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NORMALIZATION CONTROLS FOR MANAGING
LOW SAMPLE INPUTS IN NEXT GENERATION SEQUENCING

RELATED APPLICATIONS
[0001] This application claims priority to, and the benefit of, U.S Provisional
Application No. 62/741,466, filed on October 4, 2018, and U.S Provisional Application
No. 62/832,560, filed on April 11, 2019, the contents of each of which are incorporated

herein by reference in their entireties.

FIELD
[0002] The invention relates to methods and compositions for the quantification of

nucleic acids in samples using high throughput sequencing.

INCORPORATION BY REFERENCE OF SEQUENCE LISTING
[0003] The present application is being filed with a Sequence Listing in electronic
format. The Sequence Listing is provided as a file entitled ARCB-006-
02WO_SeqList.txt, created October 3, 2019, and is 5943 bytes in size. The information

in electronic format of the Sequence Listing is incorporated by reference in its entirety.

BACKGROUND
[0004] Next generation sequencing (NGS), also called high throughput sequencing, is a
powerful tool for research and diagnostics. NGS technologies allow for massively high
throughput sequencing of nucleic acids. Using NGS technologies, millions of DNA or
RNA molecules (polynucleotides) from a single sample can be sequenced cheaply and
efficiently. The degree to which polynucleotides are sampled during NGS sequencing is
proportional to the initial concentration of the polynucleotides in a sample. Therefore,
NGS can be used to determine the quantity of an individual polynucleotide or
population of polynucleotides in a sequencing sample. However, the number of reads
generated by NGS and the starting concentration of a polynucleotide in a sample are not
necessarily well correlated. Correlating NGS read number and starting concentration is
particularly problematic when starting with low sample inputs, as stochastic processes
during sample preparation and sequencing can have a disproportionate effect on the
number of nucleic acid molecules that are sequenced in the NGS process when starting
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sample inputs are low. Starting sample inputs can be low in a variety of clinical
applications, for example when trying to detect pathogens present in a sample at low
titers.

[0005] There exists a need in the art for compositions and methods to accurately
quantify the abundance of polynucleotides in a sample when using NGS. Provided
herein are methods and compositions useful for such quantification of polynucleotides

in a sample using NGS.

SUMMARY
[0006] Provided herein are normalization controls for next generation sequencing,
methods of making the same and methods of using the same.
[0007] In one aspect, provided herein are normalization controls comprising at least
three groups of polynucleotides, wherein the polynucleotides within each group are of
the same length. In some embodiments, the lengths of all of the polynucleotides in the
normalization control are the same. In some embodiments, the polynucleotides within
each group are of a different length when compared to the polynucleotides within any
other group.
[0008] In some embodiments of the normalization controls of the disclosure, the
polynucleotides within each group comprise the same sequence. In some embodiments,
the polynucleotides within each group do not comprise the same sequence. In some
embodiments, every group of polynucleotides comprises at least three subgroups of
polynucleotides, wherein the polynucleotides within each subgroup comprise the same
sequence, and wherein the polynucleotides within each subgroup do not comprise the
same sequence as any other subgroup.
[0009] In some embodiments of the normalization controls of the disclosure, the
sequence of at least one group of polynucleotides comprises a component sequence. In
some embodiments, the sequence of every group of polynucleotides comprises a
component sequence. In some embodiments, the component sequence comprises or
consists of a random sequence.
[0010] In some embodiments of the normalization controls of the disclosure, the
sequence of at least one group of polynucleotides comprises an isolated sequence. In
some embodiments, the sequence of every group of polynucleotides comprises an

isolated sequence. In some embodiments, the isolated sequence is isolated or derived
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from a virus, a bacterium, a fungus or a eukaryote. In some embodiments, the isolated
sequence is not the same as a target sequence in a sequencing sample.

[0011] In some embodiments of the normalization controls of the disclosure, the
sequence of at least one subgroup or at least one group of polynucleotides in the
normalization control shares at least one sequence property with a target sequence in the
sequencing sample. The at least one sequence property is, for example, a sequence
property of a transposable element sequence, viral sequence, bacterial sequence, a
fungal sequence, a eukaryotic parasite sequence or one or more human genes
sequence(s).

[0012] In some embodiments of the normalization controls of the disclosure, the
sequencing sample comprises a mixture of host and non-host nucleic acids. In some
embodiments, the host is a eukaryote, such as an insect, a plant or an animal. In some
embodiments, the host is human. In some embodiments, the non-host comprises a
symbiote, a commensal organism, a parasite or a pathogen. The non-host can comprise
multiple species. In some embodiments, the target sequence is a non-host sequence in
the sequencing sample. In exemplary embodiments, the non-host is a virus, a bacterium
or a fungus and the target sequence comprises a sequence of a virulence factor of the
non-host.

[0013] In another aspect, provided herein are methods of making normalization
controls, comprising: (a) synthesizing at least three groups of DNA molecules, wherein
the DNA molecules within a group have the same sequence, and wherein the sequence
of each of the DNA molecules comprises, from 5’ to 3°, a first component sequence, a
first restriction enzyme site, a second component sequence, a second restriction site, and
a third component sequence; (b) quantifying the amount of the each of the groups of
DNA molecules in a solution; (c) digesting each of the groups of DNA molecules with a
restriction enzyme that cuts the first and second restriction sites to produce at least three
groups of digested DNA molecules; and (d) mixing a pre-determined amount of each of
the groups of digested DNA molecules thereby resulting in a normalization control.
[0014] In another aspect, provided herein are methods making normalization controls
comprising RNA molecules, comprising: (a) synthesizing at least three groups of DNA
molecules, wherein each of the at least three DNA molecules comprises, from 5’ to 3, a
first component sequence, a promoter sequence, a first restriction enzyme site, a second

component sequence, a second promoter sequence, a second restriction site, a third
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component sequence and a third promoter sequence; (b) digesting each group of DNA
molecules with a restriction enzyme that cuts the first and second restriction enzyme
sites to produce at least three groups of digested DNA molecules; (¢) in vitro
transcribing each of the at least three groups of digested DNA molecules to produce at
least three populations of RNA molecules; (d) quantifying the amount of RNA
produced in each of the populations of RNA molecules; and () mixing a pre-
determined amount of each of the populations of RNA molecules to produce a
normalization control comprising RNA molecules.

[0015] In another aspect, provided herein are methods making normalization controls
comprising at least three groups of polynucleotides, wherein the polynucleotides within
each group are of the same length, the methods comprising: (a) extracting DNA from a
sample; (b) digesting the DNA with a restriction enzyme to produce a collection of
DNA fragments; (c) separating the collection of DNA fragments; (d) purifying the DNA
fragments to produce at least three groups of polynucleotides wherein the
polynucleotides within each group are of the same length; and (e) mixing a pre-
determined amount of each of groups of polynucleotides to produce the normalization
control.

[0016] In another aspect, provided herein are methods quantifying the level of
expression of at least one target nucleic acid molecule in a sample, comprising: (a)
mixing a known amount of the normalization controls of the disclosure with the sample,
(b) preparing a high throughput sequencing library, (¢) sequencing said library to
produce a collection of reads, (d) mapping each read to the sample or the normalization
control, (e) determining the number of reads produced by each of the groups or
subgroups polynucleotides in the normalization control, (f) calculating relationship
between the starting concentration of each of the plurality of nucleic acid molecules in
the normalization control mixed with the sample in (a) and the number of reads
produced in (¢), (g) determining the relationship between reads and concentration in the
sample, and (h) calculating the initial concentration of the at least one target nucleic
acid molecule in the sample from the number of reads produced by the target nucleic
acid molecule using the model in (g).

[0017] Also provided herein are multi-analyte controls for next generation sequencing,
methods of making and of using the same. In some embodiments, normalization

controls described herein are used to normalize reads from multi-analyte controls and
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from a sample, and the normalized reads from are used to determine the titer of one or
more target organisms in a sample.

[0018] In one aspect, provided herein are multi-analyte controls comprising a mixture
of at least three different species of organisms, wherein the organisms have been
inactivated. In some embodiments, the multi-analyte controls comprise at least ten
different species of organisms.

[0019] In another aspect, provided herein are methods of quantifying at least one target
sequence in a sample, wherein the sample comprises a multi-analyte control comprising
a mixture of at least three different species of organisms, wherein the organisms have
been inactivated.

[0020] In another aspect, provided herein are methods of quantifying at least one target
sequence in a sample, the methods comprising mixing a known amount of a multi-
analyte control with the sample, wherein the multi-analyte control comprises a mixture
of at least three different species of organisms, and wherein the organisms have been
inactivated.

[0021] In another aspect, provided herein are methods quantifying a titer of a target
organism in a sample, comprising: (a) providing a sample comprising the target
organism, wherein the target organism comprises at least one target sequence; (b)
providing a multi-analyte control comprising known titers of at least three species of
organisms, wherein the organisms have been inactivated; (¢) mixing a known amount of
the normalization controls of the disclosure with the sample and with the multi-analyte
control; (d) preparing high throughput sequencing libraries from the sample and the
multi-analyte control; (e) sequencing said libraries to produce a collection of sample
reads and a collection of multi-analyte control reads; (f) normalizing the collection of
sample reads and the collection of multi-analyte control reads from (e) using the
normalization controls; (g) determining a relationship between normalized reads and the
known titers of organisms from the at least three species of organisms in the multi-
analyte control; and (h) calculating a titer of the target organism in the sample using the
relationship determined in (g).

[0022] In some embodiments, normalizing at step (f) comprises: (i) mapping reads from
the collection of sample reads to the sample or the normalization control; (ii) mapping
reads from the collection of multi-analyte control reads to the multi-analyte control or

the normalization control; (ii1) determining the number of reads produced by each of the
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groups or subgroups of polynucleotides in the normalization control for the collection of
sample reads and the collection of multi-analyte control reads; (iv) calculating a
relationship between the starting concentration of each of the groups or subgroups of
polynucleotides in the normalization control and the number of reads produced at step
(e) for both the sample and the multi-analyte control; and (v) determining the
relationship between reads and concentration in the sample and in the multi-analyte
control.

[0023] The disclosure provides methods of making a plurality of normalization control
oligonucleotides, comprising: (a) generating a plurality of reference sequence fragments
from at least one reference sequence; (b) generating a distribution of at least one
parameter as a function of number of reference sequence fragments; (¢) dividing the
distribution into at least 5 bins; (d) selecting at least one reference sequence fragment
from at least 3 of the at least 5 bins; (e) shuffling the at least 3 reference sequences to
generate shuffled sequences; and (f) synthesizing oligonucleotides comprising the
shuffled sequences; thereby generating a plurality of normalization control
oligonucleotides.

[0024] The disclosure provides methods of making a plurality of normalization control
oligonucleotides, comprising: (a) generating a plurality of reference sequence fragments
from at least one reference sequence using a sliding window; (b) generating a
distribution of at least one parameter as a function of number of reference sequence
fragments; (c) dividing the distribution into at least 5 bins; (d) selecting at least two
reference sequence fragments from at least 3 of the at least 5 bins, wherein the at least
two reference sequence fragments are either non-contiguous in the reference sequence,
or from different reference sequences; (e) concatenating the at least two reference
sequence fragments from each of the at least 3 bins; and (f) synthesizing
oligonucleotides comprising the concatenated reference sequence fragments; thereby
generating a plurality of normalization control oligonucleotides. In some embodiments,
the method of any one of claims 203-206, wherein the sliding window comprises a 1 bp,
2 bp, 3 bp, 4 bp or 5 bp sliding window. In some embodiments, the reference sequence
fragments are about 15-60, about 20-40, about 20-30, about 15-32, 20-32 or about 25-
35 contiguous nucleotides of the corresponding reference sequence. In some
embodiments, the reference sequence fragments are 29, 30, 31, 32, 33 or 34 contiguous

nucleotides of the corresponding reference sequence.
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[0025] In some embodiments of the methods of the disclosure, the parameter comprises
least one of (1) percent GC content, (2) entropy, (3) complexity, (4) EIIP, or a
combination thereof.

[0026] In some embodiments of the methods of the disclosure, the at least one reference
sequence comprises at least 2, at least 10, at least 20, at least 50, at least 100, at least
200, at least 300, at least 400, at least 500, at least 600, at least 700, at least 800, at least
900, at least 1,000, at least 1,200, at least 1,300, at least 1,400, at least 1,500, at least
1,600, at least 1,700, at least 1,800, at least 1,900, at least 2,000, at least 2,200, at least
2,400, at least 2,600, at least 2,800, at least 3,000, at least 4,000, at least 5,000 , at least
6,000, at least 7,000, at least 8,000, at least 9,000 or at least 10,000 reference sequences.
In some embodiments, the at least one reference sequence comprises about 2,000
reference sequences.

[0027] In some embodiments of the methods of the disclosure, each normalization
control oligo has at least three of: (1) similar percent GC content, (2) similar entropy,
(3) similar EIIP, (4) similar length or (5) similar complexity as the reference sequence
fragment(s) from a corresponding bin in the reference sequence distribution.

[0028] The disclosure provides methods of enriching a sample for target nucleic acids
of interest for use in combination with the normalization controls and multi-analyte
controls provided herein. In some embodiments, the methods comprise nucleotide
modification based enrichment methods. In some embodiments, the methods comprise
nucleic acid-guide nuclease based enrichment methods. In some embodiments, the
methods comprise both nucleotide modification based enrichment methods and nucleic
acid-guide nuclease based enrichment methods.

[0029] In some embodiments of the methods of the disclosure, the methods of enriching
a sample for nucleic acids of interest comprising: (a) providing a sample comprising
nucleic acids of interest and nucleic acids targeted for depletion, wherein at least a
subset of the nucleic acids of interest or a subset of the nucleic acids targeted for
depletion comprise a plurality of first recognition sites for a first modification-sensitive
restriction enzyme; (b) terminally dephosphorylating a plurality of the nucleic acids in
the sample; (c) contacting the sample from (b) with the first modification-sensitive
restriction enzyme under conditions that allow for cleavage of at least some of the first
modification-sensitive restriction sites in the nucleic acids in the sample; and (d)

contacting the sample from (c) with adapters under conditions that allow for the ligation
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of the adapters to a 5’ and 3’ end of a plurality of the nucleic acids of interest; thereby
generating a sample enriched for nucleic acids of interest that are adapter-ligated on
their 5’ and 3’ ends.

[0030] In some embodiments of the methods of the disclosure, the methods contacting
the sample a with a plurality of nucleic acid-guided nuclease-guide nucleic acid (gNA)
complexes, wherein the gNAs are complementary to targeted sites in the nucleic acids
targeted for depletion, thereby generating cut nucleic acids targeted for depletion that
are adapter-ligated on one end and target nucleic acids of interest that are adapter-
ligated on both the 5” and 3” ends. In some embodiments, the method comprises
contacting the sample with at least 10 unique nucleic acid-guided nuclease-gNA
complexes, at least 10° unique nucleic acid-guided nuclease-gNA complexes, 10*
unique nucleic acid-guided nuclease-gNA complexes or 10° unique nucleic acid-guided
nuclease-gNA complexes. In some embodiments, the nucleic acid-guided nuclease is
Cas9, Cpfl or a combination thereof.

[0031] In other aspects, provided herein kits comprising the multi-analyte controls of
the disclosure, kits comprising the normalization controls of the disclosure, and kits
comprising both the normalization controls and the multi-analyte controls of the
disclosure. In some embodiments, the kits further comprise reagents for nucleotide
modification based enrichment of target nucleic acids of interest, reagents for nucleic
acid-guide nuclease based enrichment of target nucleic acids of interest, or both.
[0032] The disclosure provides kits comprising the normalization controls of the
disclosure.

[0033] The disclosure provides kits comprising multi-analyte controls of the disclosure.
[0034] The disclosure provides kits comprising normalization controls, multi-analyte
controls, reagents, and instructions for use. In some embodiments, the kits further
comprise reagents for depleting a sequence targeted for depletion, and instructions for
use.

[0035] The disclosure provides systems for designing a plurality of normalization
control polynucleotide sequences. In some embodiments, the system comprises a
computer-readable storage medium which stores computer-executable instructions
comprising: (1) instructions for importing at least one reference sequence; (i)
instructions for generating a plurality of reference sequence fragments from at least one

reference sequence; (iii) instructions for generating a distribution of at least one
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parameter as a function of number of reference sequence fragments; (iv) instructions for
dividing the distribution into bins; (v) instructions for selecting a plurality of reference
sequence fragment from at least a subset of the bins; and (vi) instructions for shuffling
the plurality of reference sequence fragments to generate shuffled sequences; thereby
generating a plurality of normalization polynucleotide sequences. In some embodiments
the system comprises a computer-readable storage medium which stores computer-
executable instructions comprising: (1) instructions for importing at least one reference
sequence; (i1) instructions for generating a plurality of reference sequence fragments
from at least one reference sequence; (iii) instructions for generating a distribution of at
least one parameter as a function of number of reference sequence fragments; (iv)
instructions for dividing the distribution into bins; (v) instructions for selecting at least
two reference sequence fragments from each of at least a subset of the bins, wherein the
at least two reference sequence fragments are either non-contiguous in the reference
sequence, or from different reference sequences; and (vi) instructions for concatenating
the at least two reference sequence fragments from each bin; thereby generating a
plurality of normalization polynucleotide sequences. In some embodiments, the system
further comprises a processor which is configured to perform steps comprising: (a)
receiving a set of input files comprising the at least at least one reference sequence; and
(b) executing the computer-executable instructions stored in the computer-readable
storage medium. In some embodiments, the parameter comprises least one of (1)
percent GC content, (2) entropy, (3) complexity, (4) EIIP, (5) length, or a combination
thereof.

BRIEF DESCRIPTION OF THE DRAWINGS
[0036] FIG. 1 is a table showing a quality control analysis of normalization control
(NC) reads.
[0037] FIG. 2 is a graph plotting Cytomegalovirus (CMV) abundance (x-axis) versus
titer (y-axis). Without normalization, the R? value is 0.89.
[0038] FIG. 3 is a graph plotting normalization control (NC) normalized CMV
abundance (x-axis) versus titer (y-axis). With normalization, the R? value is 0.98.
[0039] FIG. 4 is a bar chart showing the percent abundance of a virus in sample (y-
axis, arbitrary units) analyzed with three hypothetical next generation sequencing

libraries to demonstrate the percent abundance of virus calculated using different
9
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transformations. For each library, the bars, from left to right, represent known viral
load, viral load calculated using raw read evidence following next generation
sequencing, and viral load calculated using f(r) read evidence and f(r) + Ar read
evidence.

[0040] FIG. 5 is a plot showing the expected decrease in variability when calculating a
viral load using f(r) versus calculating viral load using raw reads.

[0041] FIG. 6 is an outline of a protocol for quantifying the level of a target sequence
in a sample where normalization controls are added during the RNA extraction process.
[0042] FIG. 7 is a graph showing the normalization control percent reads in libraries of
Exact Diagnostics Negative Plasma samples where the NCs were added to the samples
during sample extraction in low, medium and high amounts.

[0043] FIG. 8 is a table of a protocol for annealing dual indexing primers to
normalization controls.

[0044] FIG. 9 is a graph showing normalization control percent reads in libraries with
spiked in normalization controls where DNA NCs were spiked in at high (left two bars),
medium (right two bars) and low (middle two bars) amounts.

[0045] FIG. 10 is a table showing GC content, total count and lengths of exemplary
normalization controls.

[0046] FIG. 11 is a table showing concentrations and ratios of exemplary normalization
controls of the disclosure. From left to right, columns show groups of polynucleotides
(referred to in FIG. 11 as “oligos” and with corresponding oligo numbers) in the
normalization control composition, the final concentration (ng/uL) of each group of
polynucleotides, and for the population of normalization control polynucleotides in the
composition, the ratio of the amount of DNA of the specified group of polynucleotides
in the normalization control composition to the total amount of all DNA for all the
polynucleotides in the normalization control composition.

[0047] FIG. 12 is table showing size, number of input molecules and concentrations of
exemplary RNA normalization controls of the disclosure. Columns, from left to right,
show individual RNA fragments in the normalization control, groups of RNAs in the
normalization control, the length of the RNA molecules (in kb and bp), the number of
input molecules, the number of attomoles of each RNA molecule in its original gBlock,
and the resulting concentration of each RNA molecule in attomoles/microliter following

gBlock fragmentation.
10
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[0048] FIG. 13 is a graph showing titer in log units as a function of observed signal for
calibration and experimental samples. Dark gray circles indicate species in multi-
analyte control samples used for calibration, while light gray circles are experimental
samples.

[0049] FIG. 14A is a flow chart showing an exemplary process for designing
normalization controls of the disclosure.

[0050] FIG. 14B is a graph showing signal (y-axis) and log concentration (x-axis) of
one design of normalization controls of the disclosure.

[0051] FIG. 14C is a table showing the concentrations of one set of normalization
controls of the disclosure. Each oligo is a different sequence.

[0052] FIG. 14D is a graph showing signal (y-axis) and log concentration (x-axis) of
one design of normalization controls of the disclosure. Each order of magnitude in
concentration is represented by 6 concentrations with at least one different oligo per log,
and 7-8 orders of magnitude are covered.

[0053] FIG. 15 s a ternary plot showing the interactions between entropy, electron-ion
interaction potential (EIIP) and GC content for the approximately 1200 reference
genomes.

[0054] FIG. 16 is a series of three plots showing the distribution of Kmers from
reference sequences generated using the shuffling method. From left to right: electron
EIIP, entropy and GC content. Values for EIIP, entropy and GC content are shown on
the x-axis, from left to right, respectively. On the y-axis, Kmer density is shown. The
line represents the distribution and the histogram bars represent actual counts of the
number of Kmers in a given bin.

[0055] FIG. 17A is a series of three plots showing the distribution 10 million Kmers
generated using the shuffling method. From left to right: electron EIIP, entropy and GC
content. Values for EIIP, entropy and GC content are shown on the x-axis, from left to
right, respectively. On the y-axis, Kmer density is shown.

[0056] FIG. 17B is a series of three plots showing the distribution 1.3 million Kmers
generated using the shuffling method. From left to right: electron EIIP, entropy and GC
content. Values for EIIP, entropy and GC content are shown on the x-axis, from left to
right, respectively. On the y-axis, Kmer density is shown.

[0057] FIG. 18 is a diagram showing a process for concatenating Kmers prior to

shuffling to generate normalization control sequences.
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[0058] FIG. 19A is a series of three graphs showing the correspondence between
normalization controls generated using the Cantor shuffling method and BK
polyomavirus isolate CH-1 for EIIP (top left), GC content (top right) and complexity
(bottom row). Unshuffled Kmers are plotted on the x-axis, Cantor shuffled Kmers are
on the y-axis, lines indicate 1:1 correspondence.

[0059] FIG. 19B is a series of three graphs showing the correspondence between
normalization controls generated using the Cantor shuffling method and JC
polyomavirus strain NIID 12-31 for EIIP (top left), GC content (top right) and
complexity (bottom row). Unshuftfled Kmers are plotted on the x-axis, Cantor shuffled
Kmers are on the y-axis, lines indicate 1:1 correspondence.

[0060] FIG. 19C is a series of three graphs showing the correspondence between
normalization controls generated using the Cantor shuffling method and human
polyomavirus 1 strain BK 2 for EIIP (top left), GC content (top right) and complexity
(bottom row). Unshuffled Kmers are plotted on the x-axis, Cantor shuffled Kmers are
on the y-axis, lines indicate 1:1 correspondence.

[0061] FIG. 19D is a series of three graphs showing the correspondence between
normalization controls generated using the Cantor shuffling method and human
Adenovirus C for EIIP (top left), GC content (top right) and complexity (bottom row).
Unshuftled Kmers are plotted on the x-axis, Cantor shuffled Kmers are on the y-axis,
lines indicate 1:1 correspondence.

[0062] FIG. 20A is a Basic Local Alignment Search Tool (BLAST) alignment showing
that Cantor shuffled normalization control sequences do not align to BK polyoma virus
isolate CH-1 using NCBI BLAST Nucleotide Sequence.

[0063] FIG. 20B is a blast alignment showing that Cantor shuffled normalization
control sequences do not align to JC polyomavirus strain NIID 12-31 using NCBI
BLAST Nucleotide Sequence.

[0064] FIG. 20C is a blast alignment showing that Cantor shuffled normalization
control sequences do not align to human polyomavirus 1 strain BK 2 using NCBI
BLAST Nucleotide Sequence.

[0065] FIG. 20D is a BLAST alignment showing that Cantor shuffled normalization
control sequences do not align to human Adenovirus C using NCBI BLAST Nucleotide

Sequence.
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[0066] FIG. 21A is a series of three plots showing EIIP, entropy and GC content for
Kmers of selected percent GC content.

[0067] FIG. 21B is a series of three plots showing EIIP, entropy and GC content for
Kmers of selected percent GC content.

[0068] FIG. 21C is a series of three plots showing EIIP, entropy and GC content for
Kmers of selected percent GC content.

[0069] FIG. 22 is a pair of plots showing the first and second principle components (x
and y axes, respectively) for EIPP, GC content and entropy. PC1 and PC2 were
calculated for sequences of the Reference Genomes (left) and normalization control
sequences generated using a sliding window/exhaustive Kmer approach (right).

[0070] FIG. 23 are a series of three Q-Q plots comparing GC content (top), EIIP
(bottom left) and entropy (bottom right) of Reference Genome Sequences (x-axis) and
normalization control oligos generated using a sliding window/exhaustive Kmer
approach (y-axis).

[0071] FIG. 24 is a Kolmogorov-Smirnov (KS) test plot comparing entropy in random
sub-sampled populations of the Reference Genome sequences and the normalization
control sequences generated using a sliding window/exhaustive Kmer approach. ECDF
= empirical cumulative distribution function. Arrow indicates entropy of the
normalization controls. Dots indicate the K-S statistic.

[0072] FIG. 25A is a BLAST alignment showing that sequences at the head of the file
of 785,000 normalization control sequences generated using a sliding
window/exhaustive Kmer approach align to Pseudomonas at the ~750 base pair (bp)
position for about 50-80 bp.

[0073] FIG. 25B is a BLAST alignment showing that sequences at the tail of the file of
785,000 normalization control sequences generated using a sliding window/exhaustive
Kmer approach do not align to any sequences using BLAST.

[0074] FIG. 26 is a table comparing normalization controls designed using the
shuffling and exhaustive Kmer/sliding window approaches.

[0075] FIG. 27 is a diagram illustrating an exemplary method of the invention. Nucleic
acids in the sample are dephosphorylated, and then digested with a restriction enzyme
that 1s blocked by the presence of modifications at the restriction enzyme recognition
site. The exposed phosphates from the resulting digestion are then used to ligate

adapters to the nucleic acids of interest.
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[0076] FIG. 28 is a diagram illustrating an exemplary method of the invention. Nucleic
acids in the sample are dephosphorylated, and then digested with a restriction enzyme
that recognizes a restriction enzyme site comprising one or more modified nucleotides.
Cut nucleic acids are then digested with an exonuclease that uses the exposed terminal
phosphates, and adapters are ligated to the remaining nucleic acids of interest.

[0077] FIG. 29 is a diagram illustrating an exemplary method of the invention. Nucleic
acids in the sample are adapter ligated, and then digested with a restriction enzyme that
recognizes a restriction enzyme site comprising one or more modified nucleotides,
resulting in nucleic acids of interest that are adapter ligated on both ends.

[0078] FIG. 30 is a diagram illustrating an exemplary method of the disclosure. Nucleic
acids in the sample are adapter ligated, and then cleaved with a nucleic acid-guided
nuclease that cleaves the nucleic acids targeted for depletion, resulting in nucleic acids
of interest that are adapter ligated on both ends. This method can be used in conjunction

with the nucleotide modification-based methods of the disclosure.

DETAILED DESCRIPTION
[0079] Provided herein are compositions useful as normalization controls for the
quantification of samples in next generation sequencing (NGS). In some embodiments,
the normalization controls are used when working with low sample inputs for NGS. In
some embodiments, the normalization controls are used to calculate the titer of an
organism in a sample, for example using a multi-analyte control as described herein. In
some embodiments, the normalization controls are combined with methods of enriching
a sample for a target sequence, as described herein.
[0080] Provided herein are methods of making normalization controls, and methods of
using normalization controls during NGS.
[0081] Unless defined otherwise herein, all technical and scientific terms used herein
have the same meaning as commonly understood by one of ordinary skill in the art to
which this disclosure belongs. Although any methods and materials similar or
equivalent to those described herein can be used in the practice or testing of the present
disclosure, exemplary methods and materials are described.
[0082] The term “next-generation sequencing” (NGS) refers to the so-called
parallelized sequencing-by-synthesis or sequencing-by-ligation platforms, for example,

those currently employed by Illumina, Life Technologies, and Roche, etc. Next-
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generation sequencing methods may also include nanopore sequencing methods or
electronic-detection based methods such as Ion Torrent technology commercialized by
Life Technologies. NGS is also referred to herein as “high throughput sequencing.”
[0083] A “sequencing sample” is a sample containing nucleic acids that are sequenced
using NGS. The nucleic acids can be deoxyribonucleic acids (DNA), ribonucleic acids
(RNA) or both.

[0084] A “target sequence” refers to an individual sequence or set of sequences in a
sequencing sample whose abundance in the sample is determined by use of the NCs of
the disclosure, in an NGS reaction. The abundance of a target sequence may be non-
zero (i.e., the target sequence is present in the sample with some abundance), or zero
(i.e., no target sequence is present, or is below levels of detection).

[0085] As used herein, a “reference sequence” refers to one or more sequences that is
identical or similar to any known target sequence. A target sequence can comprise or
consist of one reference sequence, or a plurality of reference sequences.

