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MULTIPLEXED DIGITAL ASSAYS

CROSS-REFERENCES TO PRIORITY
APPLICATIONS

This application is a continuation-in-part of U.S. patent
application Ser. No. 13/424,304, filed Mar. 19, 2012, and
U.S. patent application Ser. No. 13/548,062, filed Jul. 12,
2012, and claims the benefit under 35 U.S.C. § 119(e) of
U.S. Provisional Patent Application Ser. No. 61/734,296,
filed Dec. 6, 2012.

U.S. patent application Ser. No. 13/424,304, in turn, is
based upon and claims the benefit under 35 U.S.C. § 119(e)
of U.S. Provisional Patent Application Ser. No. 61/454,373,
filed Mar. 18, 2011.

U.S. patent application Ser. No. 13/548,062, in turn, is
based upon and claims the benefit under 35 U.S.C. § 119(e)
of U.S. Provisional Patent Application Ser. No. 61/507,082,
filed Jul. 12, 2011; and U.S. Provisional Patent Application
Ser. No. 61/510,013, filed Jul. 20, 2011.

Each of these priority applications is incorporated herein
by reference in its entirety for all purposes.

CROSS-REFERENCES TO OTHER MATERIALS

This application incorporates by reference in their entire-
ties for all purposes the following materials: U.S. Pat. No.
7,041,481, issued May 9, 2006; U.S. Patent Application
Publication No. 2010/0173394 A1, published Jul. 8, 2010;
U.S. Patent Application Publication No. 2012/0194805 Al,
published Aug. 2, 2012; U.S. Patent Application Publication
No. 2013/0084572 Al, published Apr. 4, 2013; and Joseph
R. Lakowicz, PRINCIPLES OF FLUORESCENCE SPECTROSCOPY (277
Ed. 1999).

INTRODUCTION

Digital assays generally rely on the ability to detect the
presence or activity of individual copies of an analyte in a
sample. In an exemplary digital assay, a sample is separated
into a set of partitions, generally of equal volume, with each
containing, on average, less than about one copy of the
analyte. If the copies of the analyte are distributed randomly
among the partitions, some partitions should contain no
copies, others only one copy, and, if the number of partitions
is large enough, still others should contain two copies, three
copies, and even higher numbers of copies. The probability
of finding exactly 0, 1, 2, 3, or more copies in a partition,
based on a given average concentration of analyte in the
partitions, is described by a Poisson distribution. Con-
versely, the concentration of analyte in the partitions (and
thus in the sample) may be estimated from the probability of
finding a given number of copies in a partition.

Estimates of the probability of finding no copies and of
finding one or more copies may be measured in the digital
assay. Each partition can be tested to determine whether the
partition is a positive partition that contains at least one copy
of the analyte, or is a negative partition that contains no
copies of the analyte. The probability of finding no copies in
a partition can be approximated by the fraction of partitions
tested that are negative (the “negative fraction”), and the
probability of finding at least one copy by the fraction of
partitions tested that are positive (the “positive fraction”).
The positive fraction or the negative fraction then may be
utilized to determine the concentration of the analyte in the
partitions by Poisson statistics.
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Digital assays frequently rely on amplification of a
nucleic acid target in partitions to enable detection of a
single copy of an analyte. Amplification may be conducted
via the polymerase chain reaction (PCR), to achieve a digital
PCR assay. The target amplified may be the analyte itself or
a surrogate for the analyte generated before or after forma-
tion of the partitions. Amplification of the target can be
detected optically from a fluorescent probe included in the
reaction. In particular, the probe can include a dye that
provides a fluorescence signal indicating whether or not the
target has been amplified.

A digital PCR assay can be multiplexed to permit detec-
tion of two or more different targets within each partition.
Amplification of the targets can be distinguished by utilizing
target-specific probes labeled with different dyes. However,
instruments with more optical channels, to detect emission
from an equivalent number of dyes, are more expensive than
those with fewer channels. On the other hand, many appli-
cations, especially where sample is limited, could benefit
greatly from higher degrees of multiplexing.

A new approach is needed to increase the multiplex levels
of digital assays.

SUMMARY

The present disclosure provides a system, including meth-
ods and apparatus, for performing a multiplexed digital
assay.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a flowchart of an exemplary method of perform-
ing a multiplexed digital assay with more targets than optical
channels for detection, in accordance with aspects of the
present disclosure.

FIG. 2 is a schematic view of an exemplary apparatus for
performing the multiplexed digital assay of FIG. 1, in
accordance with aspects of the present disclosure.

FIG. 3 is a schematic view of a pair of targets and
corresponding probes capable of reporting the presence or
absence of the targets via emitted light that may be detected
together in the same channel for one or both targets in a
multiplexed digital PCR assay, in accordance with aspects of
the present disclosure.

FIG. 4 is an exemplary graph showing a signal that may
be created by detecting light emitted from the probes of FI1G.
3 in a digital PCR assay performed in droplets, with the
signal created by detecting light from each target together in
the same optical channel from a fluid stream containing the
droplets, in accordance with aspects of the present disclo-
sure.

FIG. 5 is an exemplary scatter plot showing droplet (or
peak) intensities in arbitrary units (“arb.”) for a C61/RPP30
assay, where droplet data from reporters for C61 and RPP30
are collected together in the same optical channel and
plotted as a function of intensity in a FAM channel (vertical
axis) (configured to detect FAM-containing probes) versus
intensity in a VIC channel (horizontal axis) (configured to
detect VIC-containing probes).

FIG. 6 is a graph showing FAM intensities for the
C61/RPP30 assay of FIG. 5 for twelve different sets of assay
conditions, namely, amplification of the C61 and RPP30
targets with different annealing temperatures (given in Cel-
sius and denoted, from left to right, 55.0, 55.2, ..., 64.6, and
64.9).

FIG. 7 is an exemplary scatter plot showing droplet (or
peak) intensities for a C63/RPP30 droplet assay, where data

BIO-RAD EX.1003.018
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from reporters for C63 and RPP30 are collected and plotted
as a function of intensity in a FAM channel (vertical axis)
versus intensity in a VIC channel (horizontal axis) for each
detected event (i.e., each droplet).

FIG. 8 shows FAM intensities (top panel; FIG. 8A) and
VIC intensities (bottom panel; FIG. 8B) for the C63/RPP30
droplet assay of FIG. 7, for twelve different sets of assay
conditions, namely, amplification of the C61 and RPP30
targets with different annealing temperatures (given in
degrees Celsius and denoted, from left to right, 55.0,
55.2,...,64.6, and 64.9).

FIG. 9 is a schematic representation of an exemplary bulk
phase mixture being separated into droplets during perfor-
mance of an exemplary multiplexed digital assay for three or
more distinct targets (T1, T2, and T3) using a different
reporter for detecting amplification of each target (a T1
probe, a T2 probe, and a T3 probe) each including a different
luminophore (I.1, L2, and L3, respectively), in accordance
with aspects of the present disclosure.

FIG. 10 is a schematic representation of an exemplary
scatter plot showing droplet (or peak) intensities for a
T1/T2/T3 droplet assay that may be performed with the
droplets of FIG. 9, where data from the T1, T2, and T3
probes are collected in a first optical channel and a second
optical channel and plotted as a function of intensity in the
first channel (vertical axis) versus intensity in the second
channel (horizontal axis), with intensities produced by
exemplary populations or clusters of negative (NEG),
T1-positive (T1+), T2-positive (T2+), and T3-positive (T3+)
droplets represented by filled ellipses, in accordance with
aspects of the present disclosure.

FIG. 11 is a graph of fluorescence intensity data collected
in a one-target amplification assay performed in droplets, at
the indicated assay concentration for primers and probe, to
illustrate how the assay concentration can be modified to
increase or decrease the level of the intensity signal for each
amplification-positive  (and/or negative) droplet (or
“event”), in accordance with aspects of the present disclo-
sure.

FIG. 12 is a 2-D scatter plot of fluorescence intensity
(“FL. INT.”) data obtained from individual droplets detected
in two optical channels during performance of a triplex
amplification assay for three targets (RPP30, Chr13q3, and
Chr10ql), with the sample (template DNA) digested before
amplification with a restriction enzyme (Alul) that does not
cut within any of the templates for the targets, and with the
target composition of each droplet population indicated (“-"
is negative and “+” is positive for each indicated target), in
accordance with aspects of the present disclosure.

FIG. 13 is another 2-D scatter plot of fluorescence inten-
sity data obtained generally as in FIG. 12 but with the
sample (template DNA) digested, before amplification, with
a restriction enzyme (Haelll) that cuts between the priming
sites of the Chr10ql template, in accordance with aspects of
the present disclosure.

FIG. 14 is a 2-D scatter plot of fluorescence intensity data
obtained from individual droplets detected in two optical
channels during performance of a triplex amplification assay
as in FIG. 12, but with the concentrations of the Chrl13q3
and Chrl0ql assays adjusted to changes the endpoint fluo-
rescence level for assay of these targets, such that the
relative positions of the corresponding single-positive popu-
lations are inverted in the plot, in accordance with aspects of
the present disclosure.

FIG. 15 is another 2-D scatter plot of fluorescence inten-
sity data obtained with the assay concentrations of FIG. 14,
but with the sample (template DNA) digested, before ampli-
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fication, with a restriction enzyme (Haelll) that cuts between
the priming sites of the Chrl0ql template, in accordance
with aspects of the present disclosure.

