherein the barcode sequence or

repeating clonal barcode sequence of the substrate has a length of at least 6 nucieotides.

46
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8. The method of claim 8, wherein the repeating clonal barcode

sequences comprise at least 10 repeats of the clonal barcode sequence.

19, The method of claim 18, wheren the repeating clonal barcode

sequences comprise at least 100 repeats of the clonal barcode sequence.

20.  The method of any of claims 1 to 7 or 17, wherem the substrate

comprises a single barcode sequence.

21, The method of clarm 20, wherein the associating step comprises {13
anncaling an oligomicleotide primer of the first particle io the substrate barcode sequence and
extending the annealed product with a polymerase, and (2) anncaling an oligonucleotide
primer of the second particle to the substrate barcode sequence and extending the annealed

product with the polymerase.

22, 'the method of any of claims 1 to 21, wherein in the providing step (b},
a plurality of substrates comprising a barcode sequence or repeating clonal barcode sequences
are provided to the partition, wherein the plurality of substrates comprise distinguishable

barcode sequences.

23, The method of claim 22, wherein at least 50 substrates comprising a

barcode sequence or repeating clonal barcode sequences are provided to the partition.

24, The method of any of claims 1 1o 23, wherein the partitions have an

average of about one particle per partition.

25, The method of any of claims 1 to 23, wherein the partitions have an

average of at least two particles per partition.

26.  The method of claim 23, wherein the partitions have an average of

about two particles per partition.

27, The method of claim 25, wherein the partitions have an average of

about three particles per partition.

28.  The method of any of claims 1 1o 27, wherein the associating step

comprises associating (1) the first particle comjugated to oligonucleotide primers comprising

41
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the first barcode sequence with a first substrate barcode sequence, and (2} the second particle
conjugated to oligonuclectide primers comprising the second barcode sequence with a second

substrate barcode sequence.

29, The method of any of claims | to 27, wherein the associating step
comprises anncaling the first substrate barcode sequence to an ohigonucleotide primer of the
first particle and the second substrate barcode sequence to an oligonucleotide primer of the

second particle and extending the annealed products with a polymerase.

30.  The method of claim 29, wherein the associating step comprises at

least 1 cvele of anncaling and extension.

31 The method of claim 28 or 29, wherein the first substrate barcode

sequence and the second substrate barcode sequence are from different substrates.

32. The method of ¢laim 2% or 29, wherein the first substrate barcode

sequence and the second substrate barcode sequence are from the same substrate.

33, The method ofany of claims 1 to 27, wherein the associating step
comprises ligating a substrate barcode sequence to both an oligonucieotide primer of the first

particle and an oligonucleotide primer of the second particle.

34, The method of any of claims 1 to 33, wherein the sample comprises a

target nucleic acid.

35.  The method of claim 34, wherein the sample comprising a target

nucleic acid comprises a cell containing the target nucleic acid.

36.  The method of any of claims 1 to 35, wherein the partitions are
droplets.

37. A plurality of partitions generated by the method of any of claims 1 1o
36.

38. A partition library comprising two or more partitions, wherein at least

some partitions comprise at least a first particle conjugated to oligonucleotide primers

comprising a first barcode sequence and a second particle conjugated to oligonuclectide
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primers comprising a second barcode sequence, and further comprise a substrate comprising

a barcode scquence or repeating clonal barcode sequences.

39, The partition library of claim 38, wherein the substrate comprises a
single barcode sequence.
40.  The partition library of claim 38, wherein the substrate comprises

repeating clonal barcode sequences.

41.  The partition library of claim 40, wherein the substratc compnsing the
repeating clonal barcode sequences comprises tandem repeating clonal barcode sequences

that are separated by a cleavable hinker.

42, The partition library of claim 41, wherein the substrate comprnising the

tandem repeating clonal barcode sequences is a hairpin molecule.

43, The partition hbrary of claim 41, whercin the sabstrate comprising the

tandem repeating clonal barcode sequences is a Hnear polyaucleotide substeate.

44, The partition library of claim 41, wherein the substrate comprising the

tandem repeating clonal barcode sequences is a circular polynucleotide substrate.

45, The partition hibrary of any of claims 38 to 44, wherein the substrate
comprising the barcode sequence or repeating clonal barcode sequences is a droplat

encapsulating the barcode sequence or repeating clonal barcode sequences.

46.  The partition hibrary of any of claims 38 to 45, comprising a plurality
of subsirates comprising a barcode sequence or repeating clonal barcode sequences, wherein

the plurality of substrates comprise distinginshable barcode sequences.

47, A partition Bbrary comprising two or more partitions, whercin at least
some partitions comprise at least a first particle conjugated to oligonuclectide primers
comprising a first barcode sequence and a second particle conjugated to oligonuclootide
primers comprising a second barcode sequence, and further comprise at least one substrate

barcode sequence associated with the first particle and the second particle.

48.  The partition library of claim 47, wherein at least some partitions

comprise a first substrate barcode sequence associated with the first particle conjugated to

I
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oligonucleotide primers comprising the first barcode sequence and a second substrate barcode
sequence associated with the second particle conjugated to oligonucleotide primers

comprising the second barcode sequence.

49, The partition hbrary of claim 48, wheren the first substrate barcode

sequence and the second substrate barcode sequence are distinguishable sequences.

50.  'The partition hbrary of claim 48, wherein the first substrate barcode

sequence and the second substrate barcode sequence are identical seguences.

51.  The partition hibrary of any of claims 47 to 50, wherein at least some
partitions comprise a substrate barcode sequence ligated to both an oligonucleotide primer of

the first particle and to an oligonuclectide primer of the second particle,

52, The partition library of any of claims 38 to 51, comprising at least 500
partitions.
53 The partition library of any of claims 38 to 52, wherein the partitions

comprise droplets.

L

4. The partition library of any of claims 38 to 53, wherein the partitions

have an average of about one particle per partition.

55, 'the partition library of any of claims 38 to 53, wherein the partitions

have an average of about two particles per partition.

56.  The partition hibrary of any of claims 38 to 53, wherein the partitions

have an average of about three particles per partifion.

44
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