[0086] A “target organism” refers to an organism in a sample comprising a target
sequence.

[0087] As used herein, the term “component sequence” refers to a portion or entirety of
a polynucleotide found in a normalization control. A normalization control
polynucleotide comprises or consists of the component sequence. The component
sequence can be isolated from a naturally occurring sequence, an engineered plasmid, or
synthetic. The term “isolated sequence” refers to a type of component sequence that
has been isolated or derived from an organism or an otherwise preexisting sequence.
Isolated sequences may be similar to the sequences of the organism from which they are
isolated or derived, or may also be subject to one or more transformations such as
shuffling or concatenation.

[0088] The term “low sample” or “low input sample” refers to samples which comprise
amounts of nucleic acids that are lower than used in conventional library preparation
protocols. A low sample input can comprise as much as 100 ng of nucleic acids, and as
little as 1 picogram of nucleic acids of total nucleic acids in the sample. In certain
embodiments, the term “low sample” or “low sample input” refers to the amount of a
nucleic acid encoding one or more target sequences in a sample. A low sample input
can comprise as much as 100 ng of nucleic acids comprising the target sequence, or less

than 1 femtogram of nucleic acids comprising the target sequence. For particularly rare
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target sequences, concentrations of the target sequences in the femtomolar and
attomolar range are considered as being within the scope of the disclosure.

[0089] As used throughout the disclosure, “sequence identity” or “sequence similarity”
may be determined by using the stand-alone executable BLAST engine program for
blasting two sequences (bl2seq), which can be retrieved from the National Center for
Biotechnology Information (NCBI) ftp site, using the default parameters (Tatusova and
Madden, FEMS Microbiol Lett., 1999, 174, 247-250; which is incorporated herein by
reference in its entirety). The terms "identical" or "identity" when used in the context of
two or more nucleic acids or polypeptide sequences, refer to a specified percentage of
residues that are the same over a specified region of each of the sequences. The
percentage can be calculated by optimally aligning the two sequences, comparing the
two sequences over the specified region, determining the number of positions at which
the identical residue occurs in both sequences to yield the number of matched positions,
dividing the number of matched positions by the total number of positions in the
specified region, and multiplying the result by 100 to yield the percentage of sequence
identity. In cases where the two sequences are of different lengths or the alignment
produces one or more staggered ends and the specified region of comparison includes
only a single sequence, the residues of single sequence are included in the denominator
but not the numerator of the calculation. When comparing DNA and RNA, thymine (T)
and uracil (U) can be considered equivalent. Identity can be performed manually or by
using a computer sequence algorithm such as BLAST or BLAST 2.0.

[0090] Sequences can be “similar” if they are at least 50%, at least 60%, at least 70%,
at least 75%, at least 80%, at least 85%, at least 90%, at least 91%, at least 92%, at least
93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%, at least 99%, at
least 99.5% or at least 99.9% identical by alignment.

[0091] The disclosure provides normalization controls to be added to a sample for
NGS. Optionally, the sample is a low input sample.

[0092] The disclosure provides methods of making normalization controls, and methods
of using the same.

[0093] In some embodiments, the normalization controls are added at the same quantity
to every sample.

[0094] In some embodiments, the normalization controls are not added at the same

quantity to every sample.
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[0095] In some embodiments, normalization controls are added to the sample prior to
nucleic acid extraction. In other embodiments, normalization controls are added after
nucleic acid extraction and during library preparation. In other alternatives,
normalization controls are added to the sample after library preparation and prior to
sequencing.

[0096] The disclosure provides normalization controls comprising at least three groups
of polynucleotides, wherein the polynucleotides within each of the at least three groups
are of the same length. In some embodiments, normalization control polynucleotides
comprise a component sequence, in some embodiments designed to resemble or
recapitulate some feature or characteristic of a target sample to be sequenced. In some
embodiments, the component sequence is a random sequence. In some embodiments,
normalization control polynucleotides comprise an isolated sequence. In some
embodiments, normalization control polynucleotides comprise both isolated sequences
and component sequences. In some embodiments, the sequences of the normalization
control polynucleotides share at least one sequence property with a target sequence in a
sequencing sample.

[0097] The disclosure provides methods of making normalization controls comprising:
(a) synthesizing at least three populations of DNA molecules; wherein each of the DNA
molecules within a population has the same sequence, wherein the sequence of each of
the DNA molecules comprises, from 5’ to 3’, a first component sequence, a first
restriction enzyme site, a second component sequence, a second restriction site, and a
third component sequence; (b) quantifying the amount of the each of the populations of
DNA molecules in a solution; (c) digesting each of the populations of DNA molecules
with a restriction enzyme that cuts the first and second restriction sites to produce at
least three populations of digested DNA molecules; and (d) mixing a pre-determined
amount of each of the populations of digested DNA molecules in a single normalization
control composition.

[0098] In some embodiments, for example those embodiments wherein the sample is an
RNA sample and the normalization controls are RNA normalization controls, the
disclosure provides methods of making normalization controls comprising: (a)
synthesizing populations of at least three DNA molecules; wherein each of the at least
three synthetic DNA molecules comprises, from 5’ to 3’, a first component sequence, a

sequence complementary to promoter sequence, a first restriction enzyme site, a second
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component sequence, a second sequence complementary to a promoter sequence, a
second restriction site, a third component sequence and a third sequence complementary
to a promoter sequence; (b) digesting each population of DNA molecules with a
restriction enzyme that cuts the first and second restriction enzyme sites to produce at
least three populations of digested DNA molecules; (c) in vitro transcribing each of the
at least three digested populations of DNA molecules to produce at least three
populations of RNA molecules; (d) quantifying the amount of RNA produced in each
of the populations of RNA molecules; and (¢) mixing a pre-determined amount of each
of the populations of RNA molecules to produce a single normalization control
composition.

[0099] The disclosure provides methods of making normalization controls comprising:
(a) extracting DNA from a sample; (b) digesting the DNA with a restriction enzyme to
produce a collection of DNA fragments; and (c) separating the collection of DNA
fragments; (d) purifying at least three DNA fragments to produce at least three groups
of polynucleotides, wherein each of the at least three groups of polynucleotides
comprises a plurality of polynucleotides; and (e) mixing a pre-determined amount of
each of the at least three groups of polynucleotides to produce the normalization
control.

[00100] The disclosure further provides methods of making normalization control
compositions wherein the normalization controls comprise both polynucleotides that are
synthesized using the methods of the disclosure, and polynucleotides comprising
isolated sequences that are isolated and/or derived using the methods of disclosure.
[00101] The disclosure provides methods of quantifying the level of expression
of at least one target nucleic acid molecule in a sample using normalization controls
comprising: (a) mixing a known amount of a normalization control of the disclosure
with the sample, (b) preparing a high throughput sequencing library, (c) sequencing said
library to produce a collection of reads, (d) mapping each read to the sample or the
normalization control, (e) determining the number of reads produced by each of the
plurality of nucleic acid molecules in the normalization control, (f) calculating
relationship between the starting concentration of each of the plurality of nucleic acid
molecules in the normalization control mixed with the sample in (a) and the number of
reads produced in (c), (g) modeling the relationship between reads and concentration in

the sample, and h. calculating the initial concentration of the at least one target nucleic
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acid molecule in the sample from the number of reads produced by the target nucleic

acid molecule using the model in (g).

Normalization Control Compositions
[00102] The disclosure provides normalization control compositions
(interchangeably referred to herein as normalization controls, or (NCs) useful for the
quantification of sample input in NGS applications. As provided herein, the NCs of the
disclosure can comprise at least two groups of polynucleotides, wherein the
polynucleotides within each of the at least two groups are of the same length. In some
embodiments, NCs are de novo synthesized as polynucleotides. In some embodiments,
NCs are isolated or derived from sample, such as a DNA or RNA sample from an
organism, or a vector. In some embodiments, NCs comprise both de novo synthesized
polynucleotides and polynucleotides that are isolated or derived from a sample. In some
embodiments, NCs comprise at least three group of polynucleotides, wherein the
polynucleotides within each group of the at least three groups are of the same length.
[00103] In some embodiments, NCs comprise at least 3 groups of polynucleotide
sequences of different lengths, and each group of polynucleotides is present in the
normalization control at a different concentration.
[00104] In some embodiments, NCs comprise at least 15 groups of
polynucleotide sequences of different lengths, and each group of polynucleotides is
present in the normalization control at a different concentration.
[00105] In some embodiments, NCs comprise 15 groups of polynucleotide
sequences of different lengths, and each group of polynucleotides is present in the
normalization control at a different concentration.

Polynucleotide Lengths in the NCs

[00106] The lengths of the polynucleotides within the normalization controls can
be varied throughout the concentration range to allow for bias in the fragmentation rates
or clustering (as is sometimes seen in the case of [llumina based NGS methods). For
example, a normalization control comprises multiple groups of polynucleotides, and
each group of polynucleotides is a different length and present at a different
concentration within the normalization control.

[00107] Groups of polynucleotides of differing lengths and combinations of

lengths are envisaged as being within the scope of normalization controls of the
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disclosure. All of the individual polynucleotides within a given group are of the same
length. However, within a normalization control composition comprising at least three
groups, the lengths of the polynucleotides within a group can be either the same as or
different from the lengths of the polynucleotides within any other group in the
normalization control composition.
[00108] Accordingly, in some embodiments, the lengths of all of the
polynucleotides in the normalization control are the same. In some embodiments, the
polynucleotides within each of the at least three groups are of a different length than the
polynucleotides within any other group.
[00109] In some embodiments, the lengths of the at least three groups of
polynucleotides are distributed in a linear sequence or a geometric sequence.
[00110] A linear sequence is a sequence of numbers in which the next number in
the sequence increases or decreases by the same amount each time relative to the
previous number. An exemplary linear sequence comprises the sequence of “1, 2, 3, 4,
5, 6. In general, linear sequences are represented by the formula:

un=dxn+c¢
where d is the first difference between successive terms in the sequence, n is the term in
the sequence, and c is a constant.
[00111] A geometric sequence is a sequence of numbers where each term after
the first is found by multiply the previous term by a fixed, non-zero number called the
common ratio. An exemplary geometric sequence comprises “2, 4, 8, 16” (each number
is 2x the previous). In general, geometric sequences are represented by the formula:

un = ur™!
where r is the common ratio.
[00112] In some embodiments, for example in those embodiments wherein the
polynucleotides comprise a component sequence (as further described herein), the
lengths of the polynucleotides in each of the groups are between about 15 bp and about
3000 bp, between about 50 bp and about 3000 bp, between about 100 bp and about
3000 bp, between about 1000 bp and about 3000 bp, between about 1200 and about
3000 bp, between about 1500 bp and about 3000 bp, between about 15 bp and about 50
bp, between about 15 bp and about 100 bp, between about 15 bp and about 150 bp,
between about 15 bp and about 200 bp, between about 15 bp and about 300 bp, between

about 15 bp and about 400 bp, between about 15 and about 500 bp, between about 50
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bp and about 1200 bp, between about 100 bp and about 1200 bp, between about 150 bp
and about 1200 bp or between about 150 and about 1100 bp. In exemplary
embodiments, the lengths of the polynucleotides in the groups of polynucleotides are
between about 15 bp and about 3000 bp. In exemplary embodiments, the lengths of the
polynucleotides in the groups of polynucleotides are between about 500 bp and about
1500 bp. In exemplary embodiments, the lengths of the polynucleotides in the groups
of polynucleotides are between about 100 bp and about 1200 bp. In exemplary
embodiments, the lengths of the polynucleotides in the groups of polynucleotides are
between about 150 bp and about 600 bp.

[00113] In some embodiments, the at least three groups of polynucleotides
comprise polynucleotides with lengths selected from the lengths consisting of: 175 bp,
250 bp and 450 bp; 192 bp, 250 bp and 450 bp; 200 bp, 300 bp and 500 bp; 217 bp, 300
bp and 517 bp; 436 bp, 552 bp and 974 bp; 450 bp, 612 bp and 1034 bp; 510 bp, 626 bp
and 1048 bp; and 450 bp, 612 bp and 1034 bp.

[00114] As provided herein, the groups of polynucleotides can be synthesized in
vitro, or can be isolated or derived from already synthesized nucleic acids, or can be
isolated or derived from naturally occurring nucleic acids. It is contemplated that
polynucleotides that are synthesized in vifro may have a maximum length of
approximately 3 kb, but a skilled artisan will understand such length may be dictated by
current oligonucleotide synthesis technologies. It is contemplated that normalization
control polynucleotides isolated or derived from already synthesized, or naturally
occurring nucleic acids may encompass a broader range of lengths than normalization
controls that are made using synthesis methods, but here too, this is dictated by current
oligonucleotide synthesis technologies.

[00115] In some embodiments, for example where the normalization control
polynucleotides comprise an isolated sequence (as described further herein), the lengths
of the at least three different groups of polynucleotides are between about 15 bp and
about 500 kb. In some embodiments, the lengths of the at least three different groups of
polynucleotides are between about 15 bp and about 50 kb. In some embodiments, the
lengths of the at least three different groups of polynucleotides are between about 50 bp
and about 50 kb. In some embodiments, the lengths of the at least three different groups
of polynucleotides are between about 500 bp and about 50 kb. In some embodiments,

the lengths of the at least three different groups of polynucleotides are between about
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1000 bp and about 50 kb. In some embodiments, the longest of the each of the at least
three different groups of polynucleotides is at least 15 kb in length, at least 20 kb in
length, at least 25 kb in length, at least 30 kb in length, at least 35 kb in length or at least
40 kb in length, inclusive of the endpoints.

Polynucleotide Sequences in the NCs

[00116] Groups of polynucleotides of the disclosure are envisaged as either
comprising polynucleotides of the same sequence, or comprising polynucleotides in
which the sequences of all the polynucleotides in the group are not all the same.
[00117] In some embodiments, the polynucleotides within each group consist of
the same sequence.

[00118] In some embodiments, the polynucleotides within each group comprise
the same sequence. Non-limiting examples of sequences that can be the same for all the
polynucleotides within each group include adaptor sequences, primer sequences,
indexing sequences, restriction sites, promoter sequences, component sequences,
isolated sequences or a combination thereof.

[00119] In some embodiments, the polynucleotides within each group comprise
both a sequence that is the same sequence in all the polynucleotides and a sequence that
is not the same in all the polynucleotides. For example, all the polynucleotides within
each group can comprise the same adaptor and/or indexing sequence, but differ in their
component sequences. In other embodiments, all the polynucleotides within each group
can comprise different adaptor and/or indexing sequences, but share the same
component or isolated sequence.

[00120] In some embodiments, the sequences of polynucleotides within each
group are at least 5% identical, at least 10% identical, at least 20% identical, at least
30% identical, at least 40% identical, at least 50% identical, are at least 60% identical,
at least 70% identical, at least 80% identical, are at least 90% identical, at least 95%
identical, at least 97% identical, at least 98% identical or at least 99% identical.

[00121] In some embodiments, the polynucleotides within each group do not
comprise the same sequence.

[00122] In some embodiments, one or more, or every group of polynucleotides
comprises at least three subgroups of polynucleotides, wherein the polynucleotides
within each subgroup comprise the same sequence, and the polynucleotides within each

subgroup do not comprise the same sequence as any other subgroup.
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[00123] In some embodiments of the normalization controls of the disclosure,
each polynucleotide within each of the at least three groups comprises the same
sequence.

[00124] In some embodiments, the sequence of the plurality of polynucleotides
within each one of the at least three groups does not comprise the same sequence as the
sequence of the plurality of polynucleotides within any other group.

[00125] In some embodiments, each of the pluralities of polynucleotides within
each of the at least three groups comprises polynucleotides that do not have the same
sequence.

[00126] In some embodiments, each of the at least three groups of
polynucleotides comprises at least three subgroups of polynucleotides, and each
subgroup of polynucleotides comprises a plurality of polynucleotides of the same
sequence, and the sequence of the plurality of polynucleotides in each subgroup is not
the same as the other subgroups in the group.

Component Sequence

[00127] In some embodiments of the normalization controls of the disclosure, the
sequence of at least one group of polynucleotides comprises a component sequence,
designed, selected, or known to have certain properties, such as length, sequence, or GC
content. This can result in that group of polynucleotides having a designed, selected, or
known range of those properties represented. The properties of the component sequence
can be designed or selected to match the properties of a target sequence in a sequencing
sample.

[00128] As used herein, the term “component sequence” refers to a portion or
entirety of the polynucleotide found in the normalization control. The normalization
control polynucleotide comprises or consists of the component sequence. In some
embodiments, the component sequence is designed in silico and is not isolated or
derived from any organism.

[00129] In some embodiments, the component sequence comprises a random
sequence. In some embodiments, the component sequence is designed to mimic, or
share, one or more sequence properties of a target sequence in a sequencing sample.
[00130] In some embodiments, the sequence of every group of polynucleotides

comprises a component sequence. In some embodiments, the component sequence of
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each group of polynucleotides is not the same as the component sequence of any other
group.

[00131] In some embodiments, the sequence of at least one subgroup of at least
one group of polynucleotides comprises a component sequence. In some embodiments,
the sequence of each of the at least three subgroups of at least one group comprises a
component sequence. In some embodiments, the sequence of each of at least three
subgroups of every group comprises a component sequence. In some embodiments, the
component sequence of each subgroup is not the same as the component sequence of
any other subgroup.

[00132] For example, in a normalization control composition with three groups,
each of which has three subgroups, each subgroup has a different component sequence,
none of which is the same. In this example, the population of polynucleotides in the
normalization control composition comprises polynucleotides with nine different
component sequences.

[00133] In some embodiments, the component sequence comprises a sequence of
between about 15 bp and about 3000 bp, between about 50 bp and about 3000 bp,
between about 100 bp and about 3000 bp, between about 1000 bp and about 3000 bp,
between about 1200 and about 3000 bp, between about 1500 bp and about 3000 bp,
between about 15 bp and about 50 bp, between about 15 bp and about 100 bp, between
about 15 bp and about 150 bp, between about 15 bp and about 200 bp, between about
15 bp and about 300 bp, between about 15 bp and about 400 bp, between about 15 and
about 500 bp, between about 50 bp and about 1200 bp, between about 100 bp and about
1200 bp, between about 150 bp and about 1200 bp or between about 150 and about
1100 bp. In some embodiments, the component sequence comprises a sequence of
between about 6 bp and about 3000 bp. In some embodiments, the component sequence
comprises a sequence of between about 150 bp and about 500 bp.

[00134] In some embodiments of the methods of the disclosure, the component
sequence is not the same as a target sequence in a sequencing sample. In some
embodiments, the component sequence has less than or equal to 1%, 2, %, 3%, 4%, 5%,
6%, 7%, 8%, 9%, 10%, 11%, 12%, 13%, 14%, 15%, 16%, 17%, 18%, 19%, 20%, 30%,
40%, 50%, 60%, 70%, 80%, 85%. 90%, 95%, 96%, 97%, 98%., 99% or 99.5%, 99.8%
or 99.9% identity to a target sequence in a sequencing sample. In some embodiments,

the component sequence may differ from the target sequence by about 1 bp in every 20
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bp, by about 1 bp in every 50 bp, by about 1 bp in every 150 bp, by about 1 bp in every
250 bp or by about 1 bp in every 300 bp.

[00135] In some embodiments, the component sequence comprises or consists of
a random sequence. In some embodiments, random sequences are generated using a
random sequence generator. In some embodiments, random sequences do not map to
reference sequences. In some embodiments, random sequences do not map to the
genome of any organism of interest, for example, any organism in the NCBI Nucleotide
database, or any organism which the normalization controls will be used to detect,
quantify, or otherwise analyze. In some embodiments, the random sequence is not cut
by any CRISPR-associated (Cas) guide RNAs (gRNAs) in a 90k gRNA array designed
to cut human DNA. In some embodiments, random sequences can be designed to
exclude specific sequence features. For example, a random sequence can exclude
features such as CRISPR/Cas gRNA recognition sites, restriction sites, transcription
factor binding sites or repetitive sequences. In some embodiments, random sequences
can be designed to mimic properties of a target sequence. For example, a random
sequence can be designed with the same GC content, or the same frequency of a
particular sequence motif (e.g. a trinucleotide repeat) as a target sequence.

Isolated Sequence

[00136] In some embodiments of the normalization controls of the disclosure, the
normalization control polynucleotides comprise an isolated sequence. As used herein,
an “isolated sequence” is a type of component sequence. The term “isolated sequence”
refers to a sequence that has been isolated or derived from an organism or an otherwise
preexisting sequence. Isolated sequences can comprise genomic, mitochondrial or
chloroplast DNA sequences. Isolated sequences can comprise RNA sequences, for
example messenger RNAs (mRNAs), transfer RNAs (tRNAs), non-coding RNAs
(ncRNAs) or microRNAs. Isolated sequences can be isolated from an organism or pre-
existing sequence, and comprise a fragment or fragments of a pre-existing sequence.
Alternatively, or in addition, isolated sequences may be subject to one or more
transformations to derive them from pre-existing sequences, such as sequence shuffling,
sequence concatenation, inverting the order of nucleotides, or nesting within other

sequences.

25



CA 03115281 2021-04-01

WO 2020/072990 PCT/US2019/054843

[00137] In some embodiments, the sequence of at least one group of
polynucleotides comprises an isolated sequence. In some embodiments, the sequence of
every group of polynucleotides comprises an isolated sequence.

[00138] In some embodiments, sequence of at least one subgroup of at least one
group of polynucleotides comprises an isolated sequence. In some embodiments,
sequence of every subgroup of at least one group comprises an isolated sequence. In
some embodiments, the sequence every subgroup of every group comprises an isolated
sequence. In some embodiments, the isolated sequence of each subgroup is not the same
as the isolated sequence of any other subgroup.

[00139] In some embodiments, the length of the isolated sequence is between
about 15 bp and about 500 kb. In some embodiments, the length of the isolated
sequence is between about 15 bp and about 100 kb. In some embodiments, the length of
the isolated sequence is between about 15 bp and about 50 kb. In some embodiments,
the length of the isolated sequence is between about 50 bp and about 50 kb. In some
embodiments, the length of the isolated sequence is between about 500 bp and about 50
kb. In some embodiments, the length of the isolated sequence is between about 1000 bp
and about 50 kb.

[00140] In some embodiments, the isolated sequence is between about 6 bp and
about 200,000 bp, between about 15 bp and about 50,000 bp, between about 500 bp and
about 1500 bp, between about 100 bp and about 1200 bp, or between about 150 bp and
about 600 bp.

[00141] In some embodiments, the isolated sequence is at least about 50 bp, at
least about 100 bp, at least about 150 bp, at least about 200 bp, at least about 250 bp, at
least about 300 bp, at least about 350 bp, at least about 400 bp, at least about 450 bp, at
least about 500 bp, at least about 550 bp, at least about 600 bp, at least about 650 bp, at
least about 600 bp, at least about 750 bp, at least about 800 bp, at least about 850 bp, at
least about 900 bp, at least about 950 bp, at least about 1000 bp, at least about 1250 bp,
at least about 1500 bp, at least about 2000 bp, at least about 2500 bp or at least about
3000 bp.

[00142] In some embodiments, the isolated sequence is about 100 bp, about 200
bp, about 300 bp, about 400 bp, about 500 bp, about 600 bp, about 700 bp, about 800
bp, about 900 bp, about 1000 bp, about 1100 bp, about 1200 bp, about 1300 bp, about

1400 bp or about 1500 bp.
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[00143] In some embodiments, the isolated sequence is isolated or derived from a
virus, a bacterium, a fungus or a eukaryote. In some embodiments, the virus is a T4
bacteriophage (T4) or cytomegalovirus (CMV). In some embodiments, the isolated
sequence is isolated from cloning vector, such as a plasmid.

[00144] In some embodiments, the nucleic acid sample from which the isolated
sequences of the normalization controls are purified is a cloning vector. In some
embodiments, the cloning vector is a bacterial component chromosome (BAC), a yeast
artificial chromosome (YAC), a cosmid, a fosmid or a plasmid. In some embodiments,
the nucleic acid sample from which the isolated normalization controls are purified is a
plasmid. In some embodiments, the normalization control sequences are cloned from a
species of interest, for example a virus, a bacteria or a eukaryotic parasite, into a cloning
vector, and the normalization controls are purified from the cloning vector using
methods of the disclosure.

[00145] In some embodiments, the isolated sequence is not the same as a target
sequence in a sequencing sample. In some embodiments, the sequence of any of the
polynucleotides in the normalization control has less than or equal to 1%, 2, %, 3%, 4%,
5%, 6%, 7%, 8%, 9%, 10%, 11%, 12%, 13%, 14%, 15%, 16%, 17%, 18%, 19%, 20%,
30%, 40%, 50%, 60%, 70%, 80%, 85%, 90%, 95%, 96%, 97%, 98% or 99% identity to
the target sequence in the sequencing sample.

[00146] In some embodiments, the isolated sequence is isolated or derived from a
plurality of reference sequences. A “reference sequence” refers to one or more
sequences that is identical or similar to target sequence that is known in the art. A
reference sequence may refer to a single target sequence, for example, a gene or a
genome of a target organism.

[00147] As a further example a “reference sequence” may refer to a plurality of
sequences from a plurality of different organisms. The organisms can be viruses,
bacteria, fungi, or single celled eukaryotes, such as parasitic or pathogenic eukaryotes,
or a combination thereof. The reference sequence can be a genomic DNA sequence, a
cDNA sequence, or a combination thereof.

[00148] In some embodiments, the normalization controls comprise a plurality of
isolated sequences isolated or derived from a single reference sequence.

[00149] In some embodiments, the normalization controls comprise a plurality of

isolated sequences that are isolated or derived from a plurality of reference sequences,
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for example from a plurality of different organisms. In some embodiments, the plurality
of reference sequences comprises a plurality of sequences from organisms generally
regarded to be non-host organisms such as viruses, bacteria or fungi (e.g., when the host
is a mammal, plant or multi-cellular eukaryote). Pluralities of reference sequences can
be used to model population level characteristics of panels of target organisms in the
normalization controls described herein. Any of the panel of target organism may be
present in the sequencing sample, and their presence and titer can be measured using the
methods described herein. In those embodiments where the target sequence or target
organism in the sequencing sample is not known prior to sequencing, using
normalization controls that model pluralities of organisms can increase accuracy of
identification and titer measurements.

[00150] In some embodiments, the plurality of isolated sequences are isolated or
derived from at least 2, at least 3, at least 4, at least 5, at least 6, at least 7, at least 8, at
least 9, at least 10, at least 20, at least 50, least 100, at least 200, at least 300, at least
400, at least 500, at least 600, at least 700, at least 800, at least 900, at least 1,000, at
least 1,200, at least 1,300, at least 1,400, at least 1,500, at least 1,600, at least 1,700, at
least 1,800, at least 1,900, at least 2,000, at least 2,200, at least 2,400, at least 2,600, at
least 2,800, at least 3,000, at least 4,000, at least 5,000 , at least 6,000, at least 7,000, at
least 8,000, at least 9,000, at least 10,000 reference sequences, at least 11,000 reference
sequences, or at least 12,000 reference sequences. In some embodiments, the plurality
of isolated sequences are isolated or derived from at least 10 reference sequences. In
some embodiments, the plurality of isolated sequences are isolated or derived from at
least 100 reference sequences. In some embodiments, the plurality of isolated sequences
are isolated or derived from at least S00 reference sequences. In some embodiments, the
plurality of isolated sequences are isolated or derived from at least 1000 reference
sequences. In some embodiments, the plurality of isolated sequences are isolated or
derived from at least 1,200 reference sequences. In some embodiments, the plurality of
isolated sequences are isolated or derived from at least 1,500 reference sequences. In
some embodiments, the plurality of isolated sequences are isolated or derived from at
least 2,000 reference sequences. In some embodiments, each reference sequence is from
a different organism, or different strain or subspecies of the same organism. In some
embodiments, the plurality of reference sequences are genomic DNA sequences from

different organisms or different strains or subspecies of the same organism.
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[00151] In some embodiments, the plurality of reference sequences comprises
reference sequences from a plurality of organisms. In some embodiments, the plurality
of reference sequences comprise sequences from at least 2, at least 10, at least 20, at
least 50, least 100, at least 200, at least 300, at least 400, at least 500, at least 600, at
least 700, at least 800, at least 900, at least 1,000, at least 1,200, at least 1,300, at least
1,400, at least 1,500, at least 1,600, at least 1,700, at least 1,800, at least 1,900, at least
2,000, at least 2,200, at least 2,400, at least 2,600, at least 2,800, at least 3,000, at least
4,000, at least 5,000 , at least 6,000, at least 7,000, at least 8,000, at least 9,000 or at
least 10,000 organisms. In some embodiments, the plurality of reference sequences
comprise sequences from about 1,000 organisms, from about 1,200 organisms, from
about 1,400 organisms, from about 1,500 organisms, from about 1,600 organisms, from
about 1,700 organisms, from about 1,800 organisms, from about 2,000 organisms, from
about 2,200 organisms, from about 2,400 organisms, from about 2,500 organisms, from
about 3,000 organisms, from about 5,000 organisms, from about 7,000 organisms, or
from about 10,000 organisms.

[00152] In some embodiments, the plurality of isolated sequences comprises
sequences that are isolated or derived from fragments of reference sequences. In some
embodiments, the reference sequence fragments are between about 10-100, about 10-
80, about 10-70, about 10-60, about 10-50, about 10-40, about 10-30, about 10-20,
about 20-100, about 20-80, about 20-60, about 20-50, about 20-40, about 20-30, about
10-35, about 20-35, or about 20-25 contiguous nucleotides of the reference sequence. In
some embodiments, the reference sequence fragments are between about 15-60, about
20-40, about 20-30, about 15-32, 20-32 or about 25-35 contiguous nucleotides of the
reference sequence. In some embodiments, the reference sequence fragments comprise
20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42,
43, 44, 45, 46,47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64 or 65
contiguous base pairs of the reference sequence. In some embodiments, the reference
sequence fragments comprise 25, 26, 27, 28, 29, 30, 31, 32, 33, 34 or 35 contiguous bp
of the reference sequence. In some embodiments, the reference sequence fragments
comprise 31 or 32 contiguous bp of the reference sequence.