FIG. 16 is a 2-D scatter plot of fluorescence intensity data
obtained from individual droplets detected in two optical
channels during performance of a tetraplex amplification
assay for four targets (RPP30, MP10K, Chrl3q3, and
Chr10ql), with the sample (template DNA) digested before
amplification with a restriction enzyme (Alul) that does not
cut within any of the templates for the targets, and with the
resulting droplet populations separated by dashed lines and
the target composition of each droplet population indicated
(“=” is negative and “+” is positive for each indicated
target), in accordance with aspects of the present disclosure.

FIG. 17 is the 2-D scatter plot of FIG. 16, with the dashed
lines removed and each droplet population circled using a
line weight that indicates the number of different targets for
which each population is amplification positive, in accor-
dance with aspects of the present disclosure.

FIG. 18 is a 2-D scatter plot of fluorescence intensity data
obtained with the tetraplex assay of FIG. 16, but with the
sample (template DNA) diluted by a factor of four relative
to FIG. 16, in accordance with aspects of the present
disclosure.

FIG. 19 is a 2-D scatter plot of fluorescence intensity data
obtained from individual droplets detected in two optical
channels during performance of a tetraplex amplification
assay for four targets (Chrl0ql, Chrl13q3, Chrl6 pl, and
ChrXq3) using four corresponding probes each containing a
different fluorophore (Alexa Fluor® 488 dye, Atto® 488
dye, VIC dye, and TET dye, respectively), with each single-
positive population of droplets labeled, in accordance with
aspects of the present disclosure.

FIGS. 20-23 each reproduce the scatter plot of FIG. 19
and respectively show single-, double-, triple-, and qua-
druple-positive droplet populations as circled, with arrows
indicating the distinct target composition of each population,
in accordance with aspects of the present disclosure.

FIG. 24 is a composite of FIGS. 20-23 that marks all of
the target-positive droplet populations in the same plot, in
accordance with aspects of the present disclosure.

FIG. 25 is a 2-D scatter plot obtained as in FIGS. 19 and
24 but with only one-sixth as much template DNA, in
accordance with aspects of the present disclosure.

DETAILED DESCRIPTION

The present disclosure provides a system, including meth-
ods and apparatus, for performing a multiplexed digital
assay.

The present disclosure provides a system, including meth-
ods and apparatus, for performing a digital assay on a
potentially greater number of targets through multiplexed
detection of signals from reporters for two or more distinct
targets in a common or shared channel (“the same optical
channel”). The reporters may include the same fluorophore,
such as FAM or VIC, or different fluorophores with similar
spectral characteristics, so that light from two or more
reporters can be collected simultaneously in the same optical
channel. The assays may be constructed so that data for each
target are distinguishable, for example, by choosing assays
for each target that have sufficiently distinct endpoints (or
time courses). The contents of each sample or sample
partition may then be determined: those with no targets,
those with a first assay (assay 1) target, those with a second
assay (assay 2) target, and those with both, in a two-target
assay. The total number of droplets positive for each target
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(e.g., target 1 and target 2) can be estimated by taking into
account the number of droplets in each population. A
concentration for each target may be estimated based on the
number of droplets positive for each target and the total
number of droplets, for example, using Poisson statistics.
Moreover, the relative numbers of different targets (includ-
ing reference targets) may be estimated, allowing determi-
nation of copy number (CN), copy number variation (CNV),
and the presence/abundance of single nucleotide polymor-
phisms (SNPs), among other quantities. Copy number rep-
resents the number of copies of a given target present in a
genome (e.g., humans have a diploid genome with a copy
number of two for most autosomal genes). Copy number
variation is a structural variation in the genome, such as
deletions, duplications, translocations, and/or inversions,
which may be a major source of heritable genetic variation,
including susceptibility to disease (or disease itself) and
responsiveness to disease treatment.

The assays may be extended in various ways. In some
embodiments, the assays may involve detection of more
than two targets in the same optical channel. For example,
an assay for three targets may generate eight clusters or
populations of data, separated by intensity. In the same or
other embodiments, some targets may be analyzed in one
channel (e.g., a FAM channel), and one or more other targets
may be analyzed in one or more other channels (e.g., a VIC
channel). Three targets, two in a first channel and one in a
second channel, would again generate eight clusters or
populations of data, but they would be separated in a
two-dimensional intensity space and so in principle more
easily resolvable.

A method of performing a multiplexed digital assay is
provided. In the method, droplets may be formed that
collectively contain R targets. The targets may be amplified
in the droplets. Data may be collected that represents ampli-
fication of the targets in the droplets. The data may be
collected in fewer than R optical channels. A level of each
target may be determined with the data, wherein the level
determined for at least one of the targets is based in part on
a droplet count for a droplet population identified as positive
for at least two of the targets.

Another method of performing a multiplexed digital assay
is provided. In the method, droplets may be formed that
collectively contain R targets, where R is at least three. A
significant number of the droplets may contain a copy of
each of two or more of the targets. The targets may be
amplified in the droplets. Data may be collected representing
amplification of the targets in the droplets. The data may be
collected in fewer than R optical channels each representing
a distinct waveband of emitted light. A plurality of droplet
populations may be identified from the data, wherein form-
ing, amplifying, and collecting are performed such that each
droplet population positive for two of the targets is at least
substantially resolved from each droplet population positive
for only one of the targets. A level of each target may be
determined based in part on one or more droplet populations
identified as containing a pair of the targets.

Yet another method of performing a multiplexed digital
assay is provided. In the method R targets may be amplified
in droplets. Data representing amplification of the targets in
the droplets may be collected. The data may be collected in
a plurality of less than R optical channels each representing
a distinct waveband of light. A plurality of droplet popula-
tions may be identified from the data, with each population
containing a different combination of the targets. A level of
each target may be determined. The step of determining for
each target may be based on a value for droplet counts
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obtained from a combination of at least two droplet popu-
lations that excludes at least two other droplet populations.

Still another method of performing a digital assay is
provided. In the method, droplets may be formed that
collectively contain R targets and a probe corresponding to
each target. R may be at least three, and each probe may
include a different luminophore. The targets may be ampli-
fied in the droplets. Data may be collected that represents
amplification of the targets in the droplets. The data may be
collected in less than R optical channels each representing a
distinct waveband of light. A level of each target may be
determined based on the data.

Further aspects of the present disclosure are presented in
the following sections: (I) system overview, and (II)
examples.

1. System Overview

This section provides an overview of exemplary methods
and apparatus for performing digital assays, in accordance
with aspects of the present disclosure.

FIG. 1 shows a flowchart of an exemplary method 40 of
performing a multiplexed digital assay. The steps presented
for method 40 may be performed in any suitable order and
in any suitable combination. Furthermore, the steps may be
combined with and/or modified by any other suitable steps,
aspects, and/features of the present disclosure.

Sample preparation. A sample may be prepared for the
assay, indicated at 42. Preparation of the sample may include
any suitable manipulation of the sample, such as collection,
dilution, concentration, purification, lyophilization, freez-
ing, extraction, combination with one or more assay
reagents, performance of at least one preliminary reaction to
prepare the sample for one or more reactions in the assay, or
any combination thereof, among others. Preparation of the
sample may include rendering the sample competent for
subsequent performance of one or more reactions, such as
one or more enzyme catalyzed reactions and/or binding
reactions.

In some embodiments, preparation of the sample may
include combining the sample with reagents for amplifica-
tion and for reporting whether or not amplification occurred.
Reagents for amplification may include any combination of
primers for the targets, dNTPs and/or NTPs, at least one
enzyme (e.g., a polymerase, a ligase, a reverse transcriptase,
a restriction enzyme, or a combination thereof, each of
which may or may not be heat-stable), and/or the like.
Accordingly, preparation of the sample may render the
sample (or partitions thereof) capable of amplification of
each of one or more targets, if present, in the sample (or a
partition thereof). Reagents for reporting may include a
different reporter for each target of interest. Accordingly,
preparation of the sample for reporting may render the
sample capable of reporting, or being analyzed for, whether
or not amplification has occurred, on a target-by-target basis,
and optionally the extent of any such amplification. The
reporters each may be a labeled probe that includes a nucleic
acid (e.g., an oligonucleotide) labeled with a luminophore
(i.e., a photoluminescent moiety), such as a fluorophore.

Sample partitioning. The sample may be separated into
partitions, indicated at 44. Separation of the sample may
involve distributing any suitable portion including up to all
of the sample to the partitions. Each partition may be and/or
include a fluid volume that is isolated from the fluid volumes
of other partitions. The partitions may be isolated from one
another by a fluid phase, such as a continuous phase of an
emulsion, by a solid phase, such as at least one wall of a
container, or a combination thereof, among others. In some
embodiments, the partitions may be droplets disposed in a
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continuous phase, such that the droplets and the continuous
phase collectively form an emulsion.

The partitions may be formed by any suitable procedure,
in any suitable manner, and with any suitable properties. For
example, the partitions may be formed with a fluid dis-
penser, such as a pipette, with a droplet generator, by
agitation of the sample (e.g., shaking, stirring, sonication,
etc.), and/or the like. Accordingly, the partitions may be
formed serially, in parallel, or in batch. The partitions may
have any suitable volume or volumes. The partitions may be
of substantially uniform volume or may have different
volumes. Exemplary partitions having substantially the
same volume are monodisperse droplets. Exemplary vol-
umes for the partitions include an average volume of less
than about 100, 10 or 1 pL, less than about 100, 10, or 1 nL,,
or less than about 100, 10, or 1 pL, among others.