[00153] In some embodiments, the reference sequence fragments are less than
half the average length of a sequencing read. For example, if the NGS sequencing

method produces reads that are an average of 120 bp each, then the reference sequence
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fragments are less than 60 bp. Different NGS platforms produce sequencing reads of
different lengths. For example, HiSeq and HiSeq X have average read lengths of around
300 bp, while the MiSeq platforms have average read lengths of between about 300 and
600 bp. In some embodiments, the average NGS read length is about 100 bp, about 150
bp, about 200 bp, about 250 bp, about 300 bp, about 350 bp, about 400 bp, about 450
bp, about 500 bp, about 550 bp, about 600 bp, about 650 bp, about 700 bp, about 750
bp, about 800 bp, about 850 bp, about 900 bp, about 950 bp, about 1000 bp, about 1100
bp, about 1200 bp, about 1300, about 1400 bp, about 1500 bp, about 1600 bp, about
1700 bp, about 1800 bp, about 1900 bp or about 2000 bp.

[00154] In some embodiments, the plurality of isolated sequences comprises
fragments of reference sequences that have been shuffled. Methods of shuffling
sequences are known in the art, and include random shuffling and Cantor shuffling. A
variety of programs can be used to shuffle nucleotide sequences and will be known to
persons of skill in the art (see, for example,

www .bioinformatics.org/sms2/shuffle dna html). As contemplated herein, shuffled
reference sequence fragments retain the one or more characteristics of the reference
sequences, while at the same time are not identical to a target sequence in a sample, and
hence is expected to be distinguishable from target sequences by methods such as blast.
[00155] In some embodiments, the plurality of isolated sequences comprises
reference sequence fragments that have been concatenated. In some embodiments, the
reference sequence fragments are shuffled and concatenated, e.g. to produce isolated
sequences of a desired length or lengths. In some embodiments, the isolated sequence
comprises at least two fragments of at least a first reference and second reference
sequences that have been shuffled and concatenated. In some embodiments, the first and
second reference sequences are non-adjacent in a genome of an organism. In some
embodiments, the first and second reference sequences are from different organisms.
An isolated sequence can comprise atleast 1,2, 3,4,5,6,7,8,9,10, 11, 12, 13, 14, 15,
16, 17, 18, 19 or 20 reference sequence fragments that have been shuffled an
concatenated, any of which may be non-adjacent fragments from the same reference
sequence or reference organism, or from different reference sequences or reference
organisms.

[00156] In some embodiments, the isolated sequence is derived from the

reference sequence by a process of (a) representing at least one reference sequence by a
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distribution of reference sequence fragments; (b) dividing the into bins; (c) selecting a
plurality of reference sequence fragments from at least a subset of the bins; and (d)
shuffling, and optionally concatenating, the reference sequence fragments to generate
isolated sequences.

[00157] In some embodiments, isolated sequences of the normalization controls
are generated by (a) generating a distribution of overlapping reference sequence
fragments generated using a sliding window over at least one reference sequence; (b)
dividing the distribution into bins; (¢) selecting a plurality of reference sequence
fragments from at least a subset of the bins; and (d) concatenating the reference
fragment sequences thereby generating isolated sequences.

[00158] In some embodiments, the sliding window comprises a 1 base pair (bp),
2 bp,3 bp,4bp,Sbp,6bp, 7bp, 8bp, 9bp, 10bp,11 bp, 12 bp, 13 bp, 14 bp, 15 bp,
16 bp, 17, bp, 18 bp, 19 bp or 20 bp sliding window. A sliding window is a window of
length N that is slid along the reference sequence to generate reference sequence
fragments that are offset by the length of the window, e.g. 1, 2, 3, 4, 5 bp, or more.
[00159] The distribution can be a distribution of any one of (1) percent GC
content, (2) entropy, (3) complexity, (4) electron-ion interaction potential (EIIP), (5)
length, or a combination thereof. To generate the distribution, the reference sequences
are broken into fragments of a specified size or sizes (sometimes referred to herein as
Kmers), and the number of reference sequence fragments is binned across a given
parameter such as percent GC content, EIIP, length or entropy. Each bin represents a
percentage of the parameter distribution, for example 1%, 2%, 3%, 4%, 5%, 6%, 7%,
8%, 9%, 10%, 15%, 20%, or 25%.

[00160] The distribution can be divided into any number of bins. For example,
the distribution can be divided into 2, 3, 4, 5, 6, 7, 8, 9, 10, 20, 50, 100 or 1000 bins. In
some embodiments, each bin represents 0.1%, 0.5%, 1%, 2%, 5%, 10%, 15%, or 20%
of the distribution of a parameter such as percent GC content, entropy, complexity,
length or EIIP.

[00161] In some embodiments, polynucleotides within each group of the
normalization control are generated using reference sequence fragments selected from
one of the at least 3 bins of a distribution divided into 5 bins. In some embodiments,
polynucleotides within each group of the normalization control are generated by using

reference sequence fragments selected from atleast 1,2, 3, 4,5,6,7, 8,9, 10, 11, 12,
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13, 14, 15, 16, 17, 18, 19 or 20 bins in a distribution. In some embodiments, the
distribution is divided into 10 bins and the reference sequence fragments are selected
from the 10% 30®™ 50™ 70™ 80™" and 90™ percentile bins from the percent GC content
distribution. In some embodiments, polynucleotides within each group of the
normalization control are generated by using reference sequence fragments selected
from every bin in the distribution.

[00162] In some embodiments, one or more reference sequence fragments are
selected from a bin of the distribution, for example a percent GC content distribution. In
some embodiments, one or more reference sequence fragments are selected from every
bin in the distribution. In some embodiments, one or more reference sequence
fragments are selected from a subset of bins of the distribution. In some embodiments,
reference sequence fragments selected from the same bin are concatenated to form an
isolated sequence of desired length. This allows for isolated sequences in the
normalization controls to model the distribution of various parameters such as GC
content, EIIP, length and entropy across the full distribution by subsampling selected
bins, without needing a prohibitively high number of normalization control oligos to
model the entire distribution reference sequences with a 1:1 correspondence between
reference sequences and normalization controls.

[00163] In some embodiments, the polynucleotides within each group have at
least three of: (1) similar percent GC content, (2) similar entropy, (3) similar EIIP, (4)
similar length or (5) similar complexity as the reference sequence fragments from the
corresponding bin in the reference sequence distribution.

[00164] Similar percent GC content, EIIP, length, complexity or entropy can
refer a comparison of the average GC content, EIIP, length, complexity or entropy of
the reference sequences and normalization controls. For example, normalization
controls and reference sequences may have similar percent GC content, EIIP, length,
complexity or entropy if the average GC content, EIIP, length, complexity or entropy of
the references sequences is within 0.1,0.5, 1,2, 3,4,5,6,7,8,9, 10, 11, 12, 13, 14, or
15 percentage points of the average GC content, EIIP, length, complexity or entropy of
the normalization controls. Alternatively, or in addition, similar GC content, EIIP,
length, complexity or entropy may refer to the distribution of GC content, EIIP, length,
complexity or entropy across some or all sequences in the reference sequences and the

sequences of the normalization controls. Methods of determining the degree of
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similarity will be known in the art and include, but are not limited to, Kolmogorov-
Smirnov tests, Z-tests, Q-Q plots and Analysis of Variance (ANOVA). The ordinarily
skilled artisan will be able to select the appropriate test based on the characteristics of
the distribution(s) in question (e.g., normal, Poisson, Gaussian, or skewed).

[00165] In some embodiments, the plurality of isolated sequences comprises
reference sequence fragments that have been concatenated. In some embodiments, the
reference sequence fragments are concatenated without being shuffled. If the reference
sequence fragments that are concatenated to form the isolated sequences are non-
adjacent in the reference sequence, or are from different reference sequences, then the
presence of the “joins” between non-adjacent sequences or sequences from different
sources should allow the isolated sequences to be identified via blast alignment after
NGS. The presence of the joins allows the isolated sequences in the normalization
control to be distinguished from the target sequence in the sample. Without wishing to
be bound by theory, it is expected that sequence fragments between about 15 to about
50 bp, preferably about 20 to about 35 bp, may be preferred for this approach, as
sequences that are too small, such as sequences below the seed length of the aligner,
will likely not be sufficiently unique to produce robust alignments, while sequences that
are too large will not have joins that are captured by individual NGS reads.

[00166] In some embodiments, the isolated sequence comprises at least two
fragments of at least one reference sequence that are concatenated, and the at least two
fragments are non-adjacent in the at least one reference sequence. /.e., the at least two
fragments are separated by at least 1 bp, at least 2 bp, at least 3 bp, at least 4 bp, at least
5 bp or any number of bp.

[00167] In some embodiments, the isolated sequence comprises at least a first
fragment of at least a first reference sequence, and at least a second fragment of at least
a second reference sequence, wherein the at least first and second fragments are
concatenated, and wherein the first and second reference sequences are not the same
reference sequence. For example, the first fragment is from human adenovirus, and the
second fragment is from Candida albicans. As a further example, the isolated sequence
can, comprise nested reference sequence fragments: e.g., a reference sequence fragment
from a first reference organism within a reference sequence fragment from a second
reference organism, optionally concatenated to a reference sequence fragment from yet

another different organism. An isolated sequence can comprise at least 1, 2, 3,4, 5, 6, 7,
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8,9,10, 11,12, 13, 14, 15, 16, 17, 18, 19 or 20 reference sequence fragments that have
been concatenated, any of which may be non-adjacent fragments from the same
reference sequence or reference organism, or from different reference sequences or
reference organisms.

[00168] In some embodiments, the isolated sequence (for example, the shuffled
or concatenated isolate sequence) is not cut by any CRISPR-associated (Cas) guide
RNAs (gRNAs) in a 90k gRNA array designed to cut human DNA. In some
embodiments, isolated sequences can be designed to exclude specific sequence features.
For example, a shuffled or concatenated isolated sequence can be selected that excludes
features such as CRISPR/Cas gRNA recognition sites, restriction sites, transcription
factor binding sites or repetitive sequences.

Sequence Properties

[00169] In some embodiments, the sequences of each of the at least three groups
of polynucleotides have at least one property in common with a target sequence in a
sequencing sample. In some embodiments, a component sequence is designed to have at
least one property in common with a target sequence in a sequencing sample. In some
embodiments, the isolated sequence is isolated from an organism or sequence in a
cloning vector that has been chosen because it is known to have at least one property in
common with a target sequence in a sequencing sample.

[00170] In some embodiments, the at least one property comprises a sequence
property of a transposable element sequence, viral sequence, bacterial sequence, a
fungal sequence, a eukaryotic parasite sequence or one or more human genes
sequence(s).

[00171] In some embodiments, the property of the transposable element
comprises a transposable element sequence. Transposable elements are DNA sequences
that can change positions in the genome. A transposable element (transposon) generally
consists of a pair of inverted terminal repeats (ITRs) flanking an open reading frame
encoding a transposase enzyme. Accordingly, exemplary properties of a transposable
element comprise ITR sequences, transposase sequences, or any sequence of the
transposon. Any sequence of a transposon or sequence property of a transposon can be
incorporated into a component sequence of the disclosure. An isolated sequence of the
disclosure can comprise any sequence of a transposon or sequence property of a

transposon.
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[00172] In some embodiments, the property of the viral sequence comprises a
percent GC content, a repetitive sequence element, an inverted terminal repeat (ITR), an
internal ribosome entry site (IRES), a protein coding sequence, a post-transcriptional
regulatory element, a transcriptional regulatory element, a promoter sequence, a cis-
acting RNA element, an RNA structural element, a genome packaging signal, a 5’
untranslated region (5’UTR) sequence, a 3” untranslated region (3’ UTR) sequence or a
combination thereof. Any sequence of a virus or sequence property of a virus can be
incorporated into a component sequence of the disclosure.

[00173] In some embodiments, the property of the bacterial sequence comprises
percent GC content, a repetitive sequence, a microRNA binding site, an internal
ribosome entry site (IRES), a protein coding sequence, a transcriptional regulatory
element, a promoter sequence, a 5 UTR sequence, a 3° UTR sequence or a combination
thereof. In some embodiments, the repetitive sequence element comprises a polyA
motif, a polyT motif, a polyG motif, a polyC motif, dinucleotide motif, a trinucleotide
motif, a tetranucleotide motif, a pentanucleotide motif, a hexanucleotide motif, a
heptanucleotide motif, an octanucleotide motif, a nonanucleotide motif, an interspersed
repetitive sequence element, a ribosomal RNA sequence, a transfer RNA (tRNA)
sequence, a terminal inverted repeat (TIR), a non-autonomous miniature inverted repeat
transposable element (MITE), a Clustered Regularly Interspaced Short Palindromic
Repeat (CRISPR) or a combination thereof. Poly A motifs, polyT motifs, polyG motifs
and polyC motifs are runs of As, Ts, Gs and Cs (for example, 4-50 As, Ts, Gs, or Cs).
Any sequence of a bacterium or sequence property of a bacterium can be incorporated
into a component sequence of the disclosure. An isolated sequence of the disclosure can
comprise sequence of a bacterium or sequence property of a bacterium.

[00174] In some embodiments, the property of the fungal sequence comprises
percent GC content, a repetitive sequence element, a microRNA binding site, an
internal ribosome entry site (IRES), a protein coding sequence, a transcriptional
regulatory element, a promoter sequence, a 5° UTR sequence, a 3’ UTR sequence, a
centromeric sequence, a telomeric sequence, a subtelomeric sequence, a mitochondrial
sequence or a combination thereof. Any sequence of a fungus or sequence property of a
fungus can be incorporated into a component sequence of the disclosure. An isolated
sequence of the disclosure can comprise sequence of a fungus or sequence property of a

fungus.
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[00175] In some embodiments, the property of the one or more human genes
comprises percent GC content, a repetitive sequence, a protein coding sequence, an
intronic sequence, a 5° UTR sequence, a 3> UTR sequence, a transcriptional regulatory
element sequence, a promoter sequence, a microRNA binding sequence or a
combination thereof. In exemplary embodiments, the property of the one or more
human genes is a sequence encoding a conserved protein domain shared by multiple
proteins in a family. A non-limiting example of a protein domain is a DNA binding
domain such as a zinc finger DNA binding domain or a homeodomain. In exemplary
embodiments, the property of the one or more human genes is a microRNA binding site
shared by all genes regulated by the cognate microRNA. Any sequence of human gene
or genes or sequence property of human gene or genes can be incorporated into a
component sequence of the disclosure. An isolated sequence of the disclosure can
comprise sequence of a human gene or genes or sequence property of a human gene or
genes.

[00176] In some embodiments, the property of the eukaryotic parasite sequence
comprises percent GC content, a repetitive sequence, a microRNA binding site, a
protein coding sequence, a transcriptional regulatory element, a promoter sequence, a 5’
UTR sequence, a 3° UTR sequence, a centromeric sequence, a telomeric sequence, a
subtelomeric sequence, a mitochondrial sequence or a combination thereof. Any
sequence or sequence property of a eukaryotic parasite can be incorporated into a
component sequence of the disclosure. An isolated sequence of the disclosure can
comprise sequence of a eukaryotic parasite or sequence property of a eukaryotic
parasite.

[00177] In some embodiments, the at least one property shared by the
normalization control sequences and the target sequence comprises entropy. Entropy is
a measure of the information content and complexity of a nucleotide sequence. Methods
of calculating entropy will be known to persons of ordinary skill in the art (see, for
example Bioinformatics, Vol. 27 2011, Pages 1061-1067).

[00178] In some embodiments, the at least one property shared by the
normalization control sequences and the target sequence comprises complexity.
Complexity (denoted by N) is the number of base pairs of unique or nonrepeating

nucleotides in a given segment of polynucleotides, or component of the genome. This is
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different from the length (L) of the sequence if some of the polynucleotides are
repeated.

[00179] In some embodiments, the at least one property shared by the
normalization control sequences and the target sequence comprises percent GC content.
[00180] In some embodiments of the normalization controls of the disclosure, the
GC content of one or more groups or subgroups of polynucleotides is the same as the
target sequence in the sequencing sample. In some embodiments, the GC content of the
entire polynucleotide in the group or subgroup is the same as the target sequence. In
some embodiments, the GC content of the component sequence and/or the isolated
sequence is the same as the target sequence. GC content is known to influence read
count during NGS (GC bias). Sequences with low or high GC content tend to be under-
represented in the number of reads they produce during NGS. Thus, mimicking the GC
content of a target sequence in an NC composition increases the ability of the NC to
model the behavior of the target sequence during NGS.

[00181] In some embodiments, the polynucleotides within a group have the same
percent GC content. In some embodiments, the polynucleotides within a group have the
same percent GC content as the polynucleotides within every other group. In some
embodiments, the polynucleotides within a group do not have the same percent GC
content as the polynucleotides within any other group.

[00182] In some embodiments, the percent GC content of the polynucleotides
within each group is between 40% and 60%, inclusive of the endpoints. In some
embodiments, the percent GC content of the polynucleotides within each group is
between 43% and 56%, inclusive of the endpoints.

[00183] In some embodiments, the at least one property shared by the
normalization control sequences and the target sequence comprises electron-ion
interference potential (EIIP). EIIP can be defined as the average energy of delocalized
electrons of the nucleotides in a nucleotide sequence. The nucleotide sequence can be
converted to the numerical EIIP sequence by replacing each nucleotide with the
corresponding EIIP value. For example, A=0.1260, C=0.1340, T=0.1335, G=0.0806.
In some embodiments, the EIIP values can be summed across all or part of the
sequence, for example across an isolated sequence or a reference sequence fragment.
[00184] In some embodiments, the at least one property shared by the

normalization control sequences and the target sequence comprises GC content, EIIP
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and entropy. GC content, EIIP and entropy all depend on sequence, and therefore co-
vary. In some embodiments, normalization controls share all three of these parameters
with the target sequences.

[00185] The degree to which a parameter such as percent GC content, EIIP,
entropy or complexity is similar between normalization control sequences and target or
reference sequences can be determined by a variety of statistical methods known in the
art. These include, but are not limited to Analysis of Variance (ANOV A), t-tests such as
Student’s t-test, Kolmogorov Smirnov (KS) tests and Q-Q plots. In some embodiments,
normalization controls comprise modified nucleotides. Any type of nucleotide
modification is envisaged as within the scope of the disclosure. Exemplary but non-
limiting examples of nucleotide modifications of the disclosure are described below.
[00186] Nucleotide modifications used by the methods of the disclosure can
occur on any nucleotide (adenine, cytosine, guanine, thymine or uracil, e.g.). These
nucleotide modifications can occur on deoxyribonucleic acids (DNA) or ribonucleic
acids (RNA). These nucleotide modifications can occur on double or single stranded
DNA molecules, or on double or single stranded RNA molecules.

[00187] In some embodiments, the nucleotide modification comprises adenine
modification or cytosine modification.

[00188] In some embodiments, the adenine modification comprises adenine
methylation. In some embodiments, the adenine methylation comprises N°-
methyladenine (6mA). N®-methyladenine (6mA) is present in both prokaryotic and
eukaryotic genomes.

[00189] In some embodiments, the adenine methylation comprises EcoKI
methylation. EcoKI methylation is a type of DNA nucleotide modification that is
carried out by the EcoKI methylase. The EcoKI methylase modifies adenine residues in
the sequences AAC(N¢)GTGC and GCAC(N6)GTT. EcoKI methylase, and EcoKI
methylation, are found in prokaryotes.

[00190] In some embodiments, the adenine modification comprises adenine
modified at N° by glycine (momylation). Momylation changes adenine for N6-(1-
acetamido)-adenine. Momylation occurs in viruses, for example bacteriophages.
[00191] In some embodiments, the modification comprises cytosine
modification. In some embodiments, the abundance and type of cytosine modification

in a genome varies based on species. In some embodiments, the location of cytosine
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modifications (within a particular restriction enzyme recognition site, e.g.) in a genome
varies based on species.

[00192] In some embodiments, the cytosine modification comprises 5-
methylcytosine (SmC), S-hydroxymethlcytosine (ShmC), S-formylcytosine (5fC), 5-
carboxylcytosine (5caC), 5-glucosylhydroxymethylcytosine (SghmC) or 3-
methylcytosine (3mC).

[00193] In some embodiments, the cytosine modification comprises cytosine
methylation. In some embodiments, the cytosine methylation comprises 5-
methylcytosine (SmC) or N4-methylcytosine (4mC). In some embodiments, 4mC
cytosine methylation is found in bacteria. In some embodiments, the cytosine
methylation comprises Dcm methylation. In some embodiments, the cytosine
methylation comprises DNMT1 methylation, DNMT3 A methylation or DNMT3B
methylation.

[00194] In some embodiments, the cytosine methylation comprises CpG
methylation, CpA methylation, CpT methylation, CpC methylation or a combination
thereof. In some embodiments, the cytosine methylation comprises CpG methylation.
[00195] In some embodiments, the cytosine modification comprises 5-
hydroxymethylcytosine (ShmC), 5-formylcytosine (5fC), 5-carboxylcytosine (5caC),
5-glucosylhydroxymethylcytosine, or 3-methylcytosine.

Target Organisms

[00196] The disclosure provides compositions and methods for determining the
titer of one or more target organisms in sample. Target organisms are organisms that
comprise one or more the target sequences described herein.

[00197] In some embodiments, the sample comprises a mixture of host organism
and one or more non-host organisms, and the target organism is one or more of the non-
host organisms. In some embodiments, the host organism is the target organism.
[00198] In some embodiments, the non-host target organism is a pathogen. In
some embodiments, the target organism is a viral, bacterial, fungal or eukaryotic
pathogen. For example, in some embodiments, the target organism is a viral pathogen in
a human clinical sample, and the target sequence is a sequence of that viral pathogen.
[00199] In some embodiments, the target organism is a symbiote or a commensal

organism.
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[00200] In some embodiments, the target organism is a species in a mixture of
species in a metagenomic sample.

Target Sequences

[00201] In some embodiments, the NCs are designed to account for possible
variables that affect the conversion of the target sequence in a sequencing sample to
sequencing reads after NGS. For example, NC sequences can be designed to match the
GC content of the nucleic acids of the target sequence whose abundance in the starting
sample is determined using the normalization controls and methods of the disclosure.
[00202] In some embodiments of the normalization controls of the disclosure, the
component and/or the isolated sequence has at least one property in common with a
target sequence in a sequencing sample. Common properties shared between the target
sequence and the component sequence(s) enable the component sequence(s) of the NC
to mimic the target sequence during sample and/or library preparation and sequencing.
This allows NCs to model the transformation from an initial concentration of a target
sequence in a sample to a number reads of the target sequence after NGS.

[00203] In some embodiments, the sequence of at least one subgroup of
polynucleotides in the normalization control shares at least one sequence property with
the target sequence in the sequencing sample. In some embodiments, the at least one
sequence property comprises a sequence property of a transposable element sequence,
viral sequence, bacterial sequence, a fungal sequence, a eukaryotic parasite sequence or
one or more human genes sequence(s).

[00204] All sequence properties of the target sequence are envisaged as being
within the scope of the normalization control compositions of the disclosure. In some
embodiments, the at least one property comprises a sequence property of a transposable
element sequence, viral sequence, a bacterial sequence, a fungal sequence, a eukaryotic
parasite sequence or a sequence of one or more human genes. In some embodiments,
the at least one property comprises GC content, entropy, complexity, length, EIIP or a
combination thereof.

[00205] In some embodiments, the sequencing sample comprises a mixture of
host and non-host nucleic acids. In some embodiments, the non-host comprises the
target sequence or sequences.

[002006] In some embodiments, the host is a eukaryote. In some embodiments, the

host is an insect, an animal or a plant. In some embodiments, the animal is a human.
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[00207] In some embodiments, the host is any mammalian organism. In
particular embodiments, the mammal is a human. In other embodiments, the mammal
is a livestock animal, for example a horse, a sheep, a cow, a pig, or a donkey. In other
embodiments, a mammalian organism is a domestic pet, for example a cat, a dog, a
gerbil, a mouse or a rat. In other embodiments, the mammal is a type of a monkey.
[00208] In some embodiments, the host is any bird or avian organism. An avian
organism includes but is not limited to a chicken, turkey, duck and goose.

[00209] In some embodiments, the host is an insect. Insects include, but are not
limited to honeybees, solitary bees, ants, flies, wasps and mosquitoes.

[00210] In some embodiments, the host is a plant. In some particular
embodiments, the plant is rice, maize, wheat, rose, grape, coffee, fruit, tomato, potato or
cotton.

[00211] In some embodiments, the non-host comprises a symbiote, a commensal
organism, a parasite or a pathogen. In some embodiments, the non-host comprises one
or more species of symbiotes, commensal organisms, parasites or pathogens.

[00212] In some embodiments, the non-host is a pathogen. In some
embodiments, the non-host is a species of virus, a species of bacteria, a species of
fungus or a species eukaryotic parasite. In some embodiments, the non-host is a species
of algae.

[00213] In some embodiments, the eukaryotic parasite is a mammalian parasite.
In some embodiments, the parasite is a worm. In other embodiments, the parasite is a
malaria-causing parasite. In other embodiments, the parasite is a Leishmaniasis-causing
parasite. In other embodiments, the parasite is an amoeba.

[00214] In some embodiments, the non-host is a species of bacteria. In particular
embodiments, the bacteria are tuberculosis-causing bacteria.

[00215] In some embodiments, the target sequence is a non-host sequence in the
sequencing sample.

[00216] In some embodiments, the target sequence comprises a reference
sequence. In some embodiments, the target sequence comprises a plurality of reference
sequences. In some embodiments, the target sequence comprises at least 2, at least 10,
at least 20, at least 50, least 100, at least 200, at least 300, at least 400, at least 500, at
least 600, at least 700, at least 800, at least 900, at least 1,000, at least 1,200, at least

1,300, at least 1,400, at least 1,500, at least 1,600, at least 1,700, at least 1,800, at least
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1,900, at least 2,000, at least 2,200, at least 2,400, at least 2,600, at least 2,800, at least
3,000, at least 4,000, at least 5,000 , at least 6,000, at least 7,000, at least 8,000, at least
9,000 or at least 10,000 reference sequences. In some embodiments, each reference
sequence is from a different organism. In some embodiments, the plurality of reference
sequences are genomic DNA or cDNA sequences from different organisms. In some
embodiments, the target sequence comprises a plurality of reference sequences from at
least 2, at least 10, at least 20, at least 50, least 100, at least 200, at least 300, at least
400, at least 500, at least 600, at least 700, at least 800, at least 900, at least 1,000, at
least 1,200, at least 1,300, at least 1,400, at least 1,500, at least 1,600, at least 1,700, at
least 1,800, at least 1,900, at least 2,000, at least 2,200, at least 2,400, at least 2,600, at
least 2,800, at least 3,000, at least 4,000, at least 5,000 , at least 6,000, at least 7,000, at
least 8,000, at least 9,000 or at least 10,000 organisms.

[00217] In some embodiments, the target sequence comprises a non-host
sequence, and the non-host is a species of virus, a species of bacteria, a species of
fungus or a species eukaryotic parasite.

[00218] In some embodiments, the non-host comprises a symbiote. A symbiote,
sometimes called a mutual or mutualistic organism, is an organism in a relationship
with another organism that provides mutual benefit to both parties.

[00219] In some embodiments, the non-host comprises a commensal organism.
In commensal organismal interactions, one organism benefits (e.g., the non-host) while
the other (e.g. the host) is unaffected. A commensal or mutual organism may depend on
its host for food shelter, support, transportation of a combination thereof. The host can
receive a variety of benefits from the interaction, including but not limited to protection
from infection, improved digestion and immune modulation. A non-limiting example of
a mutual and/or commensal relationship is that of a human host with the population of
microorganisms populating the gut (the gut microbiota, or microbiome). Gut microbiota
help maintain the mucosal barrier in the gut, provide nutrients such as vitamins, protect
against pathogens, and help maintain proper immune function.

[00220] In some embodiments, the non-host comprises multiple species, or
different organisms from the same species. In some embodiments, the non-host
comprises, at least 5, at least 10, at least 50, at least 100, at least 200, at least 500, at
least 1000, at least 1,500 or at least 2,000 species or different organism from the same

species, or combinations thereof. In some embodiments, the non-host comprises at least
42



CA 03115281 2021-04-01

WO 2020/072990 PCT/US2019/054843

2,000 species, for example the at least 2,000 gut microbiome species or microbiome
organisms.

[00221] In some embodiments, the target sequence is a non-host sequence
associated with pathogenicity. Exemplary non-host sequences associated with
pathogenicity include, but are not limited to antibiotic resistance genes, virulence
factors, or markers pathogenicity associated with eukaryotic parasites.

[00222] A virulence factor is a gene or a group of genes which contribute to
pathogenicity of a microorganism such as a bacterium, a virus, or a fungus in infecting a
host. Virulence refers to the degree of damage caused to the host by the microorganism,
with greater virulence causing greater damage.

[00223] Exemplary, but non-limiting virulence factors include genes that
contribute to colonization of a niche in the host (for example, attachment of the non-
host to host cells), immunoevasion (evasion of the host immune response),
immunosuppression (inhibition of the host immune response by the non-host), cellular
entry and exit (of intracellular non-hosts), and obtaining nutrition from the host.
Exemplary virulence factors that are used to assist and promote colonization of the host,
include, but are not limited to, adhesins, invasins and antiphagocytic factors.

[00224] Exemplary virulence factors include factors that increase damage to the
host include, but are not limited to toxins, destructive enzymes and proteins that
regulate host GTPases. Exemplary toxins include endotoxin, and exotoxins. Endotoxin
(lipopolysaccharide, or LPS) is a bacterial cell wall component capable of triggering
inflammation in the host. Exotoxins are toxins that are actively secreted by some
bacteria and have a wide range of effects on the host, including, but not limited to,
inhibition of specific biochemical pathways. Exemplary exotoxins include, but are not
limited to tetanus toxin secreted by Clostridium tetani, botulin toxin secreted by
Clostridium botulinum, as well as toxins secreted Escherichia coli, Clostridium
perfringens, Bacillus anthracis and Clostridium difficile. In some embodiments,
endotoxins are secreted by fungi (called mycotoxins). An exemplary mycotoxin
comprises aflatoxin produced by Aspergillus.

[00225] In some embodiments, the virulence factor is a destructive enzyme.
Destructive enzymes are enzymes which cause virulence by damaging host cells and

tissues. Exemplary destructive enzymes include, but are not limited to proteases,
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lipases, and DNases. For example, hemolysins produced by bacteria such as £. coli and
Staphylococcus aureus break down host cells, including red blood cells.

[00226] In some embodiments, the virulence factor is a protein which regulates
host GTPase activity. Virulence factors can act as a guanine nucleotide exchange factor
(GEF) or a GTPase activating protein (GAP) to modify host GTPase activity, or,
alternatively, covalently modify the host GTPase itself.

[00227] Exemplary viral virulence genes include viral genes that control viral
latency. Additional exemplary viral virulence genes include viral genes that contribute
to viral evasion of the host immune response and aspects of the viral life cycle such as
binding and entry to host cells or virion production and release.

[00228] In some embodiments, virulence factors are chromosomal and intrinsic.
For example, bacterial virulence factors such as lipopolysaccharides (endotoxin) are
chromosomal.

[00229] In some embodiments, virulence factors are encoded by mobile genetic
elements that are spread through horizontal gene transfer. In some embodiments, the
mobile genetic element is a plasmid, a transposable element, a bacteriophage element or
a ribozyme. In some embodiments, the horizontal gene transfer of a virulence factor
converts a microorganism that was a commensal or mutualistic (symbiotic)
microorganism prior to the acquisition of the virulence factor into a pathogenic
microorganism.

[00230] In some embodiments, the non-host is a virus, a bacterium or a fungus
and the target sequence comprises a sequence of a virulence factor.

[00231] In some embodiments, the non-host is a bacterium and the target
sequence comprises a sequence of an antibiotic resistance gene. In some embodiments,
the antibiotic resistance gene is encoded by a mobile genetic element that is spread
through horizontal gene transfer. In some embodiments, the mobile genetic element is a
plasmid, a transposable element, a bacteriophage element or a ribozyme.

[00232] In some embodiments, the antibiotic resistance gene conveys resistance
to quinolones, B-lactams, macrolides, tetracyclines, sulfonamides, aminoglycosides or
vancomycins.

[00233] In some embodiments, the sequencing sample comprises a

metagenomics sample. As used herein, the term “metagenomics” indicates the direct
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analysis, for example using the compositions and methods of the disclosure, of a sample
of mixed organisms.

[00234] In some embodiments, the metagenomics sample is an environmental
sample. Exemplary environmental samples include, but are not limited to, soil, water
and air samples. In some embodiments, the environmental sample comprises a sample
taken from a man-made surface, for example from a surface in a hospital.

[00235] In some embodiments, the sample comprises an environmental sample
and the target sequence comprises a sequence of a virulence factor, an antibiotic
resistance gene or a sequence associated with pathogenicity. For example, the
development of antibiotic resistance through lateral gene transfer is a major public
health problem. It is therefore beneficial to quantify the frequency of antibiotic
resistance genes in a metagenomic sample taken from an environment in which
antibiotics are used, for example a hospital or farm, using the compositions and
methods of the disclosure.

[00236] In some embodiments, normalization controls of the disclosure are
designed to mimic the properties of a target sequence, 7.e. the non-host sequence, in a
sequencing sample during sample extraction and/or library preparation. In some
embodiments, the population of polynucleotides of the normalization controls are
purified from a nucleic acid sample, and the nucleic acid sample is isolated or derived
from a virus, a bacterium, a fungus or a eukaryotic parasite. In some embodiments, the
virus, bacterium, fungus or eukaryote from which the NCs are purified is similar but not
identical to the virus, a bacterium, a fungus or a eukaryotic parasite of the non-host.
[00237] In some embodiments, the non-host is a virus, and polynucleotides of the
normalization controls are purified from a related virus or a virus with properties similar
to the non-host. For example, if the non-host is a lentivirus, the polynucleotides of the
normalization control are purified from a related species lentivirus. In some
embodiments, the virus is a T4 bacteriophage or cytomegalovirus (CMV).
Alternatively, if the non-host is a bacterium, the normalization control polynucleotides
are purified from a related species of bacteria or a species of bacteria with properties
similar to the non-host.

[00238] The NC can be from one or more organisms. For example, the NC can

comprise polynucleotides extracted from one or more organisms or species of

45



CA 03115281 2021-04-01

WO 2020/072990 PCT/US2019/054843

organisms, such as viruses, bacteria, fungi or eukaryotes, that simulate one or more
properties of the non-host sequences in a mixed host/non-host sample.

[00239] In certain embodiments, the NC is used to determine the relative
amounts of different nucleic acids in a sample. For example, normalization controls can
be used to determine the abundance value of a pathogen (a non-host) in a sample from
an infected host (e.g. a human host infected with a virus or bacteria). The abundance
value for the pathogen can be determined by dividing NGS reads that map to the
pathogen by the number of NGS reads that map to the NCs to compensate for differing
background host content. This value can then be mapped to a standard curve, which was
generated and normalized the same way, and the pathogen titer can be inferred from the
standard curve. Using such methods, there would then not necessarily be a need to
determine an absolute pathogen load.

[00240] In certain embodiments, the NC is used to determine the absolute
amounts of different nucleic acids in a sample. For example, the NC can be used to
determine the absolute amount of a pathogen (a non-host) in a sample from an infected
host (e.g., a sample from a human host infected with a virus or bacteria). An abundance
value for the pathogen can be determined by dividing the number of NGS reads that
map to the pathogen by the number of NGS reads that map to the NCs to compensate
for differing background host contents. Based on this ratio and the input quantity of NC
(e.g., copies of bacteriophage or polynucleotides), the relative pathogen genome copy
can be determined. This value can then be corrected for pathogen genome size to derive
an "absolute" pathogen abundance in the starting material.

[00241] In some embodiments, the species of interest from which the
normalization control polynucleotides are purified is similar to, but not identical to the
species of the non-host.

[00242] In some embodiments, the sequencing sample comprises a cancer-related
sample from a subject who has been diagnosed to have a type of cancer. The
progression of cancer is a multiple step process that requires the accumulation of
genetic changes over time. In some embodiments, the genetic changes leading to cancer
comprise genetic changes that activate proto-oncogenes and deregulate tumor
suppressor genes and DNA repair genes. Genetic changes leading to cancer allow
previously normal cells to escape regulation of cell division and divide unchecked.

Cancers thus comprise heterogeneous populations of cells with different mutations.
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Accordingly, in some embodiments, the cancer-related sample comprises a population
of cells comprising nucleic acids (e.g. genes, DNA or RNA) with at least one genetic
change relative to nucleic acids in a non-cancerous cell of the subject, or a cell from a
subject that does not have cancer, or from a subject that has a different type of cancer.
[00243] In some embodiments, a mutation of interest occurs only rarely in the
heterogeneous population of cells in the cancer sample. However, specific mutations in
a cancer sample are predictive of clinical responses to treatment. It is therefore
beneficial to identify and quantify the occurrence of mutations in heterogeneous cancer
samples using the compositions and methods of the disclosure. The compositions and
methods of the disclosure are particularly informative and useful when either the cell
type and/or the mutation is rare.

[00244] In some embodiments, the at least one genetic change in the cancer cells
comprises a single nucleotide polymorphism (SNP), an insertion, a deletion, an
inversion or a chromosomal rearrangement.

[00245] In some embodiments, the at least one genetic chance is associated with
the activation of a proto-oncogene or the inactivation of a tumor suppressor gene.
Exemplary proto-oncogenes include, but are not limited to human epidermal growth
factor receptor 2 (HER2), RAS, MYC proto-oncogene (MYC), SRC proto-oncogene
(SRC), telomerase, BCL-2, apoptosis regulator (BCL-2) and Epidermal Growth Factor
Receptor (EGFR). Exemplary tumor suppressor genes include, but are not limited to,
tumor protein p53 (p53), retinoblastoma (Rb), adenomatous polyposis coli (APC),
breast cancer susceptibility gene 1 (BRCA1) and breast cancer susceptibility gene 2
(BRCA2).

[002406] In some embodiments, the target sequence comprises the sequence with
at least one genetic change in the cancer.

[00247] In some embodiments, the sequences of the nucleic acids in the nucleic
acid sample from which the normalization control polynucleotides are purified are not
the same as the target sequence in the sequencing sample. In some embodiments, the
sequences of the nucleic acids in the nucleic acid sample have less than or equal to 1%,
2, %, 3%, 4%, 5%, 6%, 7%, 8%, 9%, 10%, 11%, 12%, 13%, 14%, 15%, 16%, 17%,
18%, 19%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 85%, 90%, 95%, 96%, 97%., 98%
or 99% identity to a target sequence in a sequencing sample.

Concentrations

4/
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[00248] In some embodiments, NCs are designed to be added to a host (e.g. a
patient) sample during DNA extraction for normalization of sequence reads as part of a
non-host (e.g., a pathogen) identification pipeline. The normalization control fragments,
collectively, are designed such that they represent a small fraction of the total sequence
reads obtained from a sample. The normalization control fragments, collectively, should
represent a small fraction (<5%) of the sequence reads obtained from a sample. In some
embodiments, the frequency of the normalization control fragments matches the
frequency of the target sequence in the sample.

[00249] Every possible arrangement of concentrations between groups of
polynucleotides is envisaged as within the scope of the disclosure.

[00250] In some embodiments, the polynucleotides of every group are at the
same concentration. For example, in some embodiments, each of three groups is at the
same concentration of 1 picogram (pg) per microliter (uL), for a total concentration of 3
pg/pL in the normalization control composition.

[00251] In some embodiments, the polynucleotides of every group are not at the
same concentration. In some embodiments, each of the groups of polynucleotides can
be present at a different concentration. For example, in some embodiments, if three
groups are present at a concentration ratio of 1:2:4, and the first group is at
concentration of 1 pg/uL, then the second group is at a concentration of 2 pg/ulL., and
the third group is at a concentration of 4 pg/uL. producing a total concentration of 7
pg/pL in the normalization control composition.

[00252] Every possible arrangement of concentrations between subgroups within
a group, and between subgroups of different groups, is envisaged as within the scope of
the disclosure.

[00253] In some embodiments, the at least three groups comprise at least one
group wherein the concentrations of polynucleotides in the at least three subgroups in
the group are equal and at least one group wherein the concentrations subgroups in the
group are not equal.

[00254] In some embodiments, the concentrations of the polynucleotides in each
of the least three subgroups in each of the at least three groups are not equal to the
concentrations of the other subgroups in the group. In some embodiments, the
concentrations of each of the at least three subgroups in a group are distributed in a

linear sequence or in a geometric sequence. A linear sequence is a sequence of numbers
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in which the next number in the sequence increases or decreases by the same amount
each time relative to the previous number. In general, linear sequences are represented
by the formula:

un=dxn+c¢
[00255] where d is the first difference between successive terms in the sequence,
n is the term in the sequence, and c is a constant. In an exemplary, non-limiting
embodiment where there are three subgroups within a group whose concentrations are a
linear sequence, the concentrations of the three subgroups are, for example, 1 pg/uL, 2
pg/uL, and 3 pg/uL.
[00256] A geometric sequence is a sequence of numbers where each term after
the first is found by multiply the previous term by a fixed, non-zero number called the
common ratio. In general, geometric sequences are represented by the formula:

un = ur™!
where r is the common ratio. In an exemplary, non-limiting set of embodiments, where
there are three subgroups within a group whose concentrations are a geometric
sequence, the concentrations of the three subgroups are, for example, 2 pg/uL, 4 pg/uL,
and 8 pg/uL. The relative concentrations of the subgroups within each group of
polynucleotides is an advantageous feature of the normalization controls of the
disclosure. Following NGS, the relative abundances of sequencing reads that map back
to each of the subgroups and/or groups of polynucleotides will reflect the relative
concentrations of the subgroups and/or groups in the normalization control composition,
and therefore the sample, prior to NGS. Calculating the relative abundances of reads
within groups or subgroups thus provides an internal quality control measure and allows
for a more accurate model of an initial concentration of a target sequence in a
sequencing sample.
[00257] In some embodiments, one subgroup in a group has a baseline
concentration, and the concentrations of the non-baseline subgroups in the group are
integer multiples of the baseline. In some embodiments, one subgroup in a group has a
baseline concentration, and the concentration of each subgroup in the group is twice the
concentration of another subgroup in the group, excluding the baseline. In some
embodiments, the at least three subgroups in the group are present at a concentration

ratio of 1:2:4.
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[00258] In some embodiments, the pluralities of polynucleotides are mixed in a
way that allows for a wide dynamic range in the concentrations of individual NC
sequences. The concentrations can span from 101 to 107 in concentration range with
some fragments having concentrations at intermediate levels. The normalization
controls are validated using a variety of methods, including QPCR.

[00259] In some embodiments, the population of polynucleotides are at a
concentration of between about 0.005 and about 5000 picograms (pg) per microliter
(uL), between about 0.005 and 1000 pg/uL about, between about 0.005 and about 700
pg/uL, between about 0.005 and about 500 pg/uL, between about 0.005 and about 100
pg/uL, between about 0.005 and about 50 pg/ uL, between about 0.05 and about 5000
pg/uL, between about 0.05 and about 1000 pg/uL, between about 0.05 and about 700
pg/uL, between about 0.05 and about 500 pg/uL, between about 0.05 and about 100
pg/uL, between about 0.05 and about 50 pg/uL, between about 0.5 and about 1000
pg/uL, between about 0.5 and about 700 pg/uL, between about 0.5 and about 500
pg/uL, between about 0.5 and about 100 pg/uL, between about 0.05 and about 50
pg/uL, between about 5 and about 1000 pg/uL, between about 5 and about 700 pg/uL.,
between about 5 and about 500 pg/uL, between about 5 and about 100 pg/uL or
between about 5 and about 50 pg/uL in the normalization control composition. In some
embodiments, the population of polynucleotides are at a concentration of between about
0.005 and 500 picograms (pg) per microliter (uL) in the normalization control
composition. In some embodiments, the population of polynucleotides are at a
concentration of between about 0.5 and about 50 pg/uL in the normalization control
composition. In some embodiments, the population of polynucleotides are at a
concentration of between about 10 and about 20 pg/uL in the normalization control
composition. In some embodiments, the population of polynucleotides are at a
concentration of between about 1 and about 2 pg/uL in the normalization control
composition. In some embodiments, the population of polynucleotides are at a
concentration of between about 0.1 and about 0.2 pg/uL in the normalization control
composition. In some embodiments, the population of polynucleotides are at a
concentration of 1.4 pg/uL in the normalization control composition, inclusive of the

endpoints.

Indexing
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[00260] In some embodiments, normalization control polynucleotides comprise a
sequence encoding a unique molecular identifier. In some embodiments, the sequence
encoding the unique molecular identifier comprises a first indexing sequence or a
second indexing sequence.

[00261] An exemplary, non-limiting indexing strategy of the disclosure uses two
indices, a first index and second index. In some embodiments, the sequence encoding
the unique molecular identifier comprises a common primer sequence, an index
sequence and an adaptor sequence. In some embodiments, the common primer sequence
comprises a flow cell attachment site for NGS.

[00262] In some embodiments, the index sequence is a unique 4-20 bp sequence.
In some embodiments, the index sequence is a unique 6 bp, 8 bp or 10 bp sequence. In
some embodiments, the index sequence is a unique 6 bp sequence. The length of the
index will depend on the complexity of the library. An appropriate index sequence
length will be readily apparent to one of skill in the art. In some embodiments, a
sequence comprising a first primer sequence, a first index sequence and a first adaptor
sequence is attached to the 5° end of a polynucleotide, and a sequence comprising a
second primer sequence, a second index sequence, and a second adaptor sequence is
attached to the 3’ end of the same polynucleotide. The polynucleotide is, for example a
polynucleotide of a normalization control composition of the disclosure. In some
embodiments, every group of polynucleotides comprises a unique dual index on the 5’
and 3’ ends of the plurality of polynucleotides in the group. In this embodiment, the
dual index is the same for all of the plurality of polynucleotides within the group, and
different for polynucleotides between groups. In some embodiments, every subgroup of
polynucleotides comprises a unique dual index on the 5’ and 3’ ends of the plurality of
polynucleotides in the subgroup. In this embodiment, the dual index is the same for all
of the plurality of polynucleotides within the subgroup but different for polynucleotides
in different subgroups. In some embodiments, the plurality of polynucleotides within
each group and within each subgroup have a unique dual index specific to the group
and/or the subgroup.

[00263] A non-limiting exemplary dual indexing system of the disclosure is the
[lumina i5 and 17 dual indexing system.

[00264] In some embodiments, normalization controls are designed to measure

the conversion of a DNA or RNA target sequence in a sequencing sample to a
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sequence-able library molecule. In some embodiments, conversion rates of the starting
material to the ending material during library preparation are poor and difficult to
measure reliably in all samples. By dual indexing the ends of the NC polynucleotide,
this allows for tracking which molecules are converted and how they are converted per
sample at any time during the library preparation. This allows for the calculation of a
sample type agnostic library conversion factor. This also allows for quality control to be
built into the sample preparation. Using this technique, it is possible to compare reagent
lots, the efficiency of enzymatic reactions and many other metrics that affect NGS.
These comparisons can be done in line with steps of the sequencing reaction that would
normally have to wait until the end of the library preparation process to determine if
problems had arisen.

Proteins

[00265] Normalization control polynucleotides comprise deoxyribonucleic acid
(DNA) molecules, ribonucleic acid (RNA) molecules, or DNA-RNA hybrid molecules.
[00266] Association with proteins is a significant source of variability and error
in calculating target sequence concentration from NGS read counts. For example, in
some embodiments, the target sequence is a viral sequence, and association of the
polynucleotide comprising the viral sequence with a capsid prevents purification and/or
fragmentation of the target sequence during sample and library preparation. Therefore,
the addition of proteins to the normalization control compositions of the disclosure that
mimic nucleic acid/protein interactions of the target sequence in the sequencing sample
increases the ability of the NCs to model the behavior of the target sequence during
NGS.

[00267] In some embodiments of the normalization controls of the disclosure, the
normalization controls further comprise at least one protein. In some embodiments, the
at least one protein is isolated or derived from a bacteria, a virus or a eukaryotic
parasite. In some embodiments, the at least one protein is a viral capsid protein or a
bacterial cell wall protein. Exemplary but non-limiting viral capsid proteins comprise
viral capsid proteins isolated or derived from adenovirus, adeno-associated virus
(AAV), lentiviruses or retrovirus.

[00268] In some embodiments, the population of polynucleotides and the protein

are operably linked. In exemplary embodiments, the protein is a viral capsid protein and
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the polynucleotides are encapsulated within the viral capsid proteins. In other
embodiments, the proteins and the polynucleotides are bound.

Additional Sequences

[00269] In some embodiments, normalization control polynucleotides comprise a
promoter sequence. In some embodiments, the promoter sequence comprises a promoter
sequence selected from the group consisting of a T7 promoter sequence, an SP6
promoter sequence or a T3 promoter sequence. In some embodiments, in particular
those embodiments wherein the promoter is a T7 promoter, the T7 promoter comprises
a sequence of S'-TAATACGACTCACTATAGG-3' (SEQ ID NO: 14). In some
embodiments, the T7 promoter comprises a sequence of 5'-
TAATACGACTCACTATAGGG-3’(SEQ ID NO: 15). In some embodiments, the T7
promoter comprises a sequence of 5’-GCCTCGAGCTAATACGACTCACTATAGAG-
3’ (SEQ ID NO: 16). In some embodiments, the SP6 promoter comprises a sequence of
5" — ATTTAGGTGACACTATAG-3’ (SEQ (ID NO: 17). In some embodiments, the
SP6 promoter comprises a sequence of 5 —-CATACGATTTAGGTGACACTATAG-3
(SEQ ID NO: 18). In some embodiments, the T3 promoter comprises a sequence of 5’
AATTAACCCTCACTAAAG 3' (SEQ ID NO: 19).

[00270] In some embodiments, normalization control polynucleotides comprise
additional primer sequences. Primer sequences can be located 5’ and 3’ of the
component and/or isolated sequences. Primer sequences can be added as part of the in
silico design of the component sequence or added secondarily to the component and/or
isolated sequence. Primer sequences can be added to the component and/or isolated
sequences by, for example, adaptor ligation or random priming and extension of the
component and/or isolated sequences.

Mixed Compositions

[00271] In some embodiments, normalization controls of the disclosure comprise
a mixture of synthetic polynucleotides and polynucleotides that have been isolated or
derived from one or more organisms. For example, a set of target sequences in a sample
may cover a range of lengths that extend beyond the lengths of current manufacturing
methods of synthetic polynucleotides (e.g., a length of 10 kb). In this example, to fully
model the range of lengths of the target sequences with the normalization controls, the

normalization controls comprise a mixture of component and isolated polynucleotides.
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[00272] In some embodiments, at least one group of polynucleotides in the
normalization controls are purified from an organism using the methods of the
disclosure. In some embodiments, the organism is a virus, a bacterium, a fungus or a
eukaryotic parasite. In some embodiments, the organism shares one or more features
with the non-host in a mixed host/non-host sequencing sample. In some embodiments,
the virus is bacteriophage T4.

[00273] In some embodiments, bacteriophage T4 is also added at a known
concentration as an addition, or alternative, to an NC based on synthesized
polynucleotides (an oligo-based NC).

[00274] The addition of bacteriophage T4 to normalization controls allows the
normalization controls to control for extraction variation. Bacteriophage T4 has the
added benefit that it is cheaper and easier to manufacture than the oligo-based NC,

especially for long sequences.

Methods of Making Normalization Controls

de novo Synthesis

[00275] The disclosure provides a method of making normalization controls
comprising at least three groups of polynucleotides, wherein the polynucleotides within
each group are of the same length. In some embodiments, each of the at least three
groups of polynucleotides further comprise at least three subgroups of polynucleotides.
[00276] In some embodiments, the at least three groups comprise polynucleotides
of the same sequence. In some embodiments, the at least three groups comprise
polynucleotides that are not the same sequence

[00277] In some embodiments of the methods of the disclosure, the methods
comprise synthesizing as oligonucleotides the polynucleotides of each unique group
and/or subgroup, quantifying the concentration of each unique group and/or subgroup,
and mixing pre-determined amounts of each unique group and/or subgroup to produce
the NC composition.

[00278] In some embodiments, the polynucleotide is a DNA polynucleotide. In
some embodiments, the polynucleotide is between about 10 bp and about 3000 bp. In
some embodiments, the polynucleotide is between about 10 bp and about 1200 bp. In
some embodiments, the polynucleotide is between 10 bp and 250 bp. In some

embodiments, the polynucleotide is between about 150 bp and about 1500 bp. In some
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embodiments, the polynucleotide is between about 400 bp and about 1100 bp. In some
embodiments, the polynucleotide is between about 500 bp and about 1500 bp.

[00279] In some embodiments, the polynucleotide has at least one property in
common with a target sequence in a sequencing sample. All sequence properties of the
target sequence are envisaged as being within the scope of the normalization controls of
the disclosure. In some embodiments, the target sequence comprises a transposable
element sequence, viral sequence, a bacterial sequence, a fungal sequence, a eukaryotic
parasite sequence or a sequence of one or more human genes. In some embodiments,
the at least one property comprises a sequence property of a transposable element
sequence, viral sequence, a bacterial sequence, a fungal sequence, a eukaryotic parasite
sequence or a sequence of one or more human genes.

[00280] In some embodiments, the polynucleotides of the normalization controls
comprise RNAs. In some embodiments, the DNA polynucleotide further comprises a
sequence encoding a promoter, and the method further comprises in vitro transcribing
each DNA polynucleotide to produce pluralities of RNAs, quantifying concentration of
the each of the plurality of RNAs, and mixing the pluralities of RNAs in predetermined
amounts to produce the normalization controls. Exemplary promoters include, but are
not limited T3, SP6 and T7.

[00281] Every possible arrangement of concentrations between groups and
subgroups of polynucleotides is envisaged as within the scope of the disclosure.
[00282] Every possible arrangement of concentrations between the subgroups
within a group, and between subgroups of different groups, is envisaged as within the
scope of the disclosure.

[00283] Concentrations can be expressed as a weight per volume (e.g. pictograms
(pg per microliter (uL), or nanograms (ng) per uL) or alternatively, as the number of
molecules of the polynucleotide per volume (a molar concentration). It will be readily
apparent to one of ordinary skill in the art how to convert the measures of concentration.
[00284] In some embodiments, each of the polynucleotides are synthesized as
DNA oligonucleotides, and optionally, in vifro transcribed to produce a plurality of
RNA polynucleotides. Each of the pluralities of polynucleotides of each group or
subgroup is quantified, and the pluralities are mixed in a concentration ratio of the
disclosure. The final normalization control composition is then diluted to a

concentration of between about 0.001 and about 5000 picograms (pg) per microliter
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(uL), between about 0.005 and about 1000 pg/uL, between about 0.005 and about 700
pg/uL, between about 0.005 and about 500 pg/uL, between about 0.005 and about 100
pg/uL, between about 0.005 and about 50 pg/ uL, between about 0.05 and 5000 pg/uL,
between about 0.05 and about 1000 pg/uL, between about 0.05 and about 700 pg/uL,
between about 0.05 and about 500 pg/uL, between about 0.05 and about 00 pg/uL,
between about 0.05 and about 50 pg/puL, between about 0.5 and about 1000 pg/uL,
between about 0.5 and about 700 pg/uL, between about 0.5 and about 500 pg/uL,
between about 0.5 and about 100 pg/uL, between about 0.05 and about 50 pg/uL,
between about 5 and about 1000 pg/uL, between about 5 and about 700 pg/uL, between
about 5 and about 500 pg/uL, between about 5 and about 100 pg/uL, or between about
5 and about 50 pg/uL. In some embodiments, the normalization controls are at a
concentration of between about 0.005 and about 500 pg/uL. In some embodiments, the
normalization controls are at a concentration of between about 0.5 and about 50 pg/uL.
In some embodiments, the normalization controls are at a concentration of between
about 10 and about 20 pg/uL. In some embodiments, the normalization controls are at a
concentration of between about 1 and about 2 pg/uL.. In some embodiments, the
normalization controls are at a concentration of between about 0.1 and about 0.2 pg/ uL.
In some embodiments, the normalization controls are at a concentration of 1.4 pg/uL.
[00285] The disclosure provides methods of making a plurality of normalization
control oligos, comprising: (a) generating a plurality of reference sequence fragments
from at least one reference sequence; (b) generating a distribution of at least one
parameter as a function of number of reference sequence fragments; (c) dividing the
distribution into bins; (d) selecting at least one reference sequence fragment from at
least a subset of the bins; (e) shuffling the reference sequences to generate shuffled
sequences; and (f) synthesizing oligos comprising the shuffled sequences; thereby
generating a plurality of normalization control oligos.

[00286] The disclosure provides a making a plurality of normalization control
oligos, comprising: (a) generating a plurality of reference sequence fragments from at
least one reference sequence using a sliding window; (b) generating a distribution of at
least one parameter as a function of number of reference sequence fragments; (¢)
dividing the distribution into a bins; (d) selecting at least two reference sequence
fragments from at least a subset of the bins, wherein the at least two reference sequence

fragments are either non-contiguous in the reference sequence, or from different
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reference sequences; (€) concatenating the at least two reference sequence fragments
from each of the at least 3 bins; and (f) synthesizing oligos comprising the concatenated
reference sequence fragments; thereby generating a plurality of normalization control
oligos. In some embodiments, the sliding window comprises a 1 base pair (bp), 2 bp, 3
bp, 4 bp or 5 bp sliding window. In some embodiments, the reference sequence
fragments are about 15-60, about 20-40, about 20-30, about 15-32, 20-32 or about 25-
35 contiguous nucleotides of the corresponding reference sequence. In some
embodiments, the reference sequence fragments are 29, 30, 31, 32, 33 or 34 base pairs
of the corresponding reference sequence. In some embodiments, the reference sequence
fragments are less than half the average length of a sequencing read.

[00287] In some embodiments, the parameter comprises least one of (1) percent
GC content, (2) entropy, (3) complexity, (4) EIIP, or a combination thereof. In some
embodiments, the parameter comprises percent GC content.

[00288] The distribution, for example distribution of GC content, can be divided
into any number of suitable bins depending upon the desired resolution of the
normalization controls. For example, each bin can represent 1 percent, 2 percent, 5
percent, 10 percent, 15 percent, or 20 percent of the distribution. The reference
sequence fragments can be chosen from each bin, or from a subset of the bins. For
example, in GC content distribution comprising 10 bins, the reference sequence
fragments are chosen from the 10®, 30® 501 70% 80™ and 90" percentile bins of a
percent GC content distribution.