The partitions, when formed, may be competent for
performance of one or more reactions in the partitions.
Alternatively, one or more reagents may be added to the
partitions after they are formed to render them competent for
reaction. The reagents may be added by any suitable mecha-
nism, such as a fluid dispenser, fusion of droplets, or the like.

The partitions collectively, before amplification, may con-
tain copies of a plurality of targets. Each partition may
contain, on average, less than about five, four, three, or two
copies, or less than about one copy of at least one target
and/or of each target per partition. In any event, a significant
number of the partitions (e.g., at least about 1%, 2%, 5%,
10%, or 20%, among others, of the partitions) may contain
a copy of each of at least two targets, and/or a plurality of
the partitions each may contain a copy of all targets.

The partitions when provided (e.g., when formed) may
contain each target at “partial occupancy,” which means that
a subset (one or more) of the partitions contain no copies of
the target and the rest of partitions contain at least one copy
of the target. For example, another subset (one or more) of
the partitions may contain a single copy (only one copy) of
the target, and, optionally, yet another subset (one or more)
of the partitions (e.g., the rest of the partitions) may contain
two or more copies of the target. The term “partial occu-
pancy” permits but does not require a dilution of the
sample/reaction mixture providing the target, and is not
restricted to the case where there is no more than one copy
of the target in any partition. Accordingly, partitions con-
taining the target at partial occupancy may, for example,
contain an average of more than, or less than, about one
copy, two copies, or three copies, among others, of the
template/target per partition when the partitions are provided
or formed. Copies of the target may have a random distri-
bution among the partitions, which may be described as a
Poisson distribution.

Target amplification. A plurality (“R”) of targets may be
amplified in the partitions. (R may be 2, 3, 4, or more than
4.) Amplification of each target may occur selectively (and/
or substantially) in only a subset of the partitions, such as
less than about one-half, one-fourth, or one-tenth of the
partitions, among others. Amplification of each target may
occur selectively in partitions containing at least one copy of
the target (i.e., containing at least one copy of a template
corresponding to the target).

Amplification may or may not be performed isothermally.
In some cases, amplification in the partitions may be encour-
aged by heating the partitions and/or incubating the parti-
tions at a temperature above room temperature, such as at a
denaturation temperature, an annealing temperature, and/or
an extension temperature, for one or a plurality of cycles. In
some examples, the partitions may be thermally cycled to
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promote a polymerase chain reaction and/or ligase chain
reaction. Exemplary isothermal amplification approaches
that may be suitable include nucleic acid sequence-based
amplification, transcription-mediated amplification, mul-
tiple-displacement  amplification,  strand-displacement
amplification, rolling-circle amplification, loop-mediated
amplification of DNA, helicase-dependent amplification,
and single-primer amplification, among others.

Data collection. Amplification data may be collected,
indicated at 48. The data may be collected in less than “R”
optical channels. In other words, the number (R) of targets
assayed may be greater than the number of optical channels
used for detecting target amplification. In some cases, the
data may be collected in only one or two optical channels,
or in at least two, three, or more optical channels, among
others.

An optical channel may represent a particular detection
regime with which emitted light is generated and detected.
The detection regime may be characterized by a waveband
(i.e., a wavelength regime) for detection of emitted light. If
pulsed excitation light is used in the detection regime to
induce light emission, the detection regime may be charac-
terized by a wavelength or waveband for illumination with
excitation light and/or a time interval during which light
emission is detected with respect to each light pulse. Accord-
ingly, optical channels that are different from each other may
differ with respect to the wavelength/waveband of excitation
light, with respect to the wavelength/waveband of emitted
light that is detected, and/or with respect to the time interval
during which emitted light is detected relative to each pulse
of excitation light, among others.

Data collection may include generating one or more
signals representative of detected light. The signal may
represent an aspect of light, such as the intensity of the light,
detected in the same optical channel from reporters for two
or more distinct targets. The signals optionally may include
data collected in two or more different optical channels (e.g.,
in different wavelength ranges (wavebands) and/or color
regimes) from reporters for the same and/or different tar-
gets). The light detected from each reporter may be light
emitted from a luminophore (e.g., a fluorophore). The light
detected in a given channel may be detected such that light
from different reporters is summed or accumulated without
attribution to a particular reporter. Thus, the signal for a
given channel may be a composite signal that represents
two, three, four, or more assays and thus two, three, four, or
more targets.

The signal(s) may be created based on detected light
emitted from one or more reporters in the partitions. The one
or more reporters may report whether at least one of two or
more particular amplification reactions represented by the
signal has occurred in a partition and thus whether at least
one copy of at least one of two or more particular targets
corresponding to the two or more particular amplification
reactions is present in the partition. The level or amplitude
of' the signal corresponding to the reporters may be analyzed
to determine whether or not at least one of the particular
amplification reactions has occurred and at least one copy of
one of the particular targets is present. The level or ampli-
tude of the signal may vary among the partitions according
to whether at least one of the particular amplification reac-
tions occurred or did not occur and at least one of the
particular targets is present or absent in each partition. For
example, a partition positive for a particular target may
produce a signal level or amplitude that is above a given
threshold and/or within a given range. Partitions may be
analyzed and signals created at any suitable time(s). Exem-
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plary times include at the end of an assay (endpoint assay),
when reactions have run to completion and the data no
longer are changing, or at some earlier time, as long as the
data are sufficiently and reliably separated.

The reporters may have any suitable structure and char-
acteristics. Each reporter may be a probe including an
oligonucleotide and a luminophore associated with the oli-
gonucleotide (e.g., with the luminophore covalently attached
to the oligonucleotide), to label the oligonucleotide. The
probe also may or may not include an energy transfer partner
for the luminophore, such as a quencher or another lumi-
nophore. The probe may be capable of binding specifically
to an amplicon produced by amplification of a target for the
probe. The probe may or may not also function as a primer
in the assay. Exemplary labeled probes include TagMan®
probes, Scorpion® probes/primers, Eclipse® probes,
Amplifluor® probes, molecular beacon probes, Lux® prim-
ers, proximity-dependent pairs of hybridization probes that
exhibit FRET when bound adjacent one another on an
amplicon, QZyme® primers, or the like.

In some cases, at least one of the reporters may be a dye
that interacts with (e.g., binds) nucleic acid relatively non-
specifically. For example, the dye may not be attached to an
oligonucleotide that confers substantial sequence binding
specificity. The dye may be a major groove binder, a minor
groove binder, an intercalator, or an external binder, among
others. The dye may interact preferentially with double-
stranded relative to single-stranded nucleic acid and/or may
exhibit a greater change in a photoluminescent characteristic
(e.g., intensity) when interacting with double-stranded rela-
tive to single-stranded nucleic acid. Exemplary dyes that
may be suitable include luminescent cyanines, phenanthri-
dines, acridines, indoles, imidazoles, and the like, such as
DAPI, Hoechst® 33258 dye, acridine orange, etc. Exem-
plary intercalating dyes that may be suitable include
ethidium bromide, propidium iodide, EvaGreen® dye,
SYBR® Green dye, SYBR® Gold dye, and 7-aminoactino-
mycin D (7-AAD), among others.

Population identification. Partition populations each posi-
tive for a different combination of zero, one, or more of the
R targets may be identified, indicated at 50. In some cases
every combination of positives may be identified, and in
other cases only a subset of all possible combinations may
be identified (e.g., identifying single and double-positive
populations, while ignoring rarer triple-positive and/or
higher order populations.) Identification may be performed
by a data processor using an algorithm (e.g., an algorithm
that identifies patterns (e.g., droplets clusters) in the data),
by a user, or a combination thereof. In some cases, a data
processor may produce and output (e.g., display) a plot of
the collected data (e.g., a 2-D scatter plot or histogram (e.g.,
see Examples 6 and 7), or, with three or more optical
channels for detection, a series of 2-D scatter plots or
histograms with different pairs of axes). The user then may
define the boundary of each population based on the plot(s),
e.g., through a graphical user interface to define population
boundaries, and/or by inputting values (e.g., representing
intensity ranges) to define a boundary for each population.
Each population boundary may be defined by one or more
ranges of values, a geometrical shape that surrounds the
population (e.g., a polygon, ellipse, etc.), or the like.

Identification of partition populations may include assign-
ing each partition to one of a plurality of predefined bins
each corresponding to a distinct partition population.

The predefined bins may represent all possible combina-
tions of positives for the target, or only a subset of the all
possible combinations (e.g., where N=3, all combinations of
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positives for zero, one, and two targets). Further aspects of
population identification are presented below in Examples 6
and 7.

Obtain partition counts. A partition count for each parti-
tion population may be obtained, indicated at 52. The
partition count may be a value representing the number of
partitions constituting a particular partition population.