[00289] In some embodiments, step (d) comprises selecting at least 2 reference
sequence fragments from each bin. For example, at least 2, 3,4, 5,6, 7, 8,9, or 10,
reference sequence fragments are selected from each bin. In some embodiments, step
(e) further comprises concatenating the shuffled reference sequences from each bin. In
some embodiments, only sequences from a given bin are concatenated, to mimic the
properties of the reference sequence fragments in the corresponding bin and thus model
multiple points along the distribution.

[00290] In some embodiments, the at least one reference sequence comprises at
least 2, at least 10, at least 20, at least 50, at least 100, at least 200, at least 300, at least
400, at least 500, at least 600, at least 700, at least 800, at least 900, at least 1,000, at
least 1,200, at least 1,300, at least 1,400, at least 1,500, at least 1,600, at least 1,700, at

least 1,800, at least 1,900, at least 2,000, at least 2,200, at least 2,400, at least 2,600, at
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least 2,800, at least 3,000, at least 4,000, at least 5,000 , at least 6,000, at least 7,000, at
least 8,000, at least 9,000 or at least 10,000 reference sequences. In some embodiments,
the at least one reference sequence comprises about 2,000 reference sequences. In some
embodiments, the at least one reference sequence comprises a genomic sequence or a
cDNA sequence, or a combination thereof. For example, the reference sequence
corresponding to a first organism may be a genomic sequence, and the reference
sequence corresponding to as second organism may be cDNA sequences. Alternatively,
the reference sequences for multiple organisms (all organisms) may be genomic
sequences or cDNA sequences.

[00291] In some embodiments, the reference sequence fragments are between
about 10-100, about 10-80, about 10-70, about 10-60, about 10-50, about 10-40, about
10-30, about 10-20, about 20-100, about 20-80, about 20-60, about 20-50, about 20-40,
about 20-30, about 10-35, about 20-35, or about 20-25 contiguous nucleotides of the
reference sequence. IN some embodiments, the reference sequence fragments are
between about 15-60, about 20-40, about 20-30, about 15-32, 20-32 or about 25-35
contiguous nucleotides of the reference sequence. In some embodiments, the reference
sequence fragments comprise 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34,
35,36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57,
58, 59, 60, 61, 62, 63, 64 or 65 contiguous base pairs of the reference sequence.
[00292] In some embodiments, each normalization control oligo has at least three
of: (1) similar percent GC content, (2) similar entropy, (3) similar EIIP, (4) similar
complexity, or (5) similar length, as the reference sequence fragment(s) from a
corresponding bin in the reference sequence distribution.

Multiplexed Synthesis

[00293] In some embodiments, the normalization controls comprise a mixture of
synthetic DNA polynucleotides.

[00294] The disclosure provides a method of making a population of synthetic
polynucleotides, comprising: (a) synthesizing at least three populations of DNA
molecules; wherein each of the DNA molecules within each of the at least three
populations has the same sequence, wherein the sequence of each of the DNA
molecules comprises, from 5’ to 3’, a first component sequence, a first restriction
enzyme site, a second component sequence, a second restriction site, and a third

component sequence; (b) quantifying the amount of the each of the populations DNA
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molecules in a solution; (¢) digesting each of the at least three populations of DNA
molecules with a restriction enzyme that cuts the first and second restriction sites to
produce at least three populations of digested DNA molecules; and (d) mixing a pre-
determined amount of each of the at least three populations of digested synthetic DNA
molecules in a single composition. In some embodiments, each of the at least three
synthetic DNA molecules comprises first, second and third component sequences that
are the same lengths as the first, second and third component sequences of any other of
the at least three synthetic DNA molecules.

[00295] In some embodiments of the methods of the disclosure, the first, second
and third component sequences are each between about 15 bp and about 3000 bp. In
some embodiments, the first, second and third component sequences are each between
about 15 bp and about 1200 bp. In some embodiments, the first, second and third
component sequences are each between about 100 bp and about 600 bp. In some
embodiments, the first, second and third component sequences are each between about
150 bp and about 500 bp. In some embodiments, the first, second and third component
sequences are 175 bp, 250 bp and 450 bp, respectively.

[00296] In some embodiments, none of the first, second and third component
sequences of any of the at least three DNA molecules are the same sequence. In some
embodiments, the first, second and third component sequences are random sequences.
In some embodiments, random sequences are generated using a random sequence
generator. An exemplary, but non-limiting random sequence generator can be found at
www .bioinformatics.org/sms2/random_dna.html, and is incorporated herein by
reference. In some embodiments, random sequences do not map to the genome of any
organism in the NCBI Nucleotide database. In some embodiments, random sequences
can be designed that includes specific sequence properties, such as GC content, and
excludes other (e.g., common restriction sites).

[00297] In some embodiments, the first, second and third component sequences
of each of the at least three DNA molecules have at least one property in common with
a target sequence in a sequencing sample.

[00298] In some embodiments, the sequences of the first and second restriction
sites are the same. In some embodiments, the restriction sites are restriction sites that
are recognized and cleaved by a type II restriction endonuclease. Choice of an

appropriate restriction site will depend on the first, second and third component
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sequences, and will be readily apparent to one of ordinary skill in the art. In some
exemplary embodiments, a restriction site is chosen that does not occur in any of the
first, second and third component sequences.

[00299] In some embodiments, the sequence of the first and second restriction
sites is selected from the group consisting of a sequence of an EcoRI site, a BamHI site,
a HindIII site, a Notl site, a Pvull site, a Smal site, an EcoRV site, a Kpnl site, a Pstl
site, a Sall site, a Scal site, an Spel site, an Sphl site, a Stul site and an Xbal site. In
some embodiments, the restriction enzyme used to digest each of the at least three
populations of at least three synthetic DNA molecules comprises EcoRI, BamHI,
HindIII, Notl, Pvull, Smal, EcoRV, Kpnl, Pstl, Sall, Scal, Spel, Sphl, Stul or Xbal. In
some embodiments, the sequences of the first and second restriction sites comprise
Xhol sites and the restriction enzyme comprises Xhol.

[00300] In some embodiments, the sequence of each of the at least three DNA
molecules further comprises a first primer sequence and sequence complementary to a
second primer sequence, the first primer sequence is located 5° of the first random
sequence, and the sequence complementary to the second primer sequence is located 3’
of the third random sequence. In some embodiments, the first primer sequence
comprises a sequence of S'-TGAAGAACTGCGGCAGG-3’ (SEQ ID NO: 12) (a Mito
array primer). In some embodiments, the second primer sequence comprises a sequence
of 5'-AGCTGGAAGTGCAGACC-3' (SEQ ID NO: 20) (a Ribo array primer sequence),
and the sequence complementary to the second primer sequence comprises a sequence
of 5'-GGTCTGCACTTCCAGCT-3' (SEQ ID NO: 13).

[00301] In some embodiments, the methods of the disclosure comprise
quantifying the amount of the each of the at least three DNA molecules in a solution. In
some embodiments, the methods of the disclosure further quantifying the amount of the
each of the at least three populations of digested DNA molecules in a solution. Methods
of quantifying the amount of the each of the populations of DNA molecules in a
solution and/or quantifying the amount of each of at least three populations of digested
DNA molecules in a solution will be readily apparent to one of ordinary skill in the art.
Non-limiting examples of methods of DNA quantification include real time PCR,

Droplet Digital PCR (ddPCR) and spectrophotometry.
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[00302] In some embodiments, the methods of the disclosure comprise mixing a
pre-determined amount of each of the at least three populations of digested DNA
molecules in a single composition.

[00303] In some embodiments, the pre-determined amounts of the least three
populations of digested DNA molecules are equal. In some embodiments, wherein the
pre-determined amounts of the at least three populations of digested DNA molecules are
not equal. In some embodiments, the pre-determined amounts of the at least three
populations of digested DNA molecules are a linear sequence or in a geometric
sequence.

[00304] In some embodiments, a pre-determined amount of one population of
digested synthetic DNA molecules is a baseline, and the predetermined amounts of the
at least two additional populations of digested DNA molecules are integer multiples of
the baseline. In some embodiments, a pre-determined amount of one population of
digested DNA molecules is a baseline, and wherein the pre-determined amount of each
additional population of digested DNA molecules is twice the pre-determined amount
of another population of digested DNA molecules, excluding the baseline.

[00305] In some embodiments, the pre-determined amounts of the at least three
populations of digested synthetic DNA molecules are at a ratio of 1:2:4.

[003006] In exemplary embodiments, three populations of digested DNA
molecules are mixed at a ratio of A:B:C, where ‘A’, ‘B’ and ‘C’ represent any pre-
determined ratio of concentrations (for example, 1:2:4, or 1:3:5, or any linear or
geometric sequence). In this embodiment, the first component sequence of each of the
three DNA molecules is the same length, the second component sequence of each of the
three DNA molecules is the same length and the third component sequence of each of
the three synthetic DNA molecules is the same length. The resulting NC composition
consists of three groups, each of which consists of three subgroups. Each subgroup of
the first group consists of polynucleotides comprising the first component sequence
each of the DNA molecules, each subgroup of the second group consists of
polynucleotides comprising the second component sequence each of the three DNA
molecules, and each subgroup of the third group consists of polynucleotides comprising
the third component sequence each of the DNA molecules. The three pluralities of
polynucleotides of the three subgroups of the first group are present at concentrations of

a ratio of A:B:C as the three populations of digested DNA molecules were mixed at a
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ratio of A:B:C. As each of population of digested DNA molecules contributed equally
to each group, each group is present in the composition at an equal concentration.

In vitro Transcription

[00307] In some embodiments, the normalization controls comprise RNA
polynucleotides. The disclosure provides methods of making such RNA normalization
controls.

[00308] The disclosure provides for in vitro transcription methods to transcribe
sequences that are 3° of a promoter sequence of a polymerase (for example, a T3, SP6
or T7 polymerase). Any sequence with a 5° promoter sequence is envisaged as being a
suitable template for the in vitro transcription methods of the disclosure.

[00309] The disclosure provides methods of making a normalization control,
comprising synthesizing at least three DNA polynucleotides, each polynucleotide
comprising a sequence of a promoter and a component sequence, iz vitro transcribing
each polynucleotides to produce pluralities of RNAs, quantifying concentration of the
each of the plurality of RNAs, and mixing the pluralities of RNAs in predetermined
amounts to produce the NC composition.

[00310] The disclosure provides methods of making a population of synthetic
nucleic acid molecules, comprising: (a) synthesizing at least three groups of DNA
molecules; wherein the each of the DNA molecules comprises, from 5’ to 3°, a first
component sequence, a promoter sequence, a first restriction enzyme site, a second
component sequence, a second promoter sequence, a second restriction site, a third
component sequence and a third promoter sequence; (b) digesting each of the groups of
DNA molecules with a restriction enzyme that cuts the first and second restriction
enzyme sites to produce at least three populations of digested synthetic DNA molecules;
(c) in vitro transcribing each of the groups of DNA molecules to produce at least three
populations of RNA molecules; (d) quantifying the amount of RNA produced in each of
the populations of RNA molecules; and (e) mixing a pre-determined amount of each of
the populations of RNA molecules to produce a single normalization composition.
[00311] In some embodiments, each of the DNA molecules comprises first,
second and third component sequences that are the same lengths as the first, second and
third component sequences of any other of the DNA molecules.

[00312] In some embodiments, the first, second and third component sequences

are each between about 15 bp and about 1200 bp. In some embodiments, the first,
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second and third component sequences are each between about 150 bp and about 500
bp. In some embodiments, the first, second and third component sequences are each
between about 100 bp and about 600 bp.

[00313] In some embodiments, none of the first, second and third component
sequences of any of the DNA molecules are the same sequence. In some embodiments,
the first, second and third component sequences of each of the DNA molecules are
random sequences. In some embodiments, the first, second and third component
sequences of each of the DNA molecules have at least one property in common with a
target sequence in a sample.

[00314] The disclosure provides methods of digesting each of the at least three
synthetic DNA molecules with a restriction enzyme such as a Type II restriction
endonuclease that cuts the first and second restriction enzyme sites to produce at least
three populations of digested DNA molecules.

[00315] In some embodiments, the sequences of the first and second restriction
sites are the same. In some embodiments, the restriction sites are restriction sites that
are recognized and cleaved by a type II restriction endonuclease. Choice of an
appropriate restriction site will depend on the first, second and third component
sequences, and will be readily apparent to one of ordinary skill in the art. In some
exemplary embodiments, a restriction site is chosen that does not occur in any of the
first, second and third component sequences.

[00316] In some embodiments, the sequence of the first and second restriction
sites is selected from the group consisting of a sequence of an EcoRI site, a BamHI site,
a HindIII site, a Notl site, a Pvull site, a Smal site, an EcoRV site, a Kpnl site, a Pstl
site, a Sall site, a Scal site, an Spel site, an Sphl site, a Stul site and an Xbal site. In
some embodiments, the restriction enzyme used to digest each of the at least three
populations of at least three synthetic DNA molecules comprises EcoRI, BamHI,
HindIII, Notl, Pvull, Smal, EcoRV, Kpnl, Pstl, Sall, Scal, Spel, Sphl, Stul or Xbal. In
some embodiments, the sequences of the first and second restriction sites comprise
Xhol sites and the restriction enzyme comprises Xhol.

[00317] In some embodiments, the resulting populations of digested DNA
molecules comprise DNA molecules with a 5’ promoter for in vifro transcription, and a
component sequence. For example, each population of the at least three synthetic DNA

molecules, upon digestion, produces three DNA fragments, each fragment comprising a
63



CA 03115281 2021-04-01

WO 2020/072990 PCT/US2019/054843

5’ promoter operably linked to either the first, second or third component sequences.
These DNA fragments can then be used as templates for in vitro transcription to
produce RNA polynucleotides of the disclosure. In some embodiments, the fragments
are purified and isolated separately prior to in vitro transcription. In some embodiments,
the pool of fragments is use as a template for in vifro transcription.

[00318] The disclosure provides methods of in vifro transcribing each of the
populations of DNA molecules to produce at least three populations of RNA molecules.
In some embodiments, the first promoter sequence, the second promoter sequence and
the third promoter sequence comprise the same promoter sequence. In some
embodiments, the promoter sequence comprises a promoter sequence selected from the
group consisting of a T7 promoter sequence, an SP6 promoter sequence or a T3
promoter sequence. In some embodiments, in particular those embodiments wherein the
promoter is a T7 promoter, the T7 promoter comprises a sequence of 5'-
TAATACGACTCACTATAGG-3' (SEQ ID NO: 14). In some embodiments, the T7
promoter comprises a sequence of 5'- TAATACGACTCACTATAGGG-3’ (SEQ ID
NO: 15). In some embodiments, the T7 promoter comprises a sequence of 5’-
GCCTCGAGCTAATACGACTCACTATAGAG-3’ (SEQ ID NO: 16). In some
embodiments, the SP6 promoter comprises a sequence of 5” —
ATTTAGGTGACACTATAG-3’ (SEQ ID NO: 17). In some embodiments, the SP6
promoter comprises a sequence of 5 —-CATACGATTTAGGTGACACTATAG-3 (SEQ
ID NO: 18). In some embodiments, the T3 promoter comprises a sequence of 5'
AATTAACCCTCACTAAAG 3' (SEQ ID NO: 19).

[00319] Polymerases of the disclosure can be RNA polymerase II or RNA
polymerase III polymerases. In some embodiments, the polymerase is a T7 polymerase,
an SP6 polymerase or a T3 polymerase. RNA polymerases of the disclosure may be
wild type polymerases, component polymerases, or polymerases that have been
optimized or engineered (e.g., for in vitro transcription). The activity of polymerases of
the disclosure may be highly specific for given promoter sequence (e.g., the T7
polymerase for the T7 promoter, the SP6 polymerase for the SP6 promoter, or the T3
polymerase for the T3 promoter).

[00320] The T7 promoter is recognized by and supports transcription by the T7
bacteriophage RNA polymerase. T7 polymerases of the disclosure may be wild type T7

polymerases, component T7 polymerases, or T7 polymerases that have been optimized
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or engineered (e.g., for in vitro transcription). The T7 polymerase is a DNA dependent
RNA polymerase that catalyzes the formation of RNA from a DNA template in the 5’ to
3 direction. The DNA template may be double stranded or single stranded. T7
polymerase exhibits high specificity for the T7 promoter, can produce robust
transcription iz vifro, and is capable of incorporating modified nucleotides (e.g., labeled
nucleotides) into nascent RNA transcripts. These features of the T7 polymerase make it
an excellent polymerase for synthesizing RNAs of the disclosure.

[00321] The disclosure provides methods of quantifying the amount of RNA
produced in each of the at least three populations of synthetic RNA molecules. Methods
of quantifying RNA will be readily apparent to one of ordinary skill in the art. Non-
limiting exemplary methods of quantifying RNA include spectrophotometry or
fluorescent tagging with a dye such as ethidium bromide.

[00322] The disclosure provides methods of mixing a pre-determined amount of
each of populations of RNA molecules to produce a single composition.

[00323] In some embodiments, the pre-determined amounts of each of the
populations of RNA molecules are equal. In some embodiments, the pre-determined
amounts of each of the populations of RNA molecules are not equal. In some
embodiments, the pre-determined amounts of the populations of RNA molecules are in
a linear sequence or in a geometric sequence.

[00324] In some embodiments, the pre-determined amount of one population of
RNA molecules is a baseline, and wherein the pre-determined amounts of the additional
populations of RNA molecules are integer multiples of the baseline. In some
embodiments, the pre-determined amount of one population of RNA molecules is a
baseline, and wherein the pre-determined amount of each additional population of RNA
molecules is twice the concentration of another population of RNA molecules excluding
the baseline. In some embodiments, the pre-determined amounts of the at least three
populations of RNA molecules are a ratio of 1:2:4.

[00325] In some embodiments, the methods further comprise diluting the
normalization controls to a concentration of between about 0.001 and about 500 pg/uL.
In some embodiments, the methods further comprise diluting the normalization controls
to a concentration of between about 0.5 and about 500 pg/uL. In some embodiments,
the methods further comprise diluting the normalization controls to a concentration of

between about 0.5 and about 50 pg/uL. In some embodiments, the methods further
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comprise diluting the normalization controls to a concentration of between about 10 and
about 20 pg/uL. In some embodiments, the methods further comprise diluting the
normalization controls to a concentration of between about 1.0 and about 2.0 pg/uL. In
some embodiments, the methods further comprise diluting the normalization controls to
a concentration of between about 0.1 and about 0.2 pg/uL. In some embodiments, the
concentration of the normalization controls is 1.4 pg/uL.

Isolated Sequences

[00326] The disclosure provides methods of making normalization control
compositions wherein the normalization controls comprise an isolated sequence. In
some embodiments, the isolated sequence is isolated from a naturally occurring
sequence without additional steps, such as sequence shuffling or concatenation with
additional isolated or component sequences.

[00327] Accordingly, the disclosure provides methods of making a normalization
controls, comprising (a) extracting DNA from a sample; (b) digesting the DNA with a
restriction enzyme to produce a collection of DNA fragments; (c) separating the
collection of DNA fragments; (d) purifying at least three DNA fragments from the
collection of DNA fragments to produce at least three groups of polynucleotides,
wherein each of the at least three groups of polynucleotides comprises a plurality of
polynucleotides; and (e) mixing a pre-determined amount of each of the at least three
groups of polynucleotides to produce the composition.

[00328] The disclosure provides methods of extracting DNA from a sample. In
some embodiments, sample is isolated or derived from a virus, a bacterium, a fungus or
a eukaryotic parasite. In some embodiments, the sample comprises a cloning vector. In
some embodiments, the cloning vector is a bacterial artificial chromosome (BAC), a
yeast artificial chromosome (YAC), a cosmid, a fosmid or a plasmid. In some
embodiments, the sample is a plasmid. In some embodiments, the normalization control
sequences are cloned from a species of interest, for example a virus, a bacteria or a
eukaryotic parasite, into a cloning vector, and DNA is extracted from a culture of cells
producing the cloning vector. In some embodiments, the cells are bacteria (e.g.
Escherichia coli). Exemplary methods of DNA extraction comprise kits (e.g. Qiagen
MiniPrep) or phenol based extraction methods. Appropriate methods of DNA extraction

will be readily apparent to one of ordinary skill in the art.
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[00329] The disclosure provides methods of digesting the DNA with a restriction
enzyme to produce a collection of DNA fragments. In some embodiments, the
restriction enzyme is selected from the group consisting of EcoRI, BamHI, HindIII,
Notl, Pvull, Smal, EcoRV, Kpnl, Pstl, Sall, Scal, Spel, Sphl, Stul and Xbal. In some
embodiments, the restriction enzyme is selected from the group consisting of EcoRI,
BamHI, HindIII, Pvull, Smal, EcoRV, Kpnl, Pstl, Sall, Scal, Spel, Sphl, Stul, Xbal,
Notl, Ascl, Fsel, Pacl, Pmel, BglII, BstBI, Hincll and Sgfl.

[00330] In some embodiments, the fragments produced by digesting the DNA
with a restriction enzyme are between about 15 bp and about 100 kb. In some
embodiments, fragments are between about 15 bp and about 50 kb. In some
embodiments, fragments are between about 50 bp and about 50 kb. In some
embodiments, fragments are between about 500 bp and about 50 kb. In some
embodiments, fragments are between about 1000 bp and about 50 kb. In some
embodiments, the longest of the each of the at least three different groups of
polynucleotides is at least 15 kb in length, at least 20 kb in length, at least 25 kb in
length, 30 kb in length, at least 35 kb in length or at least 40 kb in length.

[00331] The disclosure provides methods of purifying at least three DNA
fragments from the collection of DNA fragments to produce at least three groups of
polynucleotides, wherein each of the at least three groups of polynucleotides comprises
a plurality of polynucleotides. In some embodiments, separating the collection of DNA
fragments comprises a separation based on fragment size, fragment charge, or a
combination thereof. In some embodiments, separating the collection of DNA
fragments comprises a separation based on fragment size. In some embodiments,
separating the DNA fragments based on size comprises gel electrophoresis,
chromatography or tangential flow filtration (TFF).

[00332] In some embodiments, separating the DNA fragments based on size
comprises gel electrophoresis. Gel electrophoresis separates polynucleotides according
to their size. Polynucleotides samples are loaded into wells at one end of a gel, and an
electric current is applied to pull them through the gel. Polynucleotides are negatively
charged, and so move towards the positive electrode. The size of the polynucleotide
determines the rate at which it migrates through the pores of the gel. Polynucleotides of
varying sizes can be separated by varying agarose concentration of the gel (e.g.,

between 0.8% and 3% agarose). Alternatively, acrylamide gels can be used to separate
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smaller polynucleotides. In some embodiments, particularly those embodiments where
large polynucleotides are being separated, changing the angle, strength and duration of
the electromagnetic field can aid in separation. In some embodiments, the gel
electrophoresis is pulse field gel electrophoresis.

[00333] In some embodiments, separating the DNA fragments based on size
comprises chromatography. An exemplary chromatography method comprises anion
exchange chromatography. Anion exchange chromatography separates polynucleotides
based on their charge using an ion-exchange resin containing positively charged groups,
which bind to negatively charged molecules. Tightness of binding of the
polynucleotides to the column or matrix is based on the overall strength of the negative
charge of the polynucleotide, and therefore size.

[00334] In some embodiments, separating the DNA fragments based on size
comprises TFF. TFF is a membrane based filtration process. Based on membrane
porosity, it can be classified as a microfiltration or an ultrafiltration process.
Ultrafiltration membranes typically have pore sizes between 0.001 and 0.1 pum.
Tangential Flow Filtration (TFF), also known as crossflow filtration, applies a feed
stream parallel to the membrane face. One portion of the stream passes through the
membrane (the permeate) while the remainder (the retentate) is recirculated back to the
feed reservoir. Polynucleotides are separated by passing through the pores of the
membrane.

[00335] In some embodiments, the methods further comprise ligating an adaptor
to at least on end of each of the at least three different groups of polynucleotides.
[00336] In some embodiments, the methods further comprise ligating an adaptor
to each end of the at least three different groups of polynucleotides.

[00337] In some embodiments, the sequences of the at least three different groups
of polynucleotides in the normalization control further comprise synthetic
polynucleotide sequences. Exemplary but non-limiting synthetic sequences comprise
sequences of adaptors, primers for PCR amplification, promoter sequences for in vifro
transcription, and binding sites for flow cell attachment during NGS.

[00338] In some embodiments, the adaptor sequence comprises a sequence
encoding unique molecular identifier. In some embodiments, the sequence encoding the
unique molecular identifier comprises a first indexing sequence or a second indexing

sequence. An exemplary, non-limiting indexing strategy of the disclosure uses two
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indices, a first index and second index. In some embodiments, the sequence encoding
the unique molecular identifier comprises a common primer sequence, an index
sequence and an adaptor sequence. In some embodiments, the common primer sequence
comprises a flow cell attachment site for NGS.

[00339] In some embodiments, the index sequence is a unique 4-20 bp sequence.
In some embodiments, the index sequence is a unique 6 bp, 8 bp or 10 bp sequence. In
some embodiments, the index sequence is a unique 6 bp sequence. The length of the
index will depend on the complexity of the library. An appropriate index sequence
length will be readily apparent to one of skill in the art. In some embodiments, a
sequence comprising a first primer sequence, a first index sequence and a first adaptor
sequence is attached to the 5’ end of a polynucleotide, and a sequence comprising a
second primer sequence, a second index sequence, and a second adaptor sequence is
attached to the 3’ end of the same polynucleotide. The polynucleotide is, for example a
polynucleotide of a normalization control composition of the disclosure. In some
embodiments, every group of polynucleotides comprises a unique dual index on the 5’
and 3’ ends of the plurality of polynucleotides in the group. In this embodiment, the
dual index is the same for all of the plurality of polynucleotides within the group, and
different for polynucleotides between groups.

[00340] In some embodiments, the synthetic sequence comprises a promoter
sequence. In some embodiments, the promoter sequence comprises a promoter sequence
selected from the group consisting of a T7 promoter sequence, an SP6 promoter
sequence or a T3 promoter sequence.

Combining Isolation and de novo Synthesis

[00341] The disclosure provides methods of making normalization control
compositions wherein the normalization controls comprise both polynucleotides
comprising sequences that are synthesized and polynucleotides comprising sequences
that are isolated from a sample, using the methods of disclosure.

[00342] The disclosure provides methods of making a normalization control,
comprising: (a) synthesizing at least three groups of DNA molecules, wherein the DNA
molecules within a group have the same sequence, and wherein the sequence of each of
the DNA molecules comprises, from 5’ to 3’, a first component sequence, a first
restriction enzyme site, a second component sequence, a second restriction site, and a

third component sequence; (b) quantifying the amount of the each of the groups of
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DNA molecules in a solution; (c) digesting each of the groups of DNA molecules with a
restriction enzyme that cuts the first and second restriction sites to produce at least three
groups of digested DNA molecules; and (d) mixing a pre-determined amount of each of
the groups of digested DNA molecules thereby generating a single normalization
control composition.

[00343] In some embodiments, the mixing step of (d) further comprises mixing a
pre-determined amount of at least one additional group of DNA molecules with the
least three groups of digested DNA molecules from steps (a)-(c) to produce at least four
groups of DNA molecules in a single normalization control, and wherein the at least
one additional group of DNA molecules is isolated or derived from a sample. In certain
embodiments, the at least one additional group of DNA molecules is isolated or derived
from a sample using the methods of the disclosure.

[00344] In some embodiments, the pre-determined amounts of the at least four
groups of DNA molecules are equal.

[00345] In some embodiments, the pre-determined amounts of the at least four
groups of DNA molecules are not equal. In certain embodiments, the pre-determined
amounts of the at least four groups of DNA molecules are in a linear sequence or a
geometric sequence.

[003406] The disclosure provides methods of making a normalization control,
comprising: (a) synthesizing at least one group of DNA molecules, wherein the DNA
molecules within the group have the same sequence, and wherein the sequence of each
of the DNA molecules comprises, from 5’ to 3°, a first component sequence, a first
restriction enzyme site, a second component sequence, a second restriction site, and a
third component sequence; (b) quantifying the amount of the groups of DNA molecules
in a solution; (c) digesting the at least one group of DNA molecules with a restriction
enzyme that cuts the first and second restriction sites to produce at least one group of
digested DNA molecules; and (d) mixing a pre-determined amount of the group of
digested DNA molecules with pre-determined amounts of at least two additional groups
of DNA molecules to produce at least three groups of DNA molecules in a single
normalization control composition, wherein the at least two additional groups of DNA
molecules are isolated or derived from a sample.

[00347] In some embodiments, the pre-determined amounts of the at least three

groups of DNA molecules are equal.
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[00348] In some embodiments, the pre-determined amounts of the at least three
groups of DNA molecules are not equal. In some embodiments, the pre-determined
amounts of the at least three groups of DNA molecules are in a linear sequence or a
geometric sequence.

[00349] In some embodiments, a pre-determined amount of one group of DNA
molecules is a baseline, and the predetermined amounts of additional groups of DNA
molecules are integer multiples of the baseline. In some embodiments, a pre-
determined amount of one group of digested DNA molecules is a baseline, and wherein
the pre-determined amount of each additional group of digested DNA molecules is
twice the pre-determined amount of another group of digested DNA molecules,
excluding the baseline. In some embodiments, the pre-determined amounts of the at
least four groups of digested DNA molecules are at a ratio of 1:2:4, optionally 1:2:4:8,
or 1:2:4:8:16 etc.

[00350] In some embodiments, the sample comprises plasmid DNA,
mitochondrial DNA, chloroplast DNA or genomic DNA. In certain embodiments, the
sample comprises DNA isolated from a cloning vector. In some embodiments, the
cloning vector is a bacterial component chromosome (BAC), a yeast artificial

chromosome (YAC), a cosmid, a fosmid or a plasmid.

Sample Preparation

[00351] The disclosure provides methods of quantifying the level of expression
of at least one target nucleic acid molecule in a sample, comprising: (a) mixing a known
amount of the normalization control composition of the disclosure with the sample, (b)
preparing a high throughput sequencing library, (c¢) sequencing said library to produce a
collection of reads, (d) mapping each read to the sample or the composition, ()
determining the number of reads produced by each of the plurality of nucleic acid
molecules in the composition, (f) calculating relationship between the starting
concentration of each of the plurality of nucleic acid molecules in the composition
mixed with the sample in (a) and the number of reads produced in (c), (g) modeling
(determining) the relationship between reads and concentration in the sample, and h.
calculating the initial concentration of the at least one target nucleic acid molecule in
the sample from the number of reads produced by the target nucleic acid molecule using

the model in (g).
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[00352] In some embodiments, the sample comprises nucleic acids. The nucleic
acids can be DNA, RNA or a mixture of DNA and RNA. The nucleic acids can be
single-stranded (e.g., single-stranded RNA, single-stranded DNA), double-stranded
(e.g., double-stranded DNA, DNA:RNA hybrids), or a mix thereof.

[00353] In some embodiments, the sample comprises whole blood, plasma,
serum, tears, saliva, mucous, cerebrospinal fluid, teeth, bone, fingernails, feces, urine,
tissue or a biopsy taken from a mammal. In some embodiments, the sample comprises
whole blood, plasma, serum, tears, saliva, mucous, cerebrospinal fluid, teeth, bone,
fingernails, feces, urine, tissue or a biopsy taken from a human. In some embodiments,
the sample comprises leaves, flowers or parts thereof, stems, roots, nuts or seeds from a
plant. In some embodiments, the sample comprises body parts, tissues, feces or
hemolymph from an insect.

[00354] In some embodiments, the method further comprises extracting nucleic
acids from the sample. In some embodiments, the nucleic acids comprise DNA, RNA or
a mixture thereof. Methods of extracting nucleic acids from a sample will be well
known to a person of ordinary skill in the art. Exemplary extraction methods include,
but are not limited to, phenol/chloroform based extraction methods, and kits such as the
Qiagen Miniprep kit (Cat. No. 27104) and the Qiagen RNeasy mini kit (Cat. No.
74104).

[00355] In some embodiments, the sample is a mammalian sample. In some
embodiments, the target nucleic acid molecule comprises a sequence of a virus, a
bacterium, a fungus, or a eukaryotic parasite (e.g. a virus, a bacterium, a fungus, or a
eukaryotic parasite found in the mammalian sample). In some embodiments, the target
nucleic acid molecule comprises one or more mammalian genes.

[00356] In some embodiments, the sample is a human sample. In some
embodiments, the target nucleic acid molecule comprises a sequence of a virus, a
bacterium, a fungus, or a eukaryotic parasite (e.g. a virus, a bacterium, a fungus, or a
eukaryotic parasite found in the human sample). In some embodiments, the target
nucleic acid molecule comprises one or more human genes.

[00357] The disclosure provides methods of mixing a known amount of the
normalization controls of the disclosure with the sample. In some embodiments, the
normalization control composition is mixed with the sample such that the normalization

controls represent a small fraction of the total sequence reads obtained from a sample.
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In some embodiments, the normalization controls, collectively, should represent a small
fraction (<5%) of the sequence reads obtained from a sample using NGS.

[00358] In some embodiments, each of the groups or subgroups of
polynucleotides in the normalization control composition are at a ratio of between about
0.001 to about 0.500: 1 relative to the total amount of polynucleotides in the
normalization control. In some embodiments, each of the groups or subgroups of
polynucleotides in the normalization control composition are at a ratio of between about
0.001 to about 0.420: 1 relative to the total amount of polynucleotides in the
normalization control. In some embodiments, each of the groups or subgroups of
polynucleotides in the normalization control composition are at a ratio of between about
0.001 to about 0.450: 1, between about 0.001 to about 0.400: 1, between about 0.001 to
about 0.400: 1, between about 0.001 to about 0.350: 1, between about 0.001 to about
0.300: 1, between about 0.001 to about 0.250: 1, between about 0.001 to about 0.200: 1,
between about 0.001 to about 0.150: 1, between about 0.001 to about 0.100: 1, between
about 0.001 to about 0.05: 1, between about 0.005 to about 0.500: 1, between about
0.010 to about 0.500: 1, between about 0.050 to about 0.500: 1, between about 0.100 to
about 0.500: 1, between about 0.010 to about 0.400: 1, between about 0.010 to about
0.300: 1, between about 0.010 to about 0.200: 1, between about 0.010 to about 0.100: 1,
between about 0.050 to about 0.400: 1, between about 0.050 to about 0.300: 1, between
about 0.050 to about 0.200: 1 or between about 0.050 to about 0.100: 1.

[00359] In some embodiments, each of the groups or subgroups of
polynucleotides in the composition are added to the sample at a final concentration of
between about 0.0001 pg/ uL and about 45 pg/uL between about 0.001 pg/ uL and
about 45 pg/uL, between about 0.001 pg/ uL and about 10 pg/uL, between about 0.005
pg/ uL and about 5 pg/uL or between about 0.009 pg/ uL and about 5 pg/uL. In some
embodiments, each of the groups or subgroups of polynucleotides in the composition
are added to the sample at a final concentration of between about 0.009 pg/ uL and
about 5 pg/uL.

[00360] In some embodiments, each of the groups or subgroups of
polynucleotides in the composition are added to the sample at a final concentration of
between about 0.001 attomole/uL. and about 50 attomole/uL. In some embodiments,
each of the groups or subgroups of polynucleotides in the composition are added to the

sample at final concentration of between about 0.01 attomole/uL and 50 attomole/uL.
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In some embodiments, each of the groups of or subgroups polynucleotides in the
composition are added to the sample at final concentration of between about 0.05
attomole/pL and 25 attomole/pL.

[00361] In some embodiments, the methods further comprise extracting nucleic
acids from the sample, and mixing the normalization controls with the sample occurs
prior to extracting nucleic acid from the sample. In some embodiments, mixing of
normalization controls with the sample prior to nucleic acid extraction allows the
normalization controls to measure bias in nucleic acid extraction during sample
preparation. For example, target nucleic acids complexed with proteins may be resistant
to nucleic acid extraction and thus be underrepresented in read abundance following
NGS. This process can be mimicked through the addition of appropriate normalization
controls, for example, normalization controls encapsulated by viral capsid proteins.
[00362] In some embodiments, mixing the normalization controls with the
sample occurs prior to the preparation of the high throughput sequencing library. In
some embodiments, particularly those embodiments where the mixing step occurs prior
to library preparation, the NCs measure the conversion of a DNA or RNA target
sequence in a sequencing sample to a sequence-able library molecule. Dual indexing
the ends of the NC polynucleotides at the same time as sample polynucleotides allows
for tracking which molecules are converted and how they are converted per sample at
any time during the library preparation. This allows for the calculation of a sample type
agnostic library conversion factor. This also allows for quality control to be built into
the sample preparation. Using this technique, it is possible to compare reagent lots, the
efficiency of enzymatic reactions and many other metrics about sequencing. These
comparisons can be done in line with steps of the sequencing reaction that would
normally have to wait until the end of the library preparation process to determine if
problems had arisen.

[00363] In some embodiments, mixing the normalization controls with the
sample occurs at the same time as the library preparation step. Normalization controls,
with appropriate adaptors, as necessary, may be added during any point of the library
preparation process.

[00364] In some embodiments, mixing the normalization controls with the
sample occurs after as the library preparation step. Normalization controls, with

appropriate indexing and/or sequencing adaptors, can be added to the library after
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library preparation but before NGS. In some embodiments, normalization controls
added at this point in the process control for biases in the sequence reactions
themselves. For example, normalization controls with high or low GC content can
control for known GC bias in pyrosequencing methods.

Libraries

[00365] Sequencing methods of the disclosure involve the preparation of
sequencing libraries. Sequencing library preparation in turn involves the production of a
collection of adaptor-modified DNA fragments, which are ready to be sequenced.
Sequencing libraries of polynucleotides can be prepared from DNA or RNA, including
equivalents, analogs of either DNA or cDNA, that is complementary or copy DNA
produced from an RNA template, for example by the action of reverse transcriptase.
The polynucleotides may originate in double-stranded DNA (dsDNA) form (e.g.
genomic DNA fragments, PCR and amplification products) or polynucleotides that may
have originated in single-stranded form, as DNA or RNA, and been converted to
dsDNA form. By way of example, mRNA molecules may be copied into double-
stranded cDNAs suitable for use in preparing a sequencing library.

[00366] Preparation of sequencing libraries for some NGS sequencing platforms
requires that the polynucleotides be of a specific range of fragment sizes e.g. 0-1200 bp.
Therefore, fragmentation of large polynucleotides may be required. Whether
polynucleotides are forcibly fragmented or naturally exists as fragments, they are
converted to blunt-ended DNA having 5-phosphates and 3'-hydroxyl. The process of
fragmentation in library preparation is one potential source of error in quantifying a
target sequence using NGS, and can be modeled by the inclusion of normalization
controls prior to a fragmentation step in library preparation.

[00367] Typically, the fragment ends are end-repaired, e.g. blunt-ended using
methods or kits known in the art. The blunt-ended fragments can be phosphorylated by
enzymatic treatment, for example using polynucleotide kinase. In some embodiments, a
single deoxynucleotide e.g. deoxyadenosine (A) is added to the 3'-ends of the
polynucleotides, for example, by the activity of certain types of DNA polymerase such
as Taq polymerase or Klenow exo minus polymerase. dA-tailed products are compatible
with ‘T’ overhang present on the 3’ terminus of each duplex region of adaptors to which
they are ligated in a subsequent step. dA-tailing prevents self-ligation of both of the

blunt-ended polynucleotide such that there is a bias towards formation of the adaptor-
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ligated sequences. The dA-tailed polynucleotides are ligated to double-stranded adaptor
polynucleotides sequences. The same adaptor can be used for both ends of the
polynucleotide, or two sets of adaptors can be used. Ligation methods are known in the
art and utilize ligase enzymes such as DNA ligase to covalently link the adaptor to the
d-A-tailed polynucleotide. The adaptor may contain a 5'-phosphate moiety to facilitate
ligation to the target 3'-OH. The dA-tailed polynucleotide contains a 5'-phosphate
moiety, either residual from the shearing process, or added using an enzymatic
treatment step, and has been end repaired, and optionally extended by an overhanging
base or bases, to give a 3'-OH suitable for ligation. The products of the ligation reaction
are purified to remove unligated adaptors, adaptors that may have ligated to one
another, and to select a size range of templates for cluster generation, which can be
preceded by an amplification e.g. a PCR amplification. Purification of the ligation
products can be obtained by methods including gel electrophoresis and solid-phase
reversible immobilization (SPRI).

[00368] Standard protocols, e.g. protocols for sequencing using, for example, the
Illumina platform, may instruct users to purify the end-repaired products prior to dA-
tailing, and to purify the dA-tailing products prior to the adaptor-ligating steps of the
library preparation. Purification of the end-repaired products and dA-tailed products
remove enzymes, buffers, salts and the like to provide favorable reaction conditions for
the subsequent enzymatic step. In some embodiments, the steps of end-repairing, dA-
tailing and adaptor ligating exclude the purification steps. Thus, in some embodiments,
the method of the disclosure encompasses preparing a sequencing library that comprises
the consecutive steps of end-repairing, dA-tailing and adaptor-ligating. In embodiments
for preparing sequencing libraries that do not require the dA-tailing step, e.g. protocols
for sequencing using Roche 454 and SOLID™ 3 platforms, the steps of end-repairing
and adaptor-ligating exclude the purification step of the end-repaired products prior to
the adaptor-ligating.

[00369] In some embodiments, an amplification reaction is prepared. The
amplification step introduces to the adaptor ligated template molecules the
polynucleotide sequences required for hybridization to the flow cell. The contents of an
amplification reaction are known by one skilled in the art and include appropriate
substrates (such as dNTPs), enzymes (e.g. a DNA polymerase) and buffer components

required for an amplification reaction. Optionally, amplification of adaptor-ligated
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polynucleotides can be omitted. Generally amplification reactions require at least two
amplification primers i.e. primer oligonucleotides, which may be identical, and include
an ‘adaptor-specific portion’, capable of annealing to a primer-binding sequence in the
polynucleotide molecule to be amplified (or the complement thereof if the template is
viewed as a single strand) during the annealing step. Once formed, the library of
templates prepared according to the methods described above can be used for solid-
phase nucleic acid amplification. The term ‘solid-phase amplification’ as used herein
refers to any nucleic acid amplification reaction carried out on or in association with a
solid support such that all or a portion of the amplified products are immobilized on the
solid support as they are formed. In particular, the term encompasses solid-phase
polymerase chain reaction (solid-phase PCR) and solid phase isothermal amplification
which are reactions analogous to standard solution phase amplification, except that one
or both of the forward and reverse amplification primers is/are immobilized on the solid
support. Solid phase PCR covers systems such as emulsions, wherein one primer is
anchored to a bead and the other is in free solution, and colony formation in solid phase
gel matrices wherein one primer is anchored to the surface, and one is in free solution.
Following amplification, and sequencing libraries can be analyzed by microfluidic
capillary electrophoresis to ensure that the library is free of adaptor dimers or single
stranded DNA. The library of template polynucleotide molecules is particularly suitable
for use in solid phase sequencing methods. In addition to providing templates for solid-
phase sequencing and solid-phase PCR, library templates provide templates for whole
genome amplification.

[00370] In some embodiments, the library of adaptor-ligated polynucleotides is
subjected to massively parallel sequencing, which includes techniques for sequencing
millions of fragments of nucleic acids, e.g., using attachment of randomly fragmented
genomic DNA to a planar, optically transparent surface and solid phase amplification to
create a high density sequencing flow cell with millions of clusters. The
Solexa/lllumina method relies on the attachment of randomly fragmented genomic
DNA to a planar, optically transparent surface. Attached DNA fragments are extended
and bridge amplified to create an ultra-high density sequencing flow cell with millions
of clusters each containing thousands of copies of the same template. The cluster
templates are sequenced using a robust four-color DNA sequencing-by-synthesis

technology that employs reversible terminators with removable fluorescent dyes.
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Alternatively, the library may be amplified on beads wherein each bead contains a
forward and reverse amplification primer.
[00371] Sequencing of the amplified libraries can be carried out using any

suitable sequencing technique as described herein.

Sequencing

[00372] The disclosure provides methods of sequencing a sample, the sample
comprising normalization controls, using next generation sequencing.

[00373] In some embodiments, the method described herein employs next
generation sequencing technology (NGS) in which clonally amplified DNA templates
or single DNA molecules are sequenced in a massively parallel fashion within a flow
cell (e.g. as described in Volkerding et al. Clin Chem 55:641-658 [2009]; Metzker M
Nature Rev 11:31-46 [2010]). In addition to high-throughput sequence information,
NGS provides digital quantitative information, in that each sequence read is a countable
“sequence tag” representing an individual clonal DNA template or a single DNA
molecule. The sequencing technologies of NGS include pyrosequencing, sequencing-
by-synthesis with reversible dye terminators, sequencing by oligonucleotide probe
ligation and real time sequencing.

[00374] Some of the sequencing technologies are available commercially, such as
the sequencing-by-hybridization platform from Affymetrix Inc. (Sunnyvale, Calif.) and
the sequencing-by-synthesis platforms from 454 Life Sciences (Bradford, Conn.),
[Mlumina/Solexa (Hayward, Calif.) and Helicos Biosciences (Cambridge, Mass.), and the
sequencing-by-ligation platform from Applied Biosystems (Foster City, Calif.). In
addition to the single molecule sequencing performed using sequencing-by-synthesis of
Helicos Biosciences, other single molecule sequencing technologies are encompassed
by the method of the disclosure and include the SMRT™ technology of Pacific
Biosciences, the Ion Torrent™ technology, and nanopore sequencing being developed
for example, by Oxford Nanopore Technologies. The present disclosure however is
contemplated to be compatible with any future high throughput sequencing technology
that is developed, that inherently poses the problem of quantification of low input

samples.
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[00375] While the automated Sanger method is considered as a ‘first generation’
technology, Sanger sequencing including the automated Sanger sequencing, can also be
employed by the method of the disclosure.

[00376] In some embodiments of the methods of the disclosure, the DNA
sequencing technology that is used is the 454 sequencing (Roche) (e.g. as described in
Margulies, M. et al. Nature 437:376-380 [2005]). In 454 sequencing DNA fragments of
approximately 300-800 base pairs, are blunt-ended and adaptors are ligated to the ends
of the fragments. The adaptors serve as primers for amplification and sequencing of the
fragments. The fragments can be attached to DNA capture beads, e.g., streptavidin-
coated beads using, e.g., Adaptor B, which contains 5'-biotin tag. The fragments
attached to the beads are PCR amplified within droplets of an oil-water emulsion. The
result is multiple copies of clonally amplified DNA fragments on each bead. In the
second step, the beads are captured in wells (pico-liter sized). Pyrosequencing is
performed on each DNA fragment in parallel. Addition of one or more nucleotides
generates a light signal that is recorded by a CCD camera in a sequencing instrument.
The signal strength is proportional to the number of nucleotides incorporated.
Pyrosequencing makes use of pyrophosphate (PP1) which is released upon nucleotide
addition. PPi is converted to ATP by ATP sulfurylase in the presence of adenosine 5’
phosphosulfate. Luciferase uses ATP to convert luciferin to oxyluciferin, and this
reaction generates light that is discerned and analyzed. 454 Sequencing can produce
reads that are between 100-1000 bp in length.

[00377] In some embodiments of the methods of the disclosure, the DNA
sequencing technology that is used is the SOLiD™ technology (Applied Biosystems).
In SOLiD™ sequencing-by-ligation, 5’ and 3’ are attached to DNA fragments to
generate a fragment library. Next, clonal bead populations are prepared in microreactors
containing beads, primers, template, and PCR components. Following PCR, the
templates are denatured and beads are enriched to separate the beads with extended
templates. Templates on the selected beads are subjected to a 3’ modification that
permits bonding to a glass slide. The sequence can be determined by sequential
hybridization and ligation of partially random oligonucleotides with a central
determined base (or pair of bases) that is identified by a specific fluorophore. After a
color is recorded, the ligated oligonucleotide is cleaved and removed and the process is

then repeated. SOLiD technology can produce reads of about 50 bp.
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[00378] In some embodiments of the methods of the disclosure, the DNA
sequencing technology that is used is the single molecule, real-time (SMRT™)
sequencing technology of Pacific Biosciences. In SMRT sequencing, the continuous
incorporation of dye-labeled nucleotides is imaged during DNA synthesis. Single DNA
polymerase molecules are attached to the bottom surface of individual zero-mode
wavelength identifiers (ZMW identifiers) that obtain sequence information while
phospholinked nucleotides are being incorporated into the growing primer strand. A
ZMW is a confinement structure which enables observation of incorporation of a single
nucleotide by DNA polymerase against the background of fluorescent nucleotides that
rapidly diffuse in an out of the ZMW (in microseconds). It takes several milliseconds to
incorporate a nucleotide into a growing strand. During this time, the fluorescent label is
excited and produces a fluorescent signal, and the fluorescent tag is cleaved off.
Identification of the corresponding fluorescence of the dye indicates which base was
incorporated. The process is repeated. The RS instrument has an average read length of
about 1100 bp, sometimes with reads up to 2500 or 2900 bp. The RS 1II can produce
read lengths of 8,500-60,000 bp.

[00379] In some embodiments of the methods of the disclosure, the DNA
sequencing technology that is used is nanopore sequencing (e.g. as described in Soni G
V and Meller A. Clin Chem 53: 1996-2001 [2007]). Nanopore sequencing DNA
analysis techniques are being industrially developed by a number of companies,
including Oxford Nanopore Technologies (Oxford, United Kingdom). Nanopore
sequencing is a single-molecule sequencing technology whereby a single molecule of
DNA is sequenced directly as it passes through a nanopore. A nanopore is a small hole,
of the order of 1 nanometer in diameter Immersion of a nanopore in a conducting fluid
and application of a potential (voltage) across it results in a slight electrical current due
to conduction of ions through the nanopore. The amount of current which flows is
sensitive to the size and shape of the nanopore. As a DNA molecule passes through a
nanopore, each nucleotide on the DNA molecule obstructs the nanopore to a different
degree, changing the magnitude of the current through the nanopore in different
degrees. Thus, this change in the current as the DNA molecule passes through the
nanopore represents a reading of the DNA sequence. Nanopore MinlON can produce

read lengths of over 10,000 bp.
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[00380] In some embodiments, the DNA sequencing technology is the Ton
Torrent single molecule sequencing, which pairs semiconductor technology with a
simple sequencing chemistry to directly translate chemically encoded information (A,
C, G, T) into digital information (0, 1) on a semiconductor chip. In nature, when a
nucleotide is incorporated into a strand of DNA by a polymerase, a hydrogen ion is
released as a byproduct. Ton Torrent uses a high-density array of micro-machined wells
to perform this biochemical process in a massively parallel way. Each well holds a
different DNA molecule. Beneath the wells is an ion-sensitive layer and beneath that an
ion sensor. When a nucleotide, for example a C, is added to a DNA template and is then
incorporated into a strand of DNA, a hydrogen ion will be released. The charge from
that ion will change the pH of the solution, which can be identified by Ion Torrent's ion
sensor. The sequencer essentially the world's smallest solid-state pH meter—calls the
base, going directly from chemical information to digital information. The Ion personal
Genome Machine (PGM™) sequencer then sequentially floods the chip with one
nucleotide after another. If the next nucleotide that floods the chip is not a match. No
voltage change will be recorded and no base will be called. If there are two identical
bases on the DNA strand, the voltage will be double, and the chip will record two
identical bases called. Direct identification allows recordation of nucleotide
incorporation in seconds. Ion Torrent can produce read lengths of about 400 bp.
[00381] In some embodiments, the method employs massively parallel
sequencing of millions of DNA fragments using Illumina's sequencing-by-synthesis and
reversible terminator-based sequencing chemistry (e.g. as described in Bentley et al
Nature 6:53-59 [2009]). Illumina's sequencing technology relies on the attachment of
fragmented genomic DNA to a planar, optically transparent surface on which
oligonucleotide anchors are bound. Template DNA is end-repaired to generate 5'-
phosphorylated blunt ends, and the polymerase activity of Klenow fragment is used to
add a single A base to the 3’ end of the blunt phosphorylated DNA fragments. This
addition prepares the DNA fragments for ligation to oligonucleotide adapters, which
have an overhang of a single T base at their 3’ end to increase ligation efficiency. The
adapter oligonucleotides are complementary to the flow-cell anchors. Under limiting-
dilution conditions, adapter-modified, single-stranded template DNA is added to the
flow cell and immobilized by hybridization to the anchors. Attached DNA fragments

are extended and bridge amplified to create an ultra-high density sequencing flow cell
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with hundreds of millions of clusters, each containing “1,000 copies of the same
template. The templates are sequenced using a robust four-color DNA sequencing-by-
synthesis technology that employs reversible terminators with removable fluorescent
dyes. High-sensitivity fluorescence identification is achieved using laser excitation and
total internal reflection optics. Short sequence reads are aligned against a repeat-masked
reference genome and genetic differences are called using specially developed data
analysis pipeline software. After completion of the first read, the templates can be
regenerated in situ to enable a second read from the opposite end of the fragments.
Thus, either single-end or paired end sequencing of the DNA fragments is used
according to the method. Illumina read lengths depend on the specific platform, but are

generally between 50-400 bp.

Quantification

[00382] A "formula," "algorithm," or "model" is any mathematical equation,
algorithmic, analytical or programmed process, or statistical technique that takes one or
more continuous or categorical inputs and calculates an output value, sometimes
referred to as an "index" or "index value." Non-limiting examples of "formulas" include
sums, ratios, and regression operators, such as coefficients or exponents, biomarker
value transformations and normalizations, statistical classification models, and neural
networks trained on historical populations. Of particular use in determining the
relationship between starting concentration in a sample and output reads following NGS
are linear and non-linear equations and statistical classification analyses to determine
the relationship between starting concentration in a sample and sequence reads after
NGS.

[00383] Of particular interest are structural and syntactic statistical classification
algorithms, utilizing pattern recognition features, including established techniques such
as cross-correlation, Principal Components Analysis (PCA), factor rotation, Logistic
Regression (LogReg), Linear Discriminant Analysis (LDA), Support Vector Machines
(SVM), Random Forest (RF), Recursive Partitioning Tree (RPART), as well as other
related decision tree classification techniques, Shrunken Centroids (SC), StepAIC, Kth-
Nearest Neighbor, Boosting, Decision Trees, Neural Networks, Bayesian Networks, and
Hidden Markov Models, among others. These may be coupled with information criteria,

such as Akaike's Information Criterion (AIC) or Bayes Information Criterion (BIC), in
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order to quantify the tradeoff between additional sequence data and model
improvement, and to aid in minimizing overfit. The resulting predictive models may be
validated in other studies, or cross-validated in the study they were originally trained in,
using such techniques as Bootstrap, Leave-One-Out (LOO) and 10-Fold cross-
validation (10-Fold CV). At various steps, false discovery rates may be estimated by
value permutation according to techniques known in the art.

Linear Correlations

[00384] In some embodiments of the methods of the disclosure, the
concentrations of the groups and/or subgroups of the normalization controls comprise a
linear sequence. In some embodiments, the linearity of the design of the normalization
controls allows for correlation between the reads in the library. The concentrations of
the NC molecules when added to a sample or during library preparation are perfectly
correlated and follow a linear model. This relationship is expected to still hold for the
output reads shared by these NC polynucleotides. When the starting concentration of
NC is plotted against the corresponding normalized read count, and the R? value of the
regression is determined, an R? of more than 0.8 indicates that the extraction and
downstream library preparation process has been followed without any fallacies.
[00385] The NCs are added to a library at definite concentrations and at different
sizes. The range of sizes of different polynucleotides are meant to be a representation of
the insert sizes of the target DNA or RNA to be identified in the library. As the
concentrations of the NCs that are added to a sample or a library during preparation are
pre-determined, the concentration of a target sequence present in the sample can be
determined by fitting the read counts of the target to a linear model determined by the
NCs. In this model, biases that the target sequence, the background nucleic acids in the
sample, or the NCs have during the library prep process are minimal. Each NC linearity
has its own line equation, y = mx +c. Y is the log(reads per million, RPM) of the target
sequence/NC in question which is given; M is the slope of line and C is the intercept. X
is undetermined for the target sequence. Theoretically, the NCs follow linearity, which
can be calculated as log(concentration) in attomoles/uL. This concentration converts to
how many fragments of target sequence are present in the library per pL.

[00386] The success of this model depends on the linearity of the NC having an
R? of above 0.8 to begin target titer estimation. An R? lower than 0.8 suggests a quality

control fail of the NC during sample preparation and/or high throughput sequencing. In
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this model, the linearity of NC is established based on absolute concentrations. It further
assumes that the insert size is one kind only, that there is 100% genome coverage and
minimal sample variation. Sample variation can be determined by calculating the
percent of reads that map to the background sample sequence (sample sequence other
than the ‘target’), the percent of reads mapping to the NC, and theoretically, the percent
depletion. Although, a singular insert size of the target sequence is desired, this is
seldom achievable. Ideally, in a histogram, the 3 — 5 most representative bins of target
insert sizes are selected, and the percentage of reads in each bin is calculating. Doing
this inherently takes care of the genome coverage issue. The number of insert molecules
is then dependent on the numbers in each of these bins.
[00387] The number or concentration of target insert molecules can be calculated
using the linear relationship Y = mx + C. The number of target molecules X (is a
function of) Titer; and Titer X f(insert size bins, genome coverage, % human
mapping, % NC mapping).
[00388] For example, to allow for quality control, normalization controls can be
added in in ratios of each other. This allows for the computation of the observed ratios,
and confirmation that the nucleic acids converted as expected throughout the entire
process/assay. If the ratios come out as expected (for example, NC1, NC2, and NC3 are
added to a sample at concentration ratios of 1:2:4, then the read count/evidence recovers
that ratio - 100 reads : 200 reads: 400 reads). Fig. 1 shows an exemplary normalization
control quality control check. For quality control of normalization controls that
comprise genomic DNA rather than synthesized DNA polynucleotides, for example
bacteriophage T4 normalization NC, a minimum number of reads a recovered from that
genome (e.g. the bacteriophage T4 genome) is looked for.
[00389] In some cases, NC are used to normalize a standard curve. In a simple
case, the observed reads whose abundance is to be determined (referred to herein as
‘target’ reads) are divided by the observed NC reads (either combined or separately,
depending on which allows for the generation of a better standard curve). In this case,
normalized target read abundance is calculated as follows:

Normalized read abundance = [(target observed) / (NC observed)] * C

(where C = a Constant, if needed)
FIG. 2 shows a plot of Cytomegalovirus CMV (target) viral titer versus read abundance

in next generation sequencing of DNA libraries in which the DNA was extracted from
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plasma to which CMV DNA was added (the target). The dotted line indicates the linear
regression the CMYV titer versus CMV read abundance. Without normalization, the R?
value is 0.89. In contrast, with normalization, the R? value is 0.98 (FIG. 3).
Normalization controls thus improve the correlation between the abundance of the
target (here CMV) in the initial sample, and the percentage of reads that map to the
target following library preparation and next generation sequencing.
[00390] Normalization controls added to sample before library preparation can
account for error arising from different experimental conditions and systematic/random
error that affects the nucleic acid in the sample. When designed to mimic actual biology
as close as possible, many differences in preparation, conversion, sequencing and so
forth can be accounted for and normalized.
[00391] However, in some cases, there are some biological factors cannot be
mimicked and therefore cannot be accounted for by the normalization controls. When
this is the case, the conversion of raw reads to target concentration can be described by
the equation:

7= f{r)+ Ar
where r is raw target read evidence (or counts), f(r) is the transformation function that
allows one to normalize the reads for all the variables accounted for, and the A function
is the residual error due to processes that cannot be mimicked or accounted for. Ideally,
A(r) goes to zero, and the transformation converts raw target read evidence to an initial
starting concentration (such as viral copies per milliliter). An example of a simple
function f(r) is a simple multiplicative factor. In this case, f(r) is computed from the
actual input percentage/abundance of normalization controls and the observed

abundance (via read counts/evidence) of normalization controls:

f(r) =
where f can be computed as
actual abundance

observed abundance

[00392] Other forms of f(r) can account for and mimic target properties such as
target GC content, target size, fragmentation conditions, whether the target is associated
with proteins (e.g. a viral genome in a capsid) or is a free DNA molecule, and so

forth. If the normalization controls are designed to account for all these variables, then

A will get smaller and smaller. A visual representation of this is sketched outin a
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hypothetical example in FIG. 4. In FIG. 4, a nucleic acid sample isolated from a host
infected with a virus is analyzed in triplicate using next generation sequencing. In FIG.
4, the left most bar for each next generation sequencing library is the known non-host
concentration (a viral load) in the starting sample (i.e., the starting abundance of the
‘target’ in the sample). After library preparation, next generation sequencing and
alignment of the reads, the read counts are transformed such that they recover the viral
load. The second bar from the left in each library is an example of computing the
percent abundance of the virus using only the obtained viral evidence. FIG. 4
demonstrates that there is huge variability between each library when the percent
abundance of the virus in the starting sample (viral load) is calculated only from the
obtained viral evidence. This calculation also does not reflect the actual viral load in
the original sample. Using an f(r) function, it is possible to transform the raw read
evidence to a quantity that is more comparable across libraries (FIG. 4, third bar from
the left for each library). Using the f(r) function, the variability of the calculated
percent abundance of the virus is decreased amongst the libraries, and the resulting
value is closer to the actual viral load. The only remaining transformation that takes
one directly to viral load is A(r). Accurately computing A(r) reduces the variability
across libraries even more and result in the viral load (within error).