A number of partitions that are positive (or negative) for
each target may be determined for the signal, indicated at 50.
The signal detected from each partition, and the partition
itself, may be classified as being positive or negative for
each of the reactions/targets contributing to the signal.
Classification may be based on the strength (and/or other
suitable aspect) of the signal. If the signal/partition is
classified as positive (+), for a given target, the reaction
corresponding to that target is deemed to have occurred and
at least one copy of the target is deemed to be present in the
partition. In contrast, if the signal/partition is classified as
negative (-), for a given target, the reaction corresponding
to that target is deemed not to have occurred and no copy of
the target is deemed to be present in the partition (i.e., the
target is deemed to be absent from the partition). The data
including all permutations of positives will generally fall
into 2 populations or clusters, where N is the number of
targets, assuming that each population is distinguishable.
Exemplary results for one, two, and three target systems in
which data are collected in a single channel are shown in the
following tables:

Target A Intensity
Population 2 Highest
Population 1 - Lowest
Target A Target B Intensity
Population 4 + + Highest
Population 3 + - Intermediate
Population 2 - + Intermediate
Population 1 - - Lowest
Target A Target B Target C Intensity
Population 8 + + + Highest
Population 7 + + - Intermediate
Population 6 + - + Intermediate
Population 5 - + + Intermediate
Population 4 + - - Intermediate
Population 3 - + - Intermediate
Population 2 - - + Intermediate

Population 1 Lowest

Determination of target levels. Levels of all of the targets
may be determined, indicated at 54, based on various
combinations of the counts obtained. Determination of tar-
get levels may (or may not) be based on each target having
a Poisson distribution among the partitions. Each level may,
for example, be a value representing the total number of
partitions positive for the target, or a concentration value,
such as a value representing the average number copies of
the target per partition. The partition data further may be
used (e.g., directly and/or as concentration data) to estimate
copy number (CN) and copy number variation (CNV), using
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any suitable algorithms such as those described below and
elsewhere in the present disclosure.

A level (e.g., concentration) of each target may be deter-
mined with Poisson statistics. The concentration may be
expressed with respect to the partitions and/or with respect
to a sample providing the target. The concentration of the
target in the partitions may be calculated from the fraction
of positive partitions (or, equivalently, the fraction of nega-
tive partitions) by assuming that copies of the target (before
amplification) have a Poisson distribution among the parti-
tions. With this assumption, the fraction f(k) of partitions
having k copies of the template is given by the following
equation:

M

s
fl) = 7€

Here, C is the concentration of the target in the partitions,
expressed as the average number of target copies per parti-
tion (before amplification). Simplified Poisson equations
may be derived from the more general equation above and
may be used to determine target concentration from the
fraction of positive partitions. An exemplary Poisson equa-
tion that may be used is as follows:

N, 2)
J

Cc= —1n(1 -5
tot

where N, is the total number of partitions (i.e., the partition
count) positive for a given target, and where N, , is the total
number of partitions that are positive or negative for the
target. N, , is equal to a sum of (a) N, for the target and (b)
the number of partitions negative for the target, or N_.
N,/N,,, (or N,/(N,+N_) is equal to f,, which is the fraction
of partitions positive for the template (i.e., f,=f{(1)+f(2)+f
(3)+ . . . ) (see Equation (1)), and which is a measured
estimate of the probability of a partition having at least one
copy of the template. Another exemplary Poisson equation
that may be used is as follows:

©)

N_
¢ =-lal5=)

where N_ and N, are as defined above. N_/N,, is equal to
f_, which is the fraction of negative partitions (or 1-1,), is a
measured estimate of the probability of a partition having no
copies of the target, and C is the target concentration as
described above.

Equations (2) and (3) above can be rearranged to produce
the following:

C=In(N,,)-In(N,0~N,) (©)]

C=In(N,,)-In(N_) ®

The concentration of each target in a multiplexed assay
can, for example, be determined with any of Equations
(2)-(5), using values (i.e., partition counts) obtained for N, ,
and N_ or N, for each target. In some cases, the value used
for N,,, (the total partition count) may be the same for each
target. In other cases, the value used for N, , may vary, such
as if some of the populations are excluded from the total
count due to population overlap. In some embodiments, N,_,
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may be equivalent to a combination of all populations,
namely, a sum of the partition counts for all populations
identified.

The value used for N_ or N, is generally different for each
target, and may result from summing the counts from a
plurality of partition populations each containing a different
combination of the targets being tested in the multiplexed
assay. For example, with three targets (A, B, and C) in a
multiplexed assay, the number of partitions positive for
target A, N, ,, may be calculated as the sum of counts from
the single (A only), double (AB and AC), and triple (ABC)
positive populations, for use in Equation (2) or (4). Equiva-
lently, the number of partitions negative for target A, N,
may be calculated, for use in Equation (3) or (5), as the
difference between N, , and N, ,. Alternatively, the number
partitions negative for A may be calculated as the sum of
counts from each population that is negative for target A,
namely, in this example, a triple negative (“empty”) popu-
lation, two single positive populations (B and C), and one
double positive population (BC). The same process may be
repeated for each of the other targets using partition counts
from the appropriate subset of populations. In any event,
determination of at least one target concentration and/or
each target concentration may be based on a combination of
counts from at least two populations and with the exclusion
of at least two populations. In some cases, a combination of
counts used for at least one target or for each target may
include counts from only one-half of the populations.

In some embodiments, an estimate of the level of the
template may be obtained directly from the positive fraction,
without use of Poisson statistics. In particular, the positive
fraction and the concentration (copies per partition) con-
verge as the concentration decreases. For example, with a
positive fraction of 0.1, the concentration is determined with
Equation (2) to be about 0.105, a difference of only 5%; with
a positive fraction of 0.01, the concentration is determined
to be about 0.01005, a ten-fold smaller difference of only
0.5%. However, the use of Poisson statistics can provide a
more accurate estimate of concentration, particularly with a
relatively higher positive fraction, because the equation
accounts for the occurrence of multiple target copies per
partition.

Further aspects of sample preparation, partition forma-
tion, data collection, population identification, obtaining
partition counts, and target level determination, among
others, that may be suitable for the system of the present
disclosure are described elsewhere in the present disclosure,
such as below in Examples 5-7, and in the references
identified above in the Cross-References, which are incor-
porated herein by reference.

FIG. 2 shows an exemplary system 60 for performing the
digital assay of FIG. 1. System 60 may include a partitioning
assembly, such as a droplet generator 62 (“DG”), a thermal
incubation assembly, such as a thermocycler 64 (“TC”), a
detection assembly (a detector) 66 (“DET”), and a data
processing assembly (a data processor) 68 (“PROC”), or any
combination thereof, among others. The data processing
assembly may be, or may be included in, a controller that
communicates with and controls operation of any suitable
combination of the assemblies. The arrows between the
assemblies indicate movement or transfer of material, such
as fluid (e.g., a continuous phase of an emulsion) and/or
partitions (e.g., droplets) or signals/data, between the assem-
blies. Any suitable combination of the assemblies may be
operatively connected to one another, and/or one or more of
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the assemblies may be unconnected to the other assemblies,
such that, for example, material/data are transferred manu-
ally.

Detector 66 may provide a plurality of optical channels in
which data can be collected. The detector may have a
distinct sensor or detection unit for each optical channel.

System 60 may operate as follows. Droplet generator 62
may form droplets disposed in a continuous phase. The
droplets may be cycled thermally with thermocycler 64 to
promote amplification of targets in the droplets. Signals may
be detected from the droplets with detector 66. The signals
may be processed by processor 68 to determine numbers of
droplets and/or target levels, among others
1I. Examples

This section presents selected aspects and embodiments
of the present disclosure related to methods of performing
multiplexed digital assays.

Example 1

Digital PCR Assays with Multiplexed Detection in
the Same Channel

This example describes an exemplary digital PCR assay
with multiplexed detection of two targets, using two probes,
analyzed in the same channel. Other assays may involve
three or more targets and three or more probes, where at least
two targets are analyzed in the same channel.

FIG. 3 shows a pair of targets 80, 82 (“Target 1” and
“Target 2”) and corresponding probes 84, 86 (“Probe 17 and
“Probe 27) that may be used to create a dedicated signal for
each target in a digital PCR assay. Each probe may include
an oligonucleotide 88, 90, a fluorophore 92, 94, and a
quencher 96. Each of the fluorophore and the quencher may
(or may not) be conjugated to the oligonucleotide by a
covalent bond. The probe also or alternatively may include
a binding moiety (a minor groove binder) for the minor
groove of a DNA duplex, which may be conjugated to the
oligonucleotide and which may function to permit a shorter
oligonucleotide to be used in the probe.

Each oligonucleotide may provide target specificity by
hybridization predominantly or at least substantially exclu-
sively to only one of the two targets. Hybridization of the
oligonucleotide to its corresponding target is illustrated
schematically at 98.

Fluorophores 92, 94, which may be the same or different,
create detectable but distinguishable signals in the
same channel, allowing multiplexing in that channel. The
signals may be distinguishable because an aspect of the
fluorescence is different for one fluorophore than for the
other fluorophore(s). For example, the intensity associated
with one fluorophore, following reaction, may be lower or
higher than the intensity(ies) associated with the other
fluorophore(s). In some embodiments, one probe may be
labeled with a different number of fluorophores than the
other probe, and/or the probes may be located in slightly
different local environments, creating a different level of
fluorescence for each probe following reaction. Alterna-
tively, or in addition, both probes may be labeled with the
same number of fluorophores (e.g., one fluorophore), but
there may be more or less of one probe than the other in the
sample, so that a greater or smaller signal is created when the
reactions have occurred. In some cases, the fluorophores
themselves might be different, with one more or less intrin-
sically fluorescent than the other (e.g., due to differences in
extinction coefficient, quantum yield, etc.), so long as each
fluorophore can be detected in the same channel. Exemplary
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fluorophores that may be suitable include FAM, VIC, ROX,
TAMRA, JOE, etc., among others.

Quencher 96 is configured to quench the signal produced
by fluorophore 92 or 94 in a proximity-dependent fashion.
Accordingly, light detected from the fluorophore may
increase when the associated oligonucleotide 88 or 90 binds
to the amplified target, to increase the separation between
the fluorophore and the quencher, or when the probe is
cleaved and the fluorophore and quencher become
uncoupled during target amplification, among others. The
quencher may be the same or different for each type of
fluorophore. Here, the assay is designed so that the presence
of a target gene leads to an increase in corresponding
intensity, because amplification reduces quenching. In other
assays, the reverse could be true, such that the presence of
a target caused a decrease in corresponding intensity (al-
though it typically is easier to detect a signal against a dark
background than the opposite). Moreover, some embodi-
ments may be constructed without a quencher, so long as the
fluorescence and so the signal changes upon amplification.

FIG. 4 shows an exemplary graph 102 of data correspond-
ing to an exemplary digital PCR assay for Target 1 and
Target 2 performed in droplets. The graph plots a signal 104
that represents light detected from probes 84, 86 (and/or one
or more modified (e.g., cleavage) products thereof) (see FIG.
3). The signal is created from light detected over time in a
single channel from a fluid stream containing the droplets
and flowing through an examination region of the channel.
The signal may be analyzed to determine whether neither
Target, Target 1 alone, Target 2 alone, or both Targets 1 and
2 are present in each droplet. In particular, the strength or
intensity of the signal in a system with two targets may be
divided or thresholded into four intervals corresponding to
no Target (Interval 1), Target 1 alone (Interval 2), Target 2
alone (Interval 3), or both Targets 1 and 2 (Interval 4):

Peaks 106 with maxima in Interval 1 correspond to

droplets containing no Target (T1-/T2-). The mea-
sured signal corresponds to background (e.g., back-
ground fluorescence, scattering, etc.) and does not
reflect the presence or amplification of either Target.

Peaks 108 with maxima in Interval 2 correspond to

droplets containing Target 1 but not containing Target
2 (T1+/T2-). The measured signal corresponds to sig-
nal from Target 1 plus background and reflects ampli-
fication of Target 1 implying the presence of Target 1.
Peaks 110 with maxima in Interval 3 correspond to
droplets containing Target 2 but not containing Target
1 (T1-/T2+). The measured signal corresponds to sig-
nal from Target 2 plus background and reflects ampli-
fication of Target 2 implying the presence of Target 2.
Peaks 112 with maxima in Interval 4 correspond to
droplets containing both Targets 1 and 2 (T1+/T2+).
The measured signal corresponds to signal from both
Targets 1 and 2 plus background and reflects amplifi-
cation of Targets 1 and 2 implying the presence of
Targets 1 and 2.
In the present example, each droplet, whether positive or
negative for each target, produces an increase in signal
strength above the baseline signal that forms an identifiable
peak 106, 108, 110, 112. Accordingly, the signal may vary
in strength with the presence or absence of a droplet and
with the presence or absence of a corresponding target.

The assignment of a droplet to a particular outcome (i.e.,
to one of T1-/T2—, T1+/T2-, T1-/T2+, and T1+/T2+) may
be performed using any suitable algorithm. In the example
above, peak heights (i.e., intensity values) associated with
each outcome are sufficiently different that each can be
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unambiguously identified and assigned. Specifically, the
peaks are assigned based on intervals delineated by values
lying between (e.g., half way between) the peak heights for
one outcome and the peak heights for adjacent outcomes. In
other cases, the peak heights for each outcome may overlap
at their extremes, so that thresholding may be neither simple
nor linear. In such cases, statistical methods such as expec-
tation maximization algorithms may be used to estimate the
number of droplets or peaks associated with each outcome
and the associated concentrations.

Example 2
Digital PCR Assay to Assess Copy Number of C61

This example describes a first exemplary digital PCR
assay, in which multiplexing in a single channel is used to
assess copy number of the C61 gene; see FIGS. 5 and 6.
Specifically, signals from two probes, one for the gene of
interest, C61, and one for a reference gene, RPP30, are
collected together, as a single signal, in a single channel and
used to assess the number of copies of the gene of interest
relative to the number of copies of the reference gene.

The principles described here may be used with any
suitable gene(s). In this example, C61 is a gene of interest,
for which information on copy number is sought, and RPP30
is a reference gene, which codes for ribonuclease P protein
subunit p30, that is known to have two copies per genome.

The principles described here also may be extended to
additional genes of interest, for example, two or three or
more genes of interest, and may or may not involve refer-
ence genes such as RPP30. The number of copies may be
determined absolutely, if the copy number of at least one of
the genes (e.g., the reference gene) is known, or relatively,
if the copy number of none of the genes is known.

FIG. 5 is a scatter plot showing data for the exemplary
C61/RPP30 system. Specifically, FIG. 5 shows intensity in
the FAM channel plotted as a function of intensity in the VIC
channel for each droplet in a digital PCR assay. (Here and
elsewhere in the present disclosure, the dots of a scatter plot
represent individual droplets.) Visually, the data comprise
four distinct populations, corresponding to four distinct
ranges of FAM intensity (the intensities in the VIC channel
are all low and overlapping). The assay is constructed so that
amplification of C61 leads to a lower FAM intensity than
amplification of RPP30 (although it would work as well if
the reverse were true). The four populations may be sum-
marized as follows:

Population 1, with the lowest FAM intensity, corresponds

to droplets that are negative for RPP30 and C61 (i.e.,
droplets that did not include either gene).

Population 2, with the lower of two intermediate FAM
intensities, corresponds to droplets that are positive for
C61 and negative for RPP30 (i.e.,, droplets that
included the C61 gene but did not include the RPP30
gene).

Population 3, with the higher of two intermediate FAM
intensities, corresponds to droplets that are positive to
RPP30 and negative for C61 (i.e., droplets that
included the RPP30 gene but did not include the C61
gene).

Population 4, with the highest FAM intensity, corresponds
to droplets that are positive for RPP30 and C61 (i.e.,
droplets that included both genes).

The number of droplets in each population may be counted
using any suitable mechanism(s), during or following data
acquisition. Here, because the intensities are widely sepa-
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rated, the number may be counted by assigning suitable
intensity ranges or intervals to each population, as in
Example 1, so that droplets falling within a selected intensity
range are designated as falling within the population corre-
sponding to that range. The results of such counting are
summarized in the following table:

RPP30 C61 # Droplets
Population 4 + + 1168
Population 3 + - 2865
Population 2 - + 2854
Population 1 - - 6782

Here, + means that the assay is positive for the indicated
gene (i.e., that the indicated gene is present), and — means
that the assay is negative for the indicated gene (i.e., that the
indicated gene was absent). There are 4033 droplets con-
taining RPP30 (i.e., that are positive for RPP30, irrespective
of whether they are positive or negative for C61), as
determined by adding the number of droplets in Populations
3 and 4 (i.e., by adding 2865 and 1168, respectively). There
are 4022 droplets containing C61 (i.e., that are positive for
C61, irrespective of whether they are positive or negative for
RPP30), as determined by adding the number of droplets in
Populations 2 and 4 (i.e., by adding 2854 and 1168, respec-
tively). Thus, the ratio of C61 to RPP30 is 4022/
4033=0.997=1:1 within experimental error. Thus, because
RPP30 is known to have two copies per genome, C61 must
also have two copies (i.e., the copy number of C61 is two).
In many cases, concentrations of the targets are determined
by Poisson statistics (e.g., using one or more of Equations
(2)-(5)), before a ratio of target levels is determined.

FIG. 6 shows FAM intensities for the C61/RPP30 system
of FIG. 5 for twelve different sets of droplets exposed to
twelve different annealing temperatures (denoted, from left
to right, 55.0, 55.2, . . ., 64.6, and 64.9) during thermal
cycling to promote target amplification. The data show that
there is sufficient resolution between the four populations to
perform the assay in a single channel under a variety of
experimental conditions. The data shown in FIG. 5 corre-
spond to one of the conditions in this plot, namely, ampli-
fication with an annealing temperature of 59.1° C. (marked
in FIG. 6 with an arrowhead).

The annealing temperature may be selected from among
the various temperatures tested, based on comparison of
collected intensity data. For example, the resolution or
separation of each population of droplets from one another
in the plot for the various annealing temperatures may be
compared to permit selection of a suitable annealing tem-
perature for further data collection and/or analysis. For
example, here, the annealing temperature of 59.1° C. offers
the best separation between each different population of
droplets within the set. In particular, at this annealing
temperature, data from double-positive droplets (RPP30+/
C61+; the population of highest intensity) are well resolved
from data for single-positive droplets (RPP30+ or C61+; the
two populations of intermediate intensity), which in turn are
well resolved from each other and from data for double-
negative droplets (RPP30-/C61-; the population of lowest
intensity).

The resolution provided by selection of an optimal
annealing temperature may permit determination, for each
target, a respective number of droplets that are positive for
the target alone at the selected annealing temperature. Also,
at least one number of droplets positive for more than one
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target may be determined. The total number of droplets
positive for each target then may be determined based on the
respective numbers and the at least one number.

In some cases, signal detection may be performed first on
only a fraction of each set of droplets. Additional droplets
from the particular set corresponding to the selected anneal-
ing temperature then may be run through the detector to
provide additional data for analysis. In other cases, only a
fraction of the data collected for each set of droplets may be
plotted and/or compared, and then additional data collected
for the particular set corresponding to the selected annealing
temperature may be plotted and/or analyzed.

Example 3
Digital PCR Assay to Assess Copy Number of C63

This example describes a second exemplary digital PCR
assay, in which multiplexing in a single channel is used to
assess copy number of the C63 gene; see FIGS. 7 and 8.
Specifically, signals from two probes, one for the gene of
interest, C63, and one for a reference gene, again RPP30, are
collected in a single channel and used to assess the number
of copies of the gene of interest relative to the number of
copies of the reference gene.