[00393] Carefully constructing the normalization controls allows for the
estimation of f(r) for each library for and for each target. Random sequences can be
used, but more biological information can also be added. A feature of this approach is
that if f(r) can be computed, then one can avoid running a multiplicity of samples to
directly transform raw reads into target abundance in the initial sample. f(r) closes the
gap between read count and target abundance and lowers the variability. A(r) can be
estimated by designing an experiment that accounts for all the variables that could not
be included in the normalization controls. For example, A(r) could be due to a cell wall,
for example a bacterial cell wall, or a capsid environment for viruses, the effect of
which can be determined experimentally. By closing the gap between target abundance
in the initial sample and output read count with f(r), A is minimized. A, likely a
multiplicative factor (y=ax+b), can be computed from multiple samples. In certain
embodiments, higher-order models for A may also be appropriate. FIG. 5 depicts the

expected decrease in variability when using f(r) as opposed to raw reads to calculate
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viral load. Variability is decreased as much as possible through f{(r) before running
many samples to calculate Ar to get the equation for the line depicted in FIG. 5.

[00394] One potential source of variability in the post-computation of f(r) and Ar
is the site of execution of the assay. In some cases, it may be that when the assay is
executed at secondary site (for example, another hospital calculating viral titer in patient
samples), the execution of the assay delivers data that doesn’t quite fall on the line that
was initially generated for that set of target and normalization controls. In this case, the
assay is validated at the secondary site. For example, the secondary site can run enough
samples to compute the viral load conversion, and input their equation into a web-app,
which is used when computing the viral load from the real samples.

[00395] A table of some of the possible variables that effect the conversion of the
sample to sequencing reads is set forth below as Table 1. Table 1 outlines possible
variables to consider in NC control design. Table 1 outlines possible variable to
consider in designing NCs when the target is virus. However, some of these possible

variables may be applicable to other targets.
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Variable

Category/Noise

NC design
strategy

Contributes
to

Test description

GC content

Biology

Compute
GC content
in all TPx
viruses and
have NCs
mimic that
range

f(r)

Run libraries with
these NCs, compute
read evidence, see
whether an average of
the NC counts can be
used for f(r), or a
component of the NC,
with GC content as
close to the virus,
produces a better f(r)
multiplicative factor
(or observe if f(r) is
more complicated, but
moves the raw read
abundance closer to
virus load with less
variability.

Location
bias

Random

None

A(r)

Send out enough
samples at various
locations to estimate
the effect of location
variability.

Viral
fragmentation

Biology

Have NCs
that are big
enough to
fragment

f(r)

Run libraries with
these NCs, compute
read evidence, see
whether an average of
the NC counts can be
used for f(r), or a
component of the NC,
with fragmentation
pattern as close to the
virus, produces a better
f(r) multiplicative
factor (or observe if
f(r) is more
complicated, but
moves the raw read
abundance closer to
viral load with less
variability.
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Variable Category/Noise NC design | Contributes Test description
strategy to
Extraction None / Add Run enough samples to
from capsid NCs to determine if a linear
environment | Biology capsids A(r) range is observed, with
(Extraction equivalent high R2, and get the
bias) to viruses equation for the line.
Run libraries with
these NCs, compute
read evidence, see
whether an average of
the NC counts can be
Spike in used for f(r), or a
NCs at component of the NC,
. with abundances close
Abundance of | . clinically .
. Biology f(r) to the virus, produces a
NC vs virus relevant
better (1)
levels for N
viruses multiplicative factor
(or observe if f(r) is
more complicated, but
moves the raw read
abundance closer to
viral load with less
variability.
[00396] Accordingly, the disclosure provides methods of calculating relationship

between the starting concentration of each of the plurality of nucleic acid molecules in
the normalization controls mixed with the sample and the number of reads produced by
NGS, modeling the relationship between reads and concentration in the sample, and
calculating the initial concentration of the at least one target nucleic acid molecule in
the sample from the number of reads produced by the target nucleic acid molecule using
the model.
[00397] In some embodiments, the model is a linear model. In some
embodiments, a linear regression of the initial concentration of the at least one target
nucleic acid molecule in the sample versus the number of reads produced by the target
nucleic acid molecule has an R* value of greater than 0.95, greater than 0.96, greater
than 0.97, greater than 0.98 or greater than 0.99 following normalization. In some
embodiments, the R? value of the linear regression improves by at least 0.01, 0.03, 0.05,

0.07,0.09,0.1,0.13,0.15 0.17, 0.19, 0.2, 0.23, 0.25, 0.27, 0.29, 0.3, 0.33, 0.35, 0.37,
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0.39,0.4,0.43,0.45,0.47,0.49,0.5,0.53, 0.55, 0.57, 0.59, 0.6, 0.63, 0.65, 0.67, 0.69,
0.7, 0.8, 0.9, 1.0 or any value in between following normalization.

Titer Determination Using Machine L earning

[00398] Support Vector Machines (SVM) are a known mechanism of supervised
learning approaches to predict drug toxicity and antimicrobial resistance. They are a set
of methods used for classification, regression and outlier-detection. For an SVM to
make predictions on data, it must have been fit with the data. Given a set of training
data, each data point marked as belong one of two categories, an SVM training
algorithm builds a model that assigns new data to one of the categories. SVMs are non-
probabilistic binary linear classifiers that use a supervised machine learning approach to
train the classifier.

[00399] In some embodiments, the normalization control data is used for fitting
the SVM model. In some embodiments, 80% of the data is used for training the SVM,
and the remaining 20% of the data is used for testing the SVM. The fitting to model
works as a feedback process, where only a linear model is not taken into consideration.
The model with the prediction that is closest to the actual concentration of
normalization controls that went into the NGS library determines the model chosen for
predicting of titer of the target sequence in the sample.

[00400] Accordingly, the disclosure provides methods of calculating relationship
between the starting concentration of each of the plurality of nucleic acid molecules in
the normalization controls mixed with the sample and the number of reads produced by
NGS, modeling the relationship between reads and concentration in the sample, and
calculating the initial concentration of the at least one target nucleic acid molecule in
the sample from the number of reads produced by the target nucleic acid molecule using
the model.

[00401] In some embodiments, the model is created using a machine learning
classifier. In some embodiments, the machine learning classifier is supervised. In some
embodiments, the machine learning classifier is a Vector Support Machine.

[00402] All percentages and ratios are calculated by weight or number of
molecules (e.g. molar ratios) unless otherwise indicated. The appropriate units of
measurement will be readily apparent to one of ordinary skill in the art.

[00403] All percentages and ratios are calculated based on the total normalization

control composition unless otherwise indicated.
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Multi-Analyte Controls

[00404] Provided herein are multi-analyte controls, compositions comprising
multi-analyte controls, methods of making multi-analyte controls and methods of using
multi-analyte controls. As described herein, multi-analyte controls comprise mixtures of
species of organisms that have been inactivated. Without limiting the species of
organisms that can be included in multi-analyte controls, viruses, bacteria, fungi and
eukaryotic parasites (both unicellular and multicellular) are all envisaged as species of
organisms that can be included in the mixture or species in the multi-analyte control. In
some embodiments, multi-analyte controls further comprise a suitable carrier, diluent or
excipient. Multi-analyte controls, and compositions comprising multi-analyte controls,
are referred to interchangeably herein.

[00405] Without wishing to be bound to any particular application, the multi-
analyte controls of the present disclosure have many applications in high throughput
sequencing and sample analysis. In some embodiments, multi-analyte controls are used
autonomously, 7.e. without the use of the normalization controls described herein. For
example, multi-analyte controls can be used a positive control during sample processing
steps, such as library preparation and sequencing. In some embodiments, multi-analyte
controls are used in concert with the normalization controls described herein. For
example, the normalization controls can be used to normalize reads from one or more
species in a multi-analyte control. Accordingly, in some embodiments, normalization
controls are added to the multi-analyte control, which is processed and sequenced as
described herein. As the concentrations (titers) of species in the multi-analyte control
are pre-determined, multi-analyte controls can thus be used as positive controls for the
normalization controls described herein. Alternatively, or in addition, normalization
controls can be used to normalize reads from one or more species in the multi-analyte
control, and the relationship between normalized read count and titer used to generate a
calibration curve. This calibration curve can be used to determine the titer of target
organism in a sample from a read count that has also been normalized using the
normalization controls described herein. In some embodiments, the normalization
controls are added to multi-analyte controls, and the multi-analyte controls are
processed, sequenced and the reads normalized in parallel with a sample to generate a

calibration curve. In some embodiments, the multi-analyte controls and normalization
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controls are used to generate a reference calibration curve. In some embodiments,
normalization controls and multi-analyte controls are both added to a sample (i.e.,
spiked-in).In some embodiments, the calibration curve is used to calculate the titer of a
target organism in the sample.

In some embodiments, normalization controls of the disclosure are used to normalize
reads from multi-analyte controls. In some embodiments, the normalized reads from the
multi-analyte controls are used to determine the titer of one or more target organisms in
a sample.

[00400] The disclosure provides multi-analyte controls comprising a mixture of
at least three different species of organisms. In some embodiments, the multi-analyte
control comprises at least ten species of organisms. In some embodiments, the multi-
analyte control comprises at least 4 species of organisms, at least 5 species of
organisms, at least 6 species of organisms, at least 7 species of organisms, at least 8
species of organisms, at least 9 species of organisms, at least 10 species of organisms, at
least 11 species of organisms, at least 12 species of organisms, at least 13 species of
organisms, at least 14 species of organisms, at least 15 species of organisms, at least 16
species of organisms, at least 18 species of organisms, at least 19 species of organisms,
at least 20 species of organisms, at least 25 species of organisms, at least 30 species of
organisms, at least 35 species of organisms, at least 40 species of organisms, at least 45
species of organisms, at least S0 species of organisms, at least 75 species of organisms,
at least 100 species of organisms, at least 150 species of organisms or at least 200
species of organisms. In some embodiments, the multi-analyte control consists
essentially of 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29,
30, 31, 32, 33, 34, 35, 36, 37, 38, 39 or 40 species of organisms. In some embodiments,
the multi-analyte control consists essentially of 10 species of organisms. In some
embodiments, the multi-analyte control consists essentially of 11 species of organisms.
In some embodiments, the organisms in the multi-analyte control have been inactivated.
In some embodiments, the multi-analyte control further comprises an acceptable carrier,
diluent or excipient.

[00407] In some embodiments, the multi-analyte control comprises at least 4
viruses, at least 5 viruses, at least 6 viruses, at least 7 viruses, at least 8 viruses, at least
9 viruses, at least 10 viruses, at least 11 viruses, at least 12 viruses, at least 13 viruses, at

least 14 viruses, at least 15 viruses, at least 16 viruses, at least 18 viruses, at least 19
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viruses, at least 20 viruses, at least 25 viruses, at least 30 viruses, at least 35 viruses, at
least 40 viruses, at least 45 viruses, at least 50 viruses, at least 75 viruses, at least 100
viruses, at least 150 viruses or at least 200 viruses. In some embodiments, the multi-
analyte control consists essentially of 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22,
23,24, 25,26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39 or 40 viruses. In some
embodiments, the multi-analyte control consists essentially of 10 viruses. In some
embodiments, the multi-analyte control consists essentially of 11 viruses. In some
embodiments, the organisms in the multi-analyte control have been inactivated. In some
embodiments, the multi-analyte control further comprises an acceptable carrier, diluent
or excipient.

[00408] In some embodiments of the multi-analyte controls of the disclosure,
each species in the mixture of species in the multi-analyte control is present at the same
titer.

[00409] In some embodiments, each species is present in the multi-analyte
control at a different titer. In some embodiments, the titers of the species of organisms
in the multi-analyte control are present in a pre-determined desired ratio. If the pre-
determined desired ratio is 1:1, each species is present in the same titer. In an alternative
example, each organism in a multi-analyte control comprising three species can be
present in a ratio of 1:5:35 or 1:20:90. Any predetermined desired ratio of titers is
envisaged as within the scope of the disclosure. In some embodiments, the titers of the
species of organisms in the multi-analyte control are in a linear sequence, geometric
sequence or a logarithmic sequence. For example, the species in a multi-analyte control
comprising three species can be present in a ratio of 1:2:3 or 1:10:100. The person of
ordinary skill will be able to select pre-determined desired ratios suitable to for a
particular use of the multi-analyte controls disclosed herein.

[00410] In some embodiments, at least two species are present in the multi-
analyte control in the same titer. In some embodiments, for example those embodiments
where the multi-analyte control comprises at least three species, at least two species are
present in the multi-analyte control at the same titer and at least two species are present
in different titers.

[00411] In some embodiments of the multi-analyte controls of the disclosure
comprising pathogenic species, each different species of pathogen in the mixture is

present at a concentration of between about 5 and 10 million infectious units per mL
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(IU/mL). In some embodiments, each different species in the mixture is present at a
concentration of between about 50 and 5 million IU/mL, between about 500 and 5
million IU/mL, between about 500 and 1 million IU/mL, between about 500 and
100,000 IU/mL, between about 500 and 10,000 IU/mL, or between about 1,000 and
10,000 IU/mL. In some embodiments, each species is the multi-analyte control is
present at 0 IU/mL, 100 IU/mL, 1,000 IU/mL, 5,000 IU/mL, 10,000 IU/mL, 100,000
IU/mL or 1,000,000 TU/mL.

[00412] In some embodiments, multi-analyte controls are added to the sample at
a final concentration of between 100 IU/mL and 1,000,000 IU/mL, between 100 IU/mL
and 100,000 IU/mL, between 1,000 IU/mL and 1,000,000 IU/mL, between 1,000
IU/mL and 100,000 IU/mL, between 100 IU/mL and 10,000 IU/mL or between 1,000
IU/mL and 10,000 IU/mL. In some embodiments, multi-analyte controls are added to
the sample at a final concentration of 100 IU/mL, 150 IU/mL, 1,000 IU/mL, 5,000
IU/mL, 10,000 IU/mL, or 100,000 IU/mL. In some embodiments, multi-analyte controls
can be added to multiple samples at a range of concentrations, for example 0 IU/mL,
100 TU/mL, 1,000 TU/mL, 5,000 IU/mL, 10,000 TU/mL, and 100,000 IU/mL. As a
further example, multi-analyte controls can be added to a sample at concentrations of 1
[U/mL, 100 TU/mL, 150 TU/mL, 1,000 IU/mL, 5,000 IU/mL, 10,000 TU/mL and
100,000 IU/mL. In some embodiments, this range of concentrations is used to calculate
a calibration curve for determining the titer of a target organism in a sample.

[00413] As used herein, “titer” or “physical titer” refers to the concentration of an
organism in a solution. For infectious organisms, “titer” or “infectious titer” refers to
concentration infectious units per volume of solution (e.g., infectious units, or IU, per
mL or uL). Methods of measuring titer will be readily apparent to one of ordinary skill
in the art. For example, physical titers can be measured by measuring the concentration
of organisms in a solution. This can be done using direct methods such as counting, or
indirect methods, for example by measuring the level of a protein specific to the
organism in question. Physical titers can be indicated as numbers of cells, organisms,
particles or units per volume of solution (e.g. unit/mL). Methods of measuring
infectious titer will be known to the person of ordinary skill in the art. For example,
infectious titer for viruses can determined using assays routine in the art such as plaque
forming assays. In a plaque forming assay, dilutions of virus stock are prepared and

plated onto susceptible cell monolayers, and the number of infected cells that form viral
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plaques are counted. Bacterial titers can be determined by plating and measuring the
number colonies formed, by counting methods, spectrophotometry or by any other
method known in the art.

[00414] In some embodiments of the multi-analyte controls of the disclosure, the
species of organisms in the multi-analyte control comprise species of viruses, bacteria,
fungi, eukaryotic parasites or a combination thereof.

[00415] In some embodiments, the species of organisms in the multi-analyte
control consist essentially of species of viruses. In some embodiments, the species of
organisms in the multi-analyte control consist essentially of at least 3, at least 4, at least
5, at least 6, at least 7, at least 8, at least 9, at least 10, at least 11, at least 12, at least 13,
at least 14, at least 15, at least 20, at least 20 at least 25, at least 30, at least 35, at least
40, at least 45, at least 50, at least 75, at least 100, at least 150 or at least 200 species of
viruses. In some embodiments, the species of organisms in the multi-analyte control
consist essentially of 3, 4, 5,6, 7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19 or 20
species of viruses. In some embodiments, the species of organisms in the multi-analyte
control consist essentially of 11 species of viruses. In some embodiments, the species of
organisms in the multi-analyte control comprise at least 3, at least 4, at least 5, at least
6, at least 7, at least 8, at least 9, at least 10, at least 11, at least 12, at least 13, at least
14, at least 15, at least 20, at least 20 at least 25, at least 30, at least 35, at least 40, at
least 45, at least 50, at least 75, at least 100, at least 150 or at least 200 species of
viruses. In some embodiments, the species of organisms in the multi-analyte control
comprise 3,4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19 or 20 species of viruses.
In some embodiments, the species of organisms in the multi-analyte control comprise
11 species of viruses.

[00416] In some embodiments, the species of organisms in the multi-analyte
control consist essentially of species of bacteria. In some embodiments, the species of
organisms in the multi-analyte control consist essentially of at least 3, at least 4, at least
5, at least 6, at least 7, at least 8, at least 9, at least 10, at least 11, at least 12, at least 13,
at least 14, at least 15, at least 20, at least 20 at least 25, at least 30, at least 35, at least
40, at least 45, at least 50, at least 75, at least 100, at least 150 or at least 200 species of
bacteria. In some embodiments, the species of organisms in the multi-analyte control
consist essentially of 3, 4, 5,6, 7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19 or 20

species of bacteria. In some embodiments, the species of organisms in the multi-analyte
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control comprise at least 3, at least 4, at least 5, at least 6, at least 7, at least 8, at least 9,
at least 10, at least 11, at least 12, at least 13, at least 14, at least 15, at least 20, at least
20 at least 25, at least 30, at least 35, at least 40, at least 45, at least 50, at least 75, at
least 100, at least 150 or at least 200 species of bacteria. In some embodiments, the
species of organisms in the multi-analyte control comprise 3, 4, 5,6, 7, 8,9, 10, 11, 12,
13, 14, 15, 16, 17, 18, 19 or 20 species of bacteria.

[00417] In some embodiments, the species of organisms in the multi-analyte
control consist essentially of species of fungi. In some embodiments, the species of
organisms in the multi-analyte control consist essentially of at least 3, at least 4, at least
5, at least 6, at least 7, at least 8, at least 9, at least 10, at least 11, at least 12, at least 13,
at least 14, at least 15, at least 20, at least 20 at least 25, at least 30, at least 35, at least
40, at least 45, at least 50, at least 75, at least 100, at least 150 or at least 200 species of
fungi. In some embodiments, the species of organisms in the multi-analyte control
consist essentially of 3, 4, 5,6, 7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19 or 20
species of fungi. In some embodiments, the species of organisms in the multi-analyte
control comprise at least 3, at least 4, at least 5, at least 6, at least 7, at least 8, at least 9,
at least 10, at least 11, at least 12, at least 13, at least 14, at least 15, at least 20, at least
20 at least 25, at least 30, at least 35, at least 40, at least 45, at least 50, at least 75, at
least 100, at least 150 or at least 200 species of fungi. In some embodiments, the species
of organisms in the multi-analyte control comprise 3, 4, 5,6, 7, 8,9, 10, 11, 12, 13, 14,
15, 16, 17, 18, 19 or 20 species of fungi.

[00418] In some embodiments, the species of organisms in the multi-analyte
control consist essentially of species of viruses and bacteria. In some embodiments, the
species of organisms in the multi-analyte control consist essentially of at least 3, at least
4, at least 5, at least 6, at least 7, at least 8, at least 9, at least 10, at least 11, at least 12,
at least 13, at least 14, at least 15, at least 20, at least 20 at least 25, at least 30, at least
35, at least 40, at least 45, at least 50, at least 75, at least 100, at least 150 or at least 200
species of viruses and bacteria. In some embodiments, the species of organisms in the
multi-analyte control consist essentially of 3,4, 5, 6,7, 8,9, 10, 11, 12, 13, 14, 15, 16,
17, 18, 19 or 20 species of viruses and bacteria. In some embodiments, the species of
organisms in the multi-analyte control comprise at least 3, at least 4, at least 5, at least
6, at least 7, at least 8, at least 9, at least 10, at least 11, at least 12, at least 13, at least

14, at least 15, at least 20, at least 20 at least 25, at least 30, at least 35, at least 40, at
96



CA 03115281 2021-04-01

WO 2020/072990 PCT/US2019/054843

least 45, at least 50, at least 75, at least 100, at least 150 or at least 200 species of
viruses and bacteria. In some embodiments, the species of organisms in the multi-
analyte control comprise 3, 4, 5, 6,7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19 or 20
species of viruses and bacteria.

[00419] In some embodiments, the species of organisms in the multi-analyte
control consist essentially of species of viruses and fungi. In some embodiments, the
species of organisms in the multi-analyte control consist essentially of at least 3, at least
4, at least 5, at least 6, at least 7, at least 8, at least 9, at least 10, at least 11, at least 12,
at least 13, at least 14, at least 15, at least 20, at least 20 at least 25, at least 30, at least
35, at least 40, at least 45, at least 50, at least 75, at least 100, at least 150 or at least 200
species of viruses and fungi. In some embodiments, the species of organisms in the
multi-analyte control consist essentially of 3,4, 5,6,7, 8,9, 10, 11, 12, 13, 14, 15, 16,
17, 18, 19 or 20 species of viruses and fungi. In some embodiments, the species of
organisms in the multi-analyte control comprise at least 3, at least 4, at least 5, at least
6, at least 7, at least 8, at least 9, at least 10, at least 11, at least 12, at least 13, at least
14, at least 15, at least 20, at least 20 at least 25, at least 30, at least 35, at least 40, at
least 45, at least 50, at least 75, at least 100, at least 150 or at least 200 species of
viruses and fungi. In some embodiments, the species of organisms in the multi-analyte
control comprise 3,4, 5,6,7,8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19 or 20 species of
viruses and fungi.

[00420] In some embodiments, the species of organisms in the multi-analyte
control consist essentially of bacteria and fungi. In some embodiments, the species of
organisms in the multi-analyte control consist essentially of at least 3, at least 4, at least
5, at least 6, at least 7, at least 8, at least 9, at least 10, at least 11, at least 12, at least 13,
at least 14, at least 15, at least 20, at least 20 at least 25, at least 30, at least 35, at least
40, at least 45, at least 50, at least 75, at least 100, at least 150 or at least 200 species of
bacteria and fungi. In some embodiments, the species of organisms in the multi-analyte
control consist essentially of 3,4, 5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19 or
20 species of bacteria and fungi. In some embodiments, the species of organisms in the
multi-analyte control comprise at least 3, at least 4, at least 5, at least 6, at least 7, at
least 8, at least 9, at least 10, at least 11, at least 12, at least 13, at least 14, at least 15, at
least 20, at least 20 at least 25, at least 30, at least 35, at least 40, at least 45, at least 50,

at least 75, at least 100, at least 150 or at least 200 species of bacteria and fungi. In
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some embodiments, the species of organisms in the multi-analyte control comprise 3, 4,
5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19 or 20 species of bacteria and fungi.
[00421] In some embodiments, the species of organisms in the multi-analyte
control consist essentially of species of viruses, bacteria and fungi. In some
embodiments, the species of organisms in the multi-analyte control consist essentially
of at least 3, at least 4, at least 5, at least 6, at least 7, at least 8, at least 9, at least 10, at
least 11, at least 12, at least 13, at least 14, at least 15, at least 20, at least 20 at least 25,
at least 30, at least 35, at least 40, at least 45, at least 50, at least 75, at least 100, at least
150 or at least 200 species of viruses, bacteria and fungi. In some embodiments, the
species of organisms in the multi-analyte control consist essentially of 3,4, 5, 6,7, 8, 9,
10, 11, 12, 13, 14, 15, 16, 17, 18, 19 or 20 species of viruses, bacteria and fungi. In
some embodiments, the species of organisms in the multi-analyte control comprise at
least 3, at least 4, at least 5, at least 6, at least 7, at least 8, at least 9, at least 10, at least
11, at least 12, at least 13, at least 14, at least 15, at least 20, at least 20 at least 25, at
least 30, at least 35, at least 40, at least 45, at least 50, at least 75, at least 100, at least
150 or at least 200 species of viruses, bacteria and fungi. In some embodiments, the
species of organisms in the multi-analyte control comprise 3, 4, 5,6, 7, 8,9, 10, 11, 12,
13, 14, 15, 16, 17, 18, 19 or 20 species of viruses, bacteria and fungi.