FIG. 7 is a graph showing data for the exemplary C63/
RPP30 system. Like FIG. 5, FIG. 7 shows intensity in the
FAM channel plotted as a function of intensity in the VIC
channel for each droplet in a digital PCR assay. However,
unlike FIG. 5, this system includes probes for RPP30 and
C63 instead of RPP30 and C61. The data again show four
distinct populations, corresponding in order of decreasing
intensity in the FAM channel to RPP30+/C63+, RPP30+/
C63-, RPP30-/C63+, and RPP30-/C63—-. The number of
droplets counted in each of these bins corresponds to 3552
RPP30 positive droplets, 3441 C63 positive droplets, and
6224 negative droplets. Thus, the ratio of C63 to RPP30 is
3441/3552=0.969=1:1 within experimental error. Thus, like
C61, C63 must have two copies (i.e., the copy number of
C63 is two).

FIG. 8A shows FAM intensities and FIG. 8B shows VIC
intensities for the C63/RPP30 system of FIG. 7 for twelve
different sets of experimental conditions (i.e., different
annealing temperatures for amplification). The data show
that there is sufficient resolution between the four popula-
tions to perform the assay in a single channel under a variety
of experimental conditions. The data shown in FIG. 7
correspond to one of the conditions in these plots.

Example 4

Digital Assay with More Luminophores than
Optical Channels

This example describes an exemplary digital assay with
multiplexed analysis of targets using more luminophores
than the number of optical channels used for detecting
signals from the luminophores; see FIGS. 9 and 10.

FIG. 9 shows an exemplary bulk phase mixture 140 being
separated into droplets during performance of an exemplary
digital assay with multiplexed detection of three or more
distinct targets (e.g., identified here as T1, T2, and T3).
Mixture 140 may include a forward primer 142 and a reverse
primer 144 for each target. The mixture also may include a
reporter for amplification of each target (such as a T1 probe,
a T2 probe, and a T3 probe). Each reporter may be a probe
including an oligonucleotide labeled with a different lumi-
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nophore (namely, [.1, L2, and L3, respectively). Accord-
ingly, luminescence from the T1-T3 probes, and more par-
ticularly, the L1, L2, and L3 luminophores, may report
whether or not targets T1, T2, and T3, respectively, are
present in each individual droplet. Each probe also may
include a quencher for the associated luminophore.

FIG. 10 schematically represents an exemplary scatter
plot showing droplet (or peak) intensities for a T1/T2/T3
droplet assay that may be performed with the droplets of
FIG. 9. Data from the T1, T2, and T3 probes are collected
in a first optical channel and a second optical channel and
plotted as a function of intensity in the first channel (vertical
axis) versus intensity in second channel (horizontal axis).
Intensities produced by exemplary populations or clusters of
negative, T1-positive, T2-positive, and T3-positive droplets
are identified by filled ellipses, with the size of each ellipse
corresponding to the number of droplets in each population.
To simplify the presentation, double-positive populations
(T1+/T2+, T1+/T3+, and T2+/T3+) and the triple-positive
population (T1+/T2+/T3+) are not shown. (However, see
Example 7 for an exemplary distribution of single- and
multiple-positive droplets.)

Each luminophore may be at least predominantly or
substantially exclusively detectable in only one optical chan-
nel, or may be substantially detectable in two or more optical
channels. For example, L1 of the T1 probe is substantially
detectable in the first channel but not the second channel, 1.2
of the T2 probe is substantially detectable in the second
channel but not the first channel, and [.3 of the T3 probe is
substantially detectable in both channels. More generally, L3
may generate a distinguishable intensity and/or a different
ratio of signal intensities for amplification of the T3 target in
each channel relative to the intensity and/or ratio produced
by L1 for amplification of the T1 target and produced by 1.2
for amplification of the T2 target. As a result, the population
of T3-only positives is resolved from the Tl-only and
T2-only populations. Also, the populations containing more
than one target may be resolved and distinguishable from
one another and from the single-target populations and the
negative population (e.g., see Example 7).

Any suitable number of targets may be analyzed with the
approach presented in this Example. For example, R targets
may be analyzed using R distinct luminophores and less than
R optical channels for detection of target amplification.

Example 5

Adjustment of Individual Assay Concentrations in a
Multiplexed Assay

This example describes an exemplary approach for adjust-
ing the endpoint intensity of individual target assays of a
multiplexed assay; see FIG. 11.

Digital PCR enables accurate, precise, and sensitive quan-
tification of specific nucleic acid sequences. In addition to
the detection of two targets using two different fluorophores
and two optical channels for collecting data from the fluo-
rophores, it is possible to increase the number of targets
detected by varying parameters that affect PCR efficiency
and thus the level of endpoint fluorescence for each target.
The present disclosure describes a method to multiplex
assays by adjusting the endpoint fluorescence level (and/or
spectrum) for each target assay (e.g., by changing the
concentration of primers and/or probes and/or the type of
fluorophores used). This approach allows users to expand
the number of simultaneously detected targets without
increasing the number of optical channels for detection.
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Increasing the number of potential targets per test is a
significant improvement for digital PCR, augmenting dra-
matically the information output of each sample.

FIG. 11 shows a graph of fluorescence intensity data
obtained in a one-target amplification assay performed in
droplets. Here, fluorescence is measured with a single detec-
tor (one optical channel) as droplets flow past the detector in
a stream of carrier fluid. Droplets or “events” may be
identified as periodic spikes or waves in the fluorescence
signal (e.g., see FIG. 4 above). Each droplet/event then may
be assigned at least one fluorescence value, e.g., represent-
ing an amplitude and/or integrated intensity, among others,
of'the corresponding signal wave. The fluorescence intensity
value (in arbitrary units (“arb.”)) for each droplet then may
be plotted as a function of event number. At the left side of
the graph (“stock™), droplets that are amplification-negative
and amplification-positive form well-resolved bands of
lower and higher intensity, respectively.

The assay was performed with a series of two-fold
dilutions of assay reagents, namely, the primers and the
probe, as indicated above the graph. Changing the concen-
tration of one or more assay reagents, other than the tem-
plate, may be described as changing the assay concentration.
Each successive dilution of the assay (primers and probe),
up to eight-fold, markedly decreased the level (interchange-
ably termed amplitude) of the fluorescence endpoint for the
target-positive droplets (indicated by arrows), and more
subtly decreased the intensity of the target-negative droplets.
However, droplet counts from each successive dilution up to
eight-fold provided a reproducible target concentration (pre-
sented as “copies/ul”). Therefore, changing the fluores-
cence endpoint for a target can be achieved without degrad-
ing the ability to accurately and reliably determine the target
concentration. The probe and primers for an assay each may
be adjusted by the same factor, as shown in FIG. 11, or each
may be adjusted by a different factor (or not at all).

The present disclosure provides a method to assay for
multiple targets (multiplex) through digital PCR, by varying
the assay used for each target. An assay may include a set of
primers (forward and reverse) and a fluorescently labeled
probe. In digital PCR, droplets may be segregated by the
levels of fluorescence produced by the PCR reaction. The
level of fluorescence for a droplet is dependent on a multi-
tude of factors (reaction efficiency, type of fluorophores,
amplicon size, etc.). By changing the concentration of an
assay, the reaction efficiency of a particular target can be
affected, which may result in a difference in fluorescence
level that allows populations detected with the same fluo-
rophore to be distinguished from one another. By changing
the assay concentrations of two different fluorophores, addi-
tional targets may be detected in the same multiplexed
reaction. In some cases, fluorescence intensity may be
adjusted by varying the concentration of one or both primers
for a target. Varying primer concentration without changing
the probe concentration may be useful in assays where the
same probe is used to detect two targets, but each of the two
targets is amplified with at least one different primer. In
some cases, the level of the fluorescence for a target may be
adjusted by changing the annealing temperature used for
thermocycling, the total concentration of dNTPs, the
amounts of individual dNTPs relative to each other (e.g., if
the two targets have substantially different base composi-
tions), or the like.

Example 6

Multiplexed Assays with Orthogonal Droplet
Populations

This example describes exemplary multiplexed digital
assays performed on R targets, where R is at least three, and
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with fewer than R optical channels, where amplification of
each target is substantially detectable in only one of the
optical channels (e.g., two optical channels). As a result,
droplet populations positive for different combinations of
the targets are arranged in rows and columns in a plot of
detected amplification data; see FIGS. 12-18.

FIG. 12 is a 2-D scatter plot of fluorescence intensity data
obtained from individual droplets detected in two optical
channels during performance of a triplex amplification assay
for three targets (RPP30, Chr10q1, and Chr13q3). Each dot
represents a single droplet. Before droplet formation, the
template DNA was digested with Alul, which reduces the
size of the template DNA but does not cut between the
priming sites for any of the three targets. Amplification of
RPP30 was detected with a FAM-labeled probe in optical
channel one, and amplification of chromosome 10 and
chromosome 13 regions (10q1 and 13q3) was detected with
VIC-labeled probes in optical channel two, at a different
waveband of light emission than channel one. The three
assays (RPP30, Chr10ql, and Chr13q3) were respectively
run at probe/primer concentrations of 1x, 1x, and 0.6x.
Accordingly, the chromosome 13q3 assay produced a lower
fluorescence endpoint signal than the chromosome 10ql
assay because the 13q3 assay was more dilute (0.6x versus
1x).

Eight droplet populations are visible and resolved from
each other in FIG. 12, with the droplet populations separated
from one another by dashed lines. The populations are as
follows: one triple negative (“empty”), three single positives
(each positive for RPP30, 10ql, or 13q3), three double
positives (positive for each pair-wise combination of the
targets), and one triple positive (positive for all three tar-
gets). The concentrations of the targets can be calculated
based on combination of counts from the populations. For
example, the concentration of 10q1 can be calculated using
Equation (4) and a positive droplet count (N, ) representing
a combination of the four 10ql-positive populations (and
excluding the four 10ql-negative populations), or with
Equation (5) using a negative droplet count (N_) represent-
ing a combination of only the four 10ql-negative popula-
tions (and excluding the four 10q1-positive populations). In
any event, counts from a plurality of 10ql-positive popula-
tions (e.g., one-half of all populations identified) are
excluded.

FIG. 13 shows another 2-D scatter plot of fluorescence
intensity data obtained generally as in FIG. 12 but with the
sample (template DNA) digested before amplification with
a restriction enzyme (Haelll) that cuts between the priming
sites of the Chr10q1 template. As a result, the droplet counts
for each of the four 10ql-positive populations decreases
dramatically, while the droplet counts for each of the four
10q1-negative populations increases, thereby providing
validation for the assignment of droplet populations. Also,
the experiment demonstrates that the multiplexed assay
system can produce an additive effect of the fluorescence
levels from two different assays using the same fluorophore
for both probes.

FIG. 14 shows a 2-D scatter plot of fluorescence intensity
data obtained as in FIG. 12, but with the concentrations of
the Chr13q3 and Chrl0ql assays adjusted to change the
endpoint fluorescence level for assay of these targets. In
particular, the 10q1 assay is performed at a 0.6x concentra-
tion (instead of 1x) and the 13q3 assay at a 1x concentration
(instead of 0.6x). Accordingly, the positions of droplet
populations are rearranged with respect to FIG. 12, with the
10q1-positive populations that are negative for 13q3 having
a lower intensity than the 13q3-positive populations that
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negative for 10ql. As in FIG. 12, the concentration of all
three targets is equivalent (i.e., the sample is from a euploid
genome).

FIG. 15 shows another 2-D scatter plot of fluorescence
intensity data obtained with the assay concentrations of FIG.
14, but with the sample (template DNA) digested before
amplification with a restriction enzyme (Haelll) that cuts
between the priming sites of the Chr10ql template. The
digestion produces a significant reduction of populations
containing Chrl0ql-positive droplets, therefore validating
the detection pattern.

FIG. 16 shows a 2-D scatter plot of fluorescence intensity
data obtained from individual droplets detected in two
optical channels during performance of a tetraplex amplifi-
cation assay for four targets (RPP30, MP10K, Chrl13q3, and
Chr10ql). RPP30 and MP10K targets were detected with
FAM-labeled probes using 1x and 1.5x assay concentra-
tions, respectively. Chrl3q3 and Chrl0ql targets were
detected with VIC-labeled probes using 0.6x and 1x assay
concentrations, respectively. The resulting droplet popula-
tions are separated by dashed lines in the plot, and the target
composition of each droplet population is indicated (“-" is
negative and “+” is positive for each indicated target). The
assay provides simultaneous detection of four different
targets in two optical channels. The results illustrate the
capacity of the multiplexed assay system to separate discrete
populations by levels of fluorescence using the same fluo-
rophores.

The droplet populations have an orthogonal arrangement
in a scatter plot with a linear scale for each axis. Stated
differently, the droplet populations may form a matrix or
rectangular array, which may have 2% populations, where R
is the number of targets. The populations may form an array
having a plurality of rows and a plurality of columns each
containing two or more populations. Each row may contain
the same number of populations, and each column may
contain the same number of populations. In some embodi-
ments, each of the single-positive populations may be
restricted to an edge of the array, such as the left-most
column or the bottom row of the array. With this arrange-
ment, multiply-positive populations can be distributed in the
optical space above the bottom row and to the right of the
left-most column, without overlapping one another or any
single-positive populations. Also, the positions of all of the
multiply-positive populations can be predicted from the
positions of the single-positive populations, simplifying the
task of selecting suitable intensities for each single-positive
population during assay development and optimization. To
achieve this arrangement of single-positive populations,
each target may have a corresponding probe that is detect-
able substantially exclusively in only one of the optical
channels, such that amplification of each target is detected
substantially in only one of the optical channels. For
example, amplification of RPP30 and MP10K (FAM-labeled
probes) is detectable substantially exclusively in channel
one, and amplification of 13q3 and 10ql (VIC-labeled
probes) substantially exclusively in channel two.

FIG. 17 shows the 2-D scatter plot of FIG. 16, with the
dashed lines removed and each droplet population circled
using a line weight that indicates the number of different
targets for which each population is amplification positive.
The plot has one quadruple-negative population (at the
bottom left corner of the population array), four single-
positive populations (“1+”), six double-positive populations
(“2+”), four triple-positive populations (3+"), and one qua-
druple-positive population (“4+7).
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FIG. 18 shows a 2-D scatter plot of fluorescence intensity
data obtained with the tetraplex assay of FIG. 16, but with
the sample (template DNA) diluted by a factor of four
relative to FIG. 16. The plot exhibits a visible reduction of
droplets from positive populations, particularly the triple-
and quadruple-positive populations. The plot demonstrates
that the multiplexed assay system retains its ability to
quantify targets in a multiplex setting.

Example 7

Multiplexed Assays with Non-orthogonal Droplet
Populations

This example describes exemplary multiplexed digital
assays performed on R targets, where R is at least three, and
with fewer than R optical channels (e.g., only two optical
channels), where amplification of at least one, two or more,
or each of the targets is substantially detectable in two or
more of the optical channels. As a result, droplet populations
positive for a plurality of combinations of the targets are
arranged non-rectangularly, with less apparent order, in a
plot of detected amplification data; see FIGS. 19-25.

FIG. 19 shows a 2-D scatter plot of fluorescence intensity
data obtained from individual droplets detected in two
optical channels during performance of a tetraplex amplifi-
cation assay for four targets (Chr10ql, Chr13q3, Chrl6pl,
and ChrXq3). Each dot represents a single droplet. Ampli-
fication of the four targets was detected using four corre-
sponding probes each containing a different fluorophore
(Alexa® 488 dye, Atto® 488 dye, VIC dye, and TET dye,
respectively), as labeled in the plot. Each resolved dot
represents a single droplet. In this experiment, multiplexing
was achieved by using “non-traditional” fluorophores (i.e.,
other than FAM and VIC/HEX), although traditional and
non-traditional fluorophores may be used together in a
multiplexed assay. Each fluorophore may be attached to a
distinct oligonucleotide. Each fluorophore may (or may not)
exhibit substantial emission in each optical channel or may
be substantially detectable in only one of the optical chan-
nels. In the present example, the four fluorophores have
distinct spectral profiles, with each detectably emitting light
in both optical channels. As a consequence, the droplet
populations are arranged in a non-orthogonal pattern that
allows differentiation of more targets than the number of
optical channels.

FIGS. 20-23 each reproduce the scatter plot of FIG. 19
and respectively show a circle around each single- (“1+”),
double- (“2+7), triple- (“3+”), and quadruple (“4+)-droplet
population. Arrows indicate the distinct target composition
of each population. The assignment of droplet populations
was confirmed by performing four different triplex reactions
in which each of the different assays (for each target) was
separately omitted from the reaction mixture.

FIG. 24 shows a composite of FIGS. 20-23 that marks all
of the droplet populations in the same plot. The approach
allows simultaneous identification of all droplet populations.

FIG. 25 is a 2-D scatter plot obtained as in FIGS. 19 and
24 but with only one-sixth the amount of template DNA. The
size of each positive population is reduced, with a substan-
tially greater effect on the size of the triple- and- quadruple
positive populations. The result illustrates that the multi-
plexed assay system retains its ability to quantify targets
when using combinations of non-traditional fluorophores.

The multiplexed approaches disclosed here permit quan-
tification of more targets that the number of optical channels.
Examples 6 and 7 utilize only two optical channels. How-
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ever, the multiplexed assay system of the present disclosure
may collect data in any suitable number of C optical
channels, to collect data in a C-dimensional optical space.
The data may be processed in a manner analogous to that
described above for a two-dimensional optical space.

Example 8
Selected Embodiments

This example describes selected embodiments of exem-
plary multiplexed digital assays, presented as a series of
numbered paragraphs.

1. A method of performing a multiplexed digital assay,
comprising: (A) forming droplets that collectively contain R
targets; (B) amplifying the targets in the droplets; (C)
collecting data representing amplification of the targets in
the droplets, the data being collected in fewer than R optical
channels; and (D) determining a level of each target with the
data, wherein the level determined for at least one of the
targets is based in part on a droplet count for a droplet
population identified as positive for two of the targets.

2. The method of paragraph 1, wherein R is at least three.

3. The method of paragraph 1 or 2, wherein the data is
collected in only two optical channels.

4. The method of paragraph 1, wherein each optical
channel represents a different waveband of emitted light.

5. The method of any preceding paragraph, wherein each
optical channel represents a different waveband of excitation
light.

6. The method of paragraph 1, wherein a different plu-
rality of the droplets contains a copy of each pair of the
targets.

7. The method of paragraph 1, wherein at least about 5%,
10%, 20%, or 50% of the droplets contain a pair of the
targets.

8. The method of paragraph 1, further comprising a step
of identifying from the data a plurality of droplet popula-
tions each positive for a different combination of the targets.

9. The method of paragraph 8, wherein forming, ampli-
fying, and collecting are performed such that each droplet
population that is positive for exactly two of the targets is at
least substantially resolved from each droplet population
that is positive for only one of the targets.