[00422] In some embodiments, the species of organisms in the multi-analyte
control comprise one or more species of virus. All species of viruses are envisaged as
eligible for inclusion in the multi-analyte controls of the disclosure. The viruses can be
DNA viruses, RNA viruses or a combination thereof. In some embodiments, the virus is
a DNA virus or an RNA virus. In some embodiments, a DNA virus comprises a double
stranded DNA viral genome. In some embodiments, a DNA virus comprises a single
stranded DNA viral genome. In some embodiments, an RNA virus comprises a double
stranded RNA viral genome. In some embodiments, an RNA virus comprises a single
stranded RNA viral genome. In some embodiments a single stranded RNA viral
genome comprises a sense strand. In some embodiments a single stranded RNA viral
genome comprises an anti-sense strand. In some embodiments, a virus is a type I, type
IL, type I1I, type IV, type V, type VI or type VII virus as determined by the Baltimore

classification system.
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In some embodiments, the multi-analyte control comprises a species of

virus that is a human pathogen. Exemplary, but non limiting viruses that are human

pathogens are shown in Table 2 below:

Table 2. Exemplary Human Viral Pathogens

Virus Genus and Family Disease Examples
Adeno-associated virus Dependovirus, Parvoviridae None

Aichi virus Kobuvirus, Picornaviridae Gastroenteritis
Aleutian Disease virus Parvovirus Plasmacytosis
Australian bat lyssavirus Lyssavirus, Rhabdoviridae Fatal encephalitis
BK polyomavirus Polyomavirus, Polyomaviridae | None

Banna virus Seadornavirus, Reoviridae Encephalitis

Barmah forest virus

Alphavirus, Togaviridae

Fever, joint pain

Orthobunyavirus,

Bunyamwera virus Bunyaviridae Encephalitis
Orthobunyavirus,

Bunyavirus La Crosse Bunyaviridae Encephalitis
Orthobunyavirus,

Bunyavirus snowshoe hare Bunyaviridae Encephalitis
Lymphocryptovirus,

Cercopithecine herpesvirus Herpesviridae Encephalitis

Chandipura virus Vesiculovirus, Rhabdoviridae | Encephalitis

Chikungunya virus Alphavirus, Togaviridae Fever, joint pain

Cosavirus A Cosavirus, Picornaviridae -

Cowpox virus

Orthopoxvirus, Poxviridae

None

Coxsackievirus

Enterovirus, Picornaviridae

Meningitis, myocarditis
paralysis

2

Crimean-Congo hemorrhagic
fever virus

Nairovirus, Bunyaviridae

Hemorrhagic fever

Dengue virus

Flavivirus, Flaviviridae

Hemorrhagic fever

Thogotovirus,
Dhori virus Orthomyxoviridae Fever, encephalitis
Dugbe virus Nairovirus, Bunyaviridae Thrombocytopaenia

Duvenhage virus

Lyssavirus, Rhabdoviridae

Fatal encephalitis

Eastern equine encephalitis
virus

Alphavirus, Togaviridae

Encephalitis

Ebolavirus Ebolavirus, Filoviridae Hemorrhagic fever

Echovirus Enterovirus, Picornaviridae Common cold

Encephalomyocarditis virus Cardiovirus, Picornaviridae Encephalitis
Lymphocryptovirus,

Epstein-Barr virus Herpesviridae Mononucleosis

European bat lyssavirus Lyssavirus, Rhabdovirus Fatal encephalitis

GB virus C/Hepatitis G virus Pegivirus, Flaviviridae None

Hantaan virus

Hantavirus, Bunyaviridae

Renal or respiratory
syndrome
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Virus

Genus and Family

Disease Examples

Hendra virus Henipavirus, paramyxoviridae | Encephalitis
Hepatitis A virus Hepatovirus, picornaviridae Hepatitis
Orthohepadnavirus,
Hepatitis B virus Hepadnaviridae Hepatitis
Hepatitis C virus Hepacivirus, Flaviviridae Hepatitis
Hepatitis E virus Hepevirus, Unassigned Hepatitis
Hepatitis delta virus Deltavirus, Unassigned Hepatitis
Herpes simplex virus 1 Herpesviridae Herpes
Herpes simplex virus 2 Herpesviridae Herpes
Horsepox virus Orthopoxvirus, Poxviridae None
Respiratory,
Human adenovirus Mastadenovirus, Adenoviridae | gastrointestinal
Human astrovirus Mamastrovirus, Astroviridae Gastroenteritis
Alphacoronavirus,
Human coronavirus Coronaviridae Respiratory
Cytomegalovirus, Mononucleosis,
Human cytomegalovirus Herpesviridae pneumonia

Human enterovirus 68, 70

Enterovirus, Picornaviridae

Diarrhea, neurological

disorder

Human herpesvirus 1

Simplexvirus, Herpesviridae

Skin lesions

Human herpesvirus 2

Simplexvirus, Herpesviridae

Skin lesions

Human herpesvirus 6 (A and
B)

Roseolovirus, Herpesviridae

Skin lesions

Human herpesvirus 7

Roseolovirus, Herpesviridae

Skin lesions

Human herpesvirus 8 Rhadinovirus, Herpesviridae Skin lymphoma

Human immunodeficiency

virus Lentivirus, Retroviridae AIDS
Mupapillomavirus,

Human papillomavirus 1 Papillomaviridae Skin warts
Alphapapillomavirus,

Human papillomavirus 2 Papillomaviridae Skin warts
Alphapapillomavirus,

Human papillomavirus 16,18 Papillomaviridae Genital warts,

Human parainfluenza

Respirovirus, Paramyxoviridae

Respiratory

Human parvovirus B19

Erythrovirus, Parvoviridae

Skin lesion

Human respiratory syncytial

Pneumovirus,

virus Paramyxoviridae Respiratory

Human rhinovirus Enterovirus, Picornaviridae Respiratory
Betacoronavirus,

Human SARS coronavirus Coronaviridae Respiratory

Human spumaretrovirus Spumavirus, Retroviridae None

Human T-lymphotropic virus | Deltaretrovirus, Retroviridae Leukemia

Human torovirus Torovirus, Coronaviridae Gastroenteritis
Influenzavirus A,

Influenza A virus Orthomyxoviridae Flu

100




WO 2020/072990

CA 03115281 2021-04-01

PCT/US2019/054843

Virus

Genus and Family

Disease Examples

Influenzavirus B,

Influenza B virus Orthomyxoviridae Flu

Influenzavirus C,
Influenza C virus Orthomyxoviridae Flu
Isfahan virus Vesiculovirus, Rhabdoviridae | encephalitis
JC polyomavirus (JC virus,
human polyomavirus 2) Polyomavirus, Polyomaviridae | Encephalitis
Japanese encephalitis virus Flavivirus, Flaviviridae Encephalitis
Junin arenavirus Arenavirus, Arenaviridae Hemorrhagic fever
KI Polyomavirus Polyomavirus, Polyomaviridae | Encephalitis
Kunjin virus Flavivirus, Flaviviridae Encephalitis

Lagos bat virus

Lyssavirus, Rhabdoviridae

Fatal encephalitis

Lake Victoria marburgvirus

Marburgvirus, Filoviridae

Hemorrhagic fever

Langat virus Flavivirus, Flaviviridae Encephalitis

Lassa virus Arenavirus, Arenaviridae Hemorrhagic fever
Lordsdale virus Norovirus, Caliciviridae Gastroenteritis
Louping ill virus Flavivirus, Flaviviridae Encephalitis
Lymphocytic choriomeningitis

virus Arenavirus, Arenaviridae Encephalitis
Machupo virus Arenavirus, Arenaviridae Encephalitis

Mayaro virus

Alphavirus, Togaviridae

Fever, joint pain

Betacoronavirus,
MERS coronavirus Coronaviridae Respiratory
Measles virus Morbilivirus, Paramyxoviridae | Fever, rash
Mengo encephalomyocarditis
virus Cardiovirus, Picornaviridae Encephalitis
Merkel cell polyomavirus Polyomavirus, Polyomaviridae | Merkel cell carcinoma
Mokola virus Lyssavirus, Rhabdoviridae Encephalitis

Molluscum contagiosum virus

Molluscipoxvirus, Poxviridae

Skin lesions

Monkeypox virus

Orthopoxvirus, Poxviridae

Skin lesions

Mumps virus Rubulavirus, Paramyxoviridae | Mumps

Murray valley encephalitis

virus Flavivirus, Flaviviridae Encephalitis

New York virus Hantavirus, Bunyavirus Hemorrhagic fever
Nipah virus Henipavirus, Paramyxoviridae | Encephalitis
Norwalk virus Norovirus, Caliciviridae Gastroenteritis

O’nyong-nyong virus

Alphavirus, Togaviridae

Fever, joint pain

Orf virus Parapoxvirus, Poxviridae Skin lesions
Orthobunyavirus,
Oropouche virus Bunyaviridae Fever, joint pain

Pichinde virus

Arenavirus, Arenaviridae

Hemorrhagic fever

Poliovirus

Enterovirus, Picornaviridae

Poliomyelitis

Punta toro phlebovirus

Phlebovirus, Bunyaviridae

Hemorrhagic fever

Puumala virus

Hantavirus, Bunyavirus

Hemorrhagic fever
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Virus

Genus and Family

Disease Examples

Rabies virus

Lyssavirus, Rhabdoviridae

Fatal encephalitis

Rift valley fever virus

Phlebovirus, Bunyaviridae

Hemorrhagic fever

Rosavirus A Rosavirus, Picornaviridae

Ross river virus Alphavirus, Togaviridae Fever, joint pain
Rotavirus A Rotavirus, Reoviridae Gastroenteritis
Rotavirus B Rotavirus, Reoviridae Gastroenteritis
Rotavirus C Rotavirus, Reoviridae Gastroenteritis
Rubella virus Rubivirus, Togaviridae Rubella

Sagiyama virus Alphavirus, Togaviridae Fever, joint pain
Salivirus A Salivirus, Picornaviridae Gastroenteritis
Sandfly fever sicilian virus Phlebovirus, Bunyaviridae Hemorrhagic fever
Sapporo virus Sapovirus, Caliciviridae Gastroenteritis

Semliki forest virus

Alphavirus, Togaviridae

Fever, joint pain

Seoul virus

Hantavirus, Bunyavirus

Hemorrhagic fever

Simian foamy virus

Spumavirus, Retroviridae

None

Simian virus 5 Rubulavirus, Paramyxoviridae | Undocumented

Sindbis virus Alphavirus, Togaviridae Fever, joint pain

Southampton virus Norovirus, Caliciviridae Gastroenteritis

St. louis encephalitis virus Flavivirus, Flaviviridae Encephalitis

Tick-borne powassan virus Flavivirus, Flaviviridae Encephalitis
Alphatorquevirus,

Torque teno virus Anelloviridae None

Toscana virus

Phlebovirus, Bunyaviridae

Hemorrhagic fever

Uukuniemi virus

Phlebovirus, Bunyaviridae

Hemorrhagic fever

Vaccinia virus

Orthopoxvirus, Poxviridae

None

Varicella-zoster virus

Varicellovirus, Herpesviridae

Varicella

Variola virus

Orthopoxvirus, Poxviridae

Variola

Venezuelan equine encephalitis
virus

Alphavirus, Togaviridae

Fever, joint pain

Vesicular stomatitis virus

Vesiculovirus, Rhabdoviridae

Encephalitis

Western equine encephalitis
virus

Alphavirus, Togaviridae

Fever, joint pain

WU polyomavirus

Polyomavirus, Polyomaviridae

None

West Nile virus

Flavivirus, Flaviviridae

Hemorrhagic fever

Yaba monkey tumor virus

Orthopoxvirus, Poxviridae

None

Yaba-like disease virus

Orthopoxvirus, Poxviridae

None

Yellow fever virus

Flavivirus, Flaviviridae

Hemorrhagic fever

Zika virus

Flavivirus, Flaviviridae

Fever, joint pain, rash

[00424]

In some embodiments, the species of organisms in the multi-analyte

control comprise one or more species of bacteria. All species of bacteria are envisaged as

102




CA 03115281 2021-04-01

WO 2020/072990

PCT/US2019/054843

eligible for inclusion in the multi-analyte controls of the disclosure. In some

embodiments, the bacteria are gram positive bacteria or gram negative bacteria.

[00425]

In some embodiments, the multi-analyte control comprises a species of

bacteria that is a human pathogen. Exemplary, but non limiting bacteria that are human

pathogens are shown in Table 3 below:

Table 3. Exemplary Human Bacterial Pathogens

Disease Bacterial Species
acne Propionibacterium acne
Anthrax Bacillus anthracis

Bacillary Angiomatosis/Hepatica
peliosis

Bartonella henselae, Bartonella quintana

Bacterial Sepsis

Streptococcus agalactiae (group b strep.),
Escherichia coli, Streptococcus pneumoniae

Bacterial vaginosis

Gardnerella vaginalis, Atopobium vaginae,
Mycoplasma hominis, various anaerobic bacteria
incl. Mobiluncus spp., Prevotella spp.

Balantidiasis Balantidium coli
Boils Staphylococcal spp.
Botulism Clostridium botulinum
Mycoplasma pneumonia, Chlamydophila
bronchitis pneumoniae, S. pyogenes
Brucellosis Brucella spp., Y. pestis

Bubonic plague

Yersinia pestis

Buruli ulcer

Mycobacterium ulcerans

Cat scratch disease

Bartonella henselae

Cellulitis Streptococcus and Staphylococcus spp.
Chancroid Haemophilus ducreyi

Chlamydia Chlamydia trachomatis

Cholera Vibrio cholera

Clostridium sordellii infection

Clostridium sordellii

Diarrheal illness

Camylobacter jejuni

Ehrlichiosis

Ehrlichiachaffeensis, E. ewingii, E. muris
eauclairensis

Endemic relapsing fever-

Borrelia sp. (15 different species; inc. B. hermsii,
B. parkeri)

Flavimonas oryzihabitans infection

Flavimonas oryzihabitans

Folliculitis

Staphylococcus aureus; Staphylococcal spp.

Food poisoning

Escherichia coli, Staphylococcus aureus, Bacillus
cereus, Clostridium perfringens, Clostridium
botulinum
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Disease Bacterial Species
Glanders Burkholderia mallei
Gonorrhea Neisseria gonorrhoeae

Granuloma Inguinale

Klebsiella granulomatis

Group B strep disease

Group B Streptococcus (GBS), or Streptococcus
agalactiae

Haemophilus influenzae

Haemophilus influenzae

Hansen's disease

Mycobacterium leprae

health-care associated infections

Acinetobacter baumannii, Bacteroides fragilis,
Burkholderia cepacia, Clostridium difficile,
Clostridium sordellii, Carbapenem-

resistant Enterobacteriaceae, Enterococcus
faecalis, Klebsiella pneumonia, Methicillin-
resistant Staphylococcus aureus, Morganella
morganii, Mycobacterium abscessus Psuedomonas
aeruginosa, Staphylococcus aureus,
Stenotrophomonas maltophilia, Mycobacterium
tuberculosis, Vancomyin-resistant Staphylococcus
aureus, Vancomycin-resistant Enterococci,
Streptococcus pneumoniae

Human granulocytic ehrlichiosis

Anaplasma phagocytophilum

Human monocytic ehrlichiosis

Ehrlichia chaffeensis

Impetigo

Staphylococcal spp.

Intestinal infections

Campylobacter jejuni, Escherichia coli (EIEC),
Escherichia coli (EHEC), Salmonella
typhimurium, Salmonella typhi, Shigella
dysenteriae type 1, Shigella sonnei/flexneri
Yersinia enterocolitica, Clostridium difficile,
Vibrio cholerae

Klebsiella infection

Klebsiella spp.

Legionnaires’ disease

Legionella spp., Legionella pneumophila

Lemierre syndrome

Fusobacterium necrophorum

Listeria infection

Listeria monocytogenes

Lyme disease

Borrelia burgdorferi

Lymphogranuloma Venereum

Chlamydia trachomatis

Melioidosis

Burkholderia pseudomallei

Meningitis

Mycobacterium tuberculosis, Streptococcus
agalactiae (Group b streptococcus), Escherichia
coli, Listeria monocytogenes, Streptococcus
agalactiae, Escherichia coli, Streptococcus
pneumoniae, Haemophilus influenzae

Mycetoma

actinomycetes spp., Actinomadura pelletier,
Actinomadura madurae
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Disease

Bacterial Species

Mycobacterial infections

Mycobacterium Abscessus, M. avium,

M. intracellulare, M. chelonae, M. fortuitum, M.
Gordonae, M. Kansasii, M. malmoense, M.
marinum, M. tuberculosis, M. xenopi

Necrotizing fasciitis

Group A. streptoccus and other spp.; S. aureus, S.
pyogenes, Clostridium spp.

Nontuberculous mycobacterial lung

disease Mycobacteria spp.
Staphylococcus aureus, Streptococcus spp.,
Osteomyelitis Enterobacteriaceae

Pasteurella multocida infection

Pasteurella multocida

Staphylococcus aureus, Streptococcus
pneumoniae and other streptococci,

Pericarditis Mycobacterium tuberculosis
Pinta Treponema carateum
Pyomyositis Staphylococcus aureus

Q fever Coxiella Burnetii

Rheumatic Fever

group A Streptococcusbacteria

Rocky mountain spotted fever

Rickettsia

Salmonella

Salmonella Typhimurium

Sennetsu Fever

Noerickettsia sennetsu

Shigellosis

Shigella spp.

Staphylococcal food poisoning

Staphylococcus spp.

Stenotrophomonas maltophilia
infection

Stenotrophomonas maltophilia

Streptococcal Group A invasive
disease

Streptococcus Group A

Streptococcal Group B invasive
disease

Streptococcus Group B

Syphilis Treponema pallidum
Tetanus Clostridium tetani, Clostridium tetanus
Tuberculosis Mycobacterium tuberculosis
Tularemia Francisella tularensis

Rickettsia prowazekii, Orientia tsutsugamushi,
Typhus Rickettsia typhi
Ulcers Helicobacter pylori

Urethritis, Cervicitis

Chlamydia trachomatis, Neisseria gonorrhoeae

Vibrio infection

Vibrio spp., V. parahaemolyticus, V. vulnificus, V.
alginolyticus

Waterhouse—Friderichsen syndrome

Meningococcus spp.

Whipple disease

Tropheryma whipplei
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Disease Bacterial Species
Whooping cough/ Pertussis Bordetella pertussis
Yaws Treponema pertenue
[004206] Additional bacterial species, including representative commensal,

symbiotic, pathogenic and drug resistant species, as well as species found in
metagenomic samples, that can be included in multi-analyte controls are shown in Table
4 below:

Table 4. Exemplary Additional Bacterial Species

Bacterial Genus and Species Bacterial Genus and Species
Acinetobacter baumannii Lactobacillus gasseri
Acinetobacter johnsonii Lactobacillus jensenii
Acinetobacter spp. Lactobacillus plantarum
Actinomyces odontolyticus Listeria monocytogenes
Allobacillus halotolerans Micrococcus luteus
Bacillus cereus Mycoplasma hominis
Bacillus subtilis Neisseria meningitidis
Bacteriodes fragilis Porphyromonas gingivalis
Bacteroides vulgatus Prevotella bivia
Bifidobacterium adolescentis Prevotella melaninogenica
Chromobacter violaceum Propionibacterium acnes
Clostridioides difficile Proteus mirabilis
Clostridium beijerinckii Providencia rettgeri
Clostridium perfringens Pseudoalteromonas haloplanktis
Coagulase-negative staphylococci Pseudomonas aeruginosa
Corynebacterium striatum Pseudomonas fluorescens
Cutibacterium acnes Pseudomonas spp.
Deinococcus radiodurans Rhodobacter sphaeroides
Enterococcus faecalis Salmonella enterica
Enterobacter cloacae Serratia liquifaciens
Enterobacter spp. Serratia marcescens
Escherichia coli Serratia spp.
Fusobacterium nucleatum Staphylococcus aureus
Staphylococcus aureus (MRSA,
Gardnerella vaginalis MSSA)
Haemophilus parainfluenzae Staphylococcus epidermidis
Halobacillus halophilus Streptococcus agalactiae
Haloferax volcanii Streptococcus mitis
Helicobacter pylori Streptococcus mutans
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Streptococcus pneumoniae

Klebsiella pneumoniae

Streptococcus pyogenes

Klebsiella spp

Streptococcus spp.

Lactobacillus fermentum

Veillonella parvula

Yersinia enterocolitica

[00427] In some embodiments, the multi-analyte control comprises one or more

species of eukaryotic parasite. In some embodiments, the parasite is a human parasite.

In some embodiments, the eukaryotic parasite is a multicellular parasite (e.g., a species

of round worm). In some embodiments, the eukaryotic parasite is a single celled

organism. In some embodiments, the eukaryotic parasite is a yeast or a fungus. In some

embodiments, the eukaryotic parasite is a species that is not classified as a yeast or a

fungus (for example, an amoeba).

[00428] In some embodiments, the multi-analyte control comprises one or more

species of fungus that is a human pathogen. Exemplary, but non limiting fungi that are

human pathogens are shown in Table 5 below:

Table 5. Exemplary Human Fungal Pathogens

Fungal Species Disease
Aspergillus spp., A. fumigatus, A. flavus, A. clavatus

and others Aspergillosis
Trichophyton, Epidermophyton, Microsporum, other spp. | Athlete's foot
Blastomyces spp. Blastomycosis

Cryptococcus gattii

C. gattii infection

Cryptococcus neoformans

C. neoformans infection

Cryptococcus neoformans

C. neoformans infection

Candida albicans, C. auris, and other Candida spp.

Candidiasis

Candida and Aspergillus spp.

Endocartitis

Candida spp., other spp.

Fungal Eye infections

various spp. Fungal nail infections
Histoplasma spp., H. capsulatum Histoplasmosis
Cryptococcus neoformans, C. laurentii, C. albidus Meningitis
Mucormycetes Mucormycosis
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Acremonium strictum, Aspergillus nidulans,
Noetestudina rosatii, Phaecoacremonium krajdenii,
Pseudallescheria boydii, Aspergillus terreus, Curvularia
lunata, Cladophialophora bantiana, Exophiala jeanselmei,
Leptosphaeria senegalensis, Leptosphaeria tompkinsii,
Madurella grisea, Madurella mycetomatis, Pyrenochaeta

romeroi, other spp. Mycetoma

Pneumocystis jirovecii Pneumocystis pneumonia

Pneumocystis jirovecii Pneumonia

Stachybotrys chartarum Respiratory problems

Trichophyton rubrum, Trichophyton tonsurans,
Trichophyton interdigitale, and/or Trichophyton
mentagrophytes, Microsporum canis, Epidermophyton

floccosum Ringworm
Sporothrix Sporotrichosis
Talaromyces marneffei Talaromycosis
Coccidioides spp. Valley Fever

[00429] Additional fungal species that can be included in multi-analyte controls
of the disclosure include, but are not limited to Cryptococcus neoformans and
Saccharomyces cerevisiae.

[00430] In some embodiments, the multi-analyte control comprises a species of
eukaryotic parasite. Exemplary, but non limiting eukaryotic parasites are shown in
Table 6 below:

Table 6. Exemplary Human Eukaryotic Parasites

Eukaryotic Parasite Disease

Chistosoma mansoni, S. haematobium, S.

japonicum, S. mekongi, S. intercalatum Shistasomiasis

Filarioidea spp., Wuchereria bancrofti,

Brugia malayi, Brugia timori Filliariasis

Trypanosoma brucei Trypanasomiasis

Leishmania makor Leishmaniasis

Entamoeba histolytica Amebiasis

Babesia bovis, B. divergens Babesiosis

Trypanosoma cruzi Chagas disease

Giradia lamblia Giradiasis
Granulomatous ameobic

Acanthamoeba culbertsoni encephalitis

Necator americanus Hookworm Infection

Bruga malayi Lymphatic filariasis
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Plasmodium falciparum, P. vivax Malaria
Toxoplasma gondii Toxoplasmosis
Trichomonas vaginalis Trichomoniasis

[00431]
“Summary of Notifiable Diseases — United States, 2019” accessed on February 18, 2016

In exemplary embodiments, Table 7 (adapted from the CDC’s

at wwwn.cdc.gov/nndss/conditions/notifiable/2019/) provides further exemplary disease
causing pathogens that can be quantified using the methods and compositions provided
herein.

Table 7. Exemplary Disease-causing pathogens

Anthrax pathogens

Listeriosis

Arboviral pathogens, neuroinvasive and
nonneuroinvasive

Lujo virus

Babiosis

Lyme disease

Botulism pathogens

Malaria

Brucellosis pathogens

Marburg virus

California serogroup virus

Measles

California serogroup virus diseases

Meningococcal discase

Campyloberiosis

Mumps

Candida auris

New World Arenavirus

Chancroid

Novel influenza A virus infections

Chikungunya virus disease

Pertussis

Chlamydia trachomatis infection

Plague

Cholera

Poliomyelitis, paralytic

Cholera Poliovirus infection, nonparalytic
Coccidioidomycosis Powassan virus

Crimean-Congo hemorrhagic fever virus Psittacosis

Cryptosporidiosis Q fever

Cyclosporiasis Rabies

Dengue fever Rubella

Dengue hemorrhagic fever

Rubella, congenital syndrome

Dengue shock syndrome

Salmonellosis

Dengue Virus Infection

Severe acute respiratory syndrome-
associated coronavirus (SARS-CoV)
discase

Diphtheria

Shiga toxin-producing E. coli (STEC)

Eastern equine encephalitis virus

Shigellosis

Ebola virus

Smallpox

Ehrlichiosis/Anaplasmosis

Spotted fever rickettsiosis

Foodborne pathogens

St. Louis encephalitis virus
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Giardiasis Streptococcal toxic-shock syndrome
Gonorthea Streptococcus pneumoniag, invasive

disease

Haemophilus influenzae, invasive disease

Syphilis

Hansen disease (leprosy)

Syphilis, congenital

Hantavirus pulmonary syndrome

Tetanus

Hemolytic uremic syndrome, post-diarrheal

Toxic-shock syndrome (other than
streptococcal)

Hepatitis A, acute Trichinellosis
Hepatitis B virus, perinatal infection Tuberculosis
Hepatitis B, acute Tularemia
Hepatitis B, chronic Typhoid fever

Hepatitis C, acute

Vancomycin-intermediate (VISA)
infection

Hepatitis C, chronic

Vancomycin-resistant (VRSA) infection

Hepatitis, viral

Varicella

Human Immunodeficiency Virus (HIV)

Vibriosis

Influenza-associated pediatric mortality

Viral hemorrhagic fevers

Lassa virus West Nile virus
Legionellosis Western equine encephalitis virus
Leptospirosis Yellow fever
Zika virus
[00432] In some embodiments of the multi-analyte controls of the disclosure, the

different species of organisms in the multi-analyte control are human pathogens.

Exemplary species of human pathogens include any of the species listed in Tables 2-3
and 5-7. Using human known pathogens in the multi-analyte control allows the multi-
analyte control to model the behavior of a target species in a sample whose titer is to be
determined used the methods of the disclosure. The effectiveness of nucleic acid
extraction, pathogen genome size, efficiency of library preparation, the number of
sequence reads, and the composition of the sample all can affect the degree to which
read counts from high throughput sequencing libraries reflect the initial titer of a target
organism in a sample. A multi-analyte control comprising species similar to (e.g., same
genera) or identical to target species in a sample allows the multi-analyte control to
effectively control for parameters that affect the accuracy with which normalized reads
reflect titer in the sample. In some embodiments, the multi-analyte control comprises
one or more species of a target organism in a sample. The target organism can be
known to be in the sample, or suspected to be in the sample (for example, the multi-

analyte control comprises a panel of common human pathogens).
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[00433] In some embodiments, the human pathogens comprise human pathogens
that are commonly found in tissues used in blood or tissue transplants. Transplant
acquired infections are a significant cause or morbidity and mortality in transplant
recipients. Accordingly, the multi-analyte controls of the disclosure can be used as
positive controls in screening transplant tissue and blood for the presence of one or
more human pathogens, thereby mitigating the risk of infection from transplanted tissue
or blood. Exemplary pathogens commonly found in human blood or tissue transplants
include, but are not limited to, Cytomegalovirus (CMV), Epstein-Barr Virus (EBV),
Adenovirus (ADV), BK Virus (BKV), JC Polyomavirus (JCV), Human Herpesvirus 6A
(HHV6A), Human Herpesvirus 6B (HHV6B), Herpes simplex Virus type 1 (HSV1),
Herpes simplex Virus type 2 (HSV2), Varicella-Zoster Virus (VZV) and Human
Parvovirus B19 (B19), Human Immunodeficiency Virus (HIV), Hepatitis B, Hepatitis
C, Human T-Lymphotropic Virus Types I and II (HTLV), West Nile virus, Zika virus,
Streptococcus species, Staphylococcus aureus, Enteroccocus faecalis, Bacillus cereus,
Propionibacterium acnes, Serratia liquifaciens, Serratia marcescens, Yersinia
enterocolitica, Enterobacter spp., Acinetobacter spp., Pseudomonas spp., E. coli,
Klebsiella pneumonia, Proteus mirabilis, A. baumannii, Bacillus cereus, coagulate
negative staphylococci, Streptococcus spp., Klebsiella spp., Serratia spp. Providencia
retigeri, Treponema pallidum, Trypanosoma cruzi and Babesia microfi.

[00434] In some embodiments, the multi-analyte control comprises or consists
essentially of a mixture of 11 species of virus. An exemplary multi-analyte control
comprises, or consists essentially of Cytomegalovirus (CMV), Epstein-Barr Virus
(EBV), Adenovirus (ADV), BK Virus (BKV), JC Polyomavirus (JCV), Human
Herpesvirus 6A (HHV6A), Human Herpesvirus 6B (HHV6B), Herpes simplex Virus
type 1 (HSV1), Herpes simplex Virus type 2 (HSV2), Varicella-Zoster Virus (VZV)
and Human Parvovirus B19 (B19). In some embodiments, the multi-analyte control
comprises or consists essentially of a mixture of 10 species of virus. An exemplary
multi-analyte control comprises, or consists essentially of CMV (e.g. strain AD169),
EBV, ADV (e.g. type 1), BKV (e.g. subtype 1b-2), JCV (e.g. type 1a), HHVO6A (e.g.
strain GS), HHV6B (e.g. strain Z-29), HSV1 (e.g. strain 95), HSV2 (e.g. strain 09) and
VZV (e.g. strain 9/84). In some embodiments, the multi-analyte control comprises or
consists essentially of CMV, EBV, ADV, BKYV, JCV, HHV6A, HHV6B, HSV1, HSV2,

and VZV. A further exemplary multi-analyte control comprises, or consists essentially
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of, Measles virus, West Nile virus, Zika virus, yellow fever virus, Sindbis virus, Variola

virus, Norwalk virus, Rabies virus and human Rhinovirus. A yet further exemplary

multi-analyte control comprises, or consists essentially of, Epstein-Barr virus, Human

cytomegalovirus, Human respiratory syncytial virus, Variola virus, Influenza virus,

Rubella virus, Mumps virus and Human SARS coronavirus.

[00435] Exemplary mixtures of organisms that can make up a multi-analyte

control of the disclosure is shown in Table 8 below:

Table 8. Exemplary Multi-Analyte Controls

Exemplary Multi-
Analyte Control

Species

Cytomegalovirus (CMV), Epstein-Barr Virus (EBV), Adenovirus
(ADV), BK Virus (BKV), JC Polyomavirus (JCV), Human Herpesvirus
6A (HHV6A), Human Herpesvirus 6B (HHV6B), Herpes simplex
Virus type 1 (HSV1), Herpes simplex Virus type 2 (HSV2), Varicella-

Virus Panel Zoster Virus (VZV), Human Parvovirus B19 (B19)

CMV, Hepatitis B, Hepatitis C, Vaccinia virus, Rubella virus,

Rotavirus A, Rotavirus B, Mumps virus, Measles Virus, Influenza A,
Virus Panel Influenza B, Influenza C, Human herpesvirus 6

Ebola virus, Variola, Yellow Fever Virus, Rabies virus, Machupo virus,
Virus Panel Lassa virus, HIV, Dengue virus, Chickingunya virus

CMV, EBV, ADV, BKV, JCV, HHV6