10. The method of paragraph 1, further comprising a step
of plotting the data such that droplet populations containing
different combinations of the targets form a rectangular
array.

11. The method of paragraph 10, wherein the array is
composed of a plurality of rows and columns, with each row
and each column including at least two of the droplet
populations.

12. The method of paragraph 10, wherein the step of
plotting is performed with respect to a pair of orthogonal
axes, and wherein each droplet population that is positive for
only one of the targets is arranged along a line that is at least
generally parallel to one of the axes.

13. A method of performing a multiplexed digital assay,
comprising: (A) forming droplets collectively containing R
targets, where R is at least three, and where a significant
number of the droplets contain a copy of each of two or more
of the targets; (B) amplifying the targets in the droplets; (C)
collecting data representing amplification the targets in the
droplets, the data being collected in fewer than R optical
channels each representing a distinct waveband of emitted
light; (D) identifying from the data a plurality of droplet
populations, wherein forming, amplifying, and collecting
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are performed such that each droplet population positive for
two of the targets is at least substantially resolved from each
droplet population positive for only one of the targets; and
(E) determining a level of each target based in part on one
or more droplet populations identified as containing a pair of
the targets.

14. A method of performing a multiplexed digital assay,
comprising: (A) amplifying R targets in droplets; (B) col-
lecting data representing amplification of the targets in the
droplets, the data being collected in a plurality of less than
R optical channels each representing a distinct waveband of
light; (C) identifying from the data a plurality of droplet
populations each containing a different combination of the
targets; and (D) determining a level of each target, wherein
the step of determining for each target is based on a value for
droplet counts obtained from a combination of at least two
droplet populations that excludes at least two other droplet
populations.

15. The method of paragraph 14, wherein one of the
plurality of droplet populations contains none of the targets.

16. The method of paragraph 14, wherein one of the
plurality of droplet populations contains a copy of each of
the targets.

17. A method of performing a digital assay, comprising:
(A) forming droplets that collectively contain R targets and
a reporter corresponding to each target, wherein R is at least
three and each reporter includes a different luminophore; (B)
amplifying the targets in the droplets; (C) collecting data
representing amplification of the targets in the droplets, the
data being collected in less than R optical channels each
representing a distinct waveband of light; and (D) determin-
ing a level of each target based on the data.

18. The method of paragraph 17, wherein at least one of
the reporters reports amplification of the targets in a pair of
the optical channels.

19. The method of paragraph 18, wherein at least two of
the reporters report amplification of the targets in a pair of
the optical channels.

20. The method of paragraph 19, wherein each of the
reporters reports amplification of the targets in a pair of the
optical channels.

21. The method of paragraph 17, wherein at least one of
the reporters reports amplification of the targets in only one
of the optical channels.

22. The method of paragraph 17, wherein data represent-
ing amplification of the targets is collected in only two
optical channels.

23. The method of paragraph 17, further comprising a step
of identifying from the data a plurality of droplet popula-
tions each containing a different combination of the targets,
wherein forming, amplifying, and collecting are performed
such that each droplet population positive for two of the
targets is at least substantially resolved from each droplet
population positive for only one of the targets.

24. The method of any preceding paragraph, wherein the
step of determining is based on at least R+2 identified
droplet populations.

25. The method of paragraph 24, wherein the step of
determining is based on at least 2R identified droplet popu-
lations.

26. The method of any preceding paragraph, wherein the
droplets are all formed from the same bulk phase.

27. The method of any preceding paragraph, wherein the
plurality of droplet populations include a plurality of droplet
populations that are each positive for a different pair of the
targets.
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28. The method of any preceding paragraph, wherein the
step of determining for at least one of the targets is based on
a value that represents a sum of droplet counts from only
one-half of the droplet populations.

29. The method of paragraph 28, wherein the step of
determining for each target is based on a value that repre-
sents a sum of droplet counts from only one-half of the
droplet populations.

The disclosure set forth above may encompass multiple
distinct inventions with independent utility. Although each
of these inventions has been disclosed in its preferred
form(s), the specific embodiments thereof as disclosed and
illustrated herein are not to be considered in a limiting sense,
because numerous variations are possible. The subject mat-
ter of the inventions includes all novel and nonobvious
combinations and subcombinations of the various elements,
features, functions, and/or properties disclosed herein. The
following claims particularly point out certain combinations
and subcombinations regarded as novel and nonobvious.
Inventions embodied in other combinations and subcombi-
nations of features, functions, elements, and/or properties
may be claimed in applications claiming priority from this or
a related application. Such claims, whether directed to a
different invention or to the same invention, and whether
broader, narrower, equal, or different in scope to the original
claims, also are regarded as included within the subject
matter of the inventions of the present disclosure. Further,
ordinal indicators, such as first, second, or third, for identi-
fied elements are used to distinguish between the elements,
and do not indicate a particular position or order of such
elements, unless otherwise specifically stated.

We claim:

1. A method of performing a multiplexed digital assay, the
method comprising:

forming partitions that collectively contain R targets;

amplifying the R targets in the partitions;

collecting data representing amplification of each of the R

targets in the partitions, all of the data being collected
in fewer than R optical channels; and

determining a respective level of each of the R targets

from the data, wherein each level is specific for a single
target of the R targets, and wherein the level determined
for at least one of the R targets is based in part on a
partition count for a partition population positive for
two of the R targets;

wherein the step of determining is based on at least R+2

identified partition populations.

2. The method of claim 1, wherein R is at least three.

3. The method of claim 1, wherein the data is collected in
only two optical channels.

4. The method of claim 1, wherein each optical channel
represents a different waveband of emitted light.

5. The method of claim 1, wherein each optical channel
represents a different waveband of excitation light.

6. The method of claim 1, wherein a different plurality of
the partitions contains each different pair of the R targets.

7. The method of claim 1, wherein at least 10% of the
partitions contain a pair of the R targets.

8. The method of claim 1, further comprising a step of
identifying from the data a plurality of partition populations
each positive for a different combination of the R targets.

9. The method of claim 1, wherein the step of determining
is based on at least 2R identified partition populations.

10. The method of claim 8, wherein the step of identifying
includes a step of resolving each partition population that is
positive for exactly two of the R targets from each partition
population that is positive for only one of the R targets.
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11. A method of performing a multiplexed digital assay,
the method comprising:

forming partitions that collectively contain R targets;

amplifying the R targets in the partitions;

collecting data representing amplification of each of the R

targets in the partitions, all of the data being collected
in fewer than R optical channels;

identifying from the data a plurality of partition popula-

tions each positive for a different combination of the R
targets, wherein the step of identifying includes a step
of resolving each partition population that is positive
for exactly two of the R targets from each partition
population that is positive for only one of the R targets;
and

determining a respective level of each of the R targets

from the data, wherein each level is specific for a single
target of the R targets, and wherein the level determined
for at least one of the R targets is based in part on a
partition count for a partition population positive for
two of the R targets.

12. The method of claim 11, wherein R is at least three.

13. The method of claim 11, wherein the data is collected
in only two optical channels.

14. The method of claim 11, wherein each optical channel
represents a different waveband of emitted light.

15. The method of claim 11, wherein a different plurality
of the partitions contains each different pair of the R targets.

16. The method of claim 11, wherein at least 10% of the
partitions contain a pair of the R targets.

17. The method of claim 11, wherein the step of deter-
mining is based on at least 2R identified partition popula-
tions.

18. A method of performing a multiplexed digital assay,
the method comprising:

forming partitions that collectively contain R targets;

amplifying the R targets in the partitions;

collecting data representing amplification of each of the R

targets in the partitions, all of the data being collected
in fewer than R optical channels, wherein each optical
channel represents a different waveband of excitation
light; and

determining a respective level of each of the R targets

from the data, wherein each level is specific for a single
target of the R targets, and wherein the level determined
for at least one of the R targets is based in part on a
partition count for a partition population positive for
two of the R targets.

19. A method of performing a multiplexed digital assay,
the method comprising:

forming partitions that collectively contain R targets;

amplifying the R targets in the partitions;

collecting data representing amplification of each of the R

targets in the partitions, all of the data being collected
in fewer than R optical channels;
plotting the data such that partition populations contain-
ing different combinations of the R targets form a
rectangular array, wherein the step of plotting is per-
formed with respect to a pair of orthogonal axes, and
wherein each partition population that is positive for
only one of the R targets is arranged along a line that
is at least generally parallel to one of the axes; and

determining a respective level of each of the R targets
from the data, wherein each level is specific for a single
target of the R targets, and wherein the level determined
for at least one of the R targets is based in part on a
partition count for a partition population positive for
two of the R targets.
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20. The method of claim 19, wherein R is at least three.

21. The method of claim 19, wherein the data is collected
in only two optical channels.

22. The method of claim 19, wherein each optical channel
represents a different waveband of emitted light.

23. The method of claim 19, wherein a different plurality
of the partitions contains each different pair of the R targets.

24. The method of claim 19, wherein at least 10% of the
partitions contain a pair of the R targets.

25. The method of claim 19, further comprising a step of
identifying from the data a plurality of partition populations
each positive for a different combination of the R targets.

26. The method of claim 25, wherein the step of identi-
fying includes a step of resolving each partition population
that is positive for exactly two of the R targets from each
partition population that is positive for only one of the R
targets.

27. The method of claim 19, wherein the step of deter-
mining is based on at least 2R identified partition popula-
tions.

28. The method of claim 19, wherein the array is com-
posed of a plurality of rows and columns, with each row and
each column including at least two of the partition popula-
tions.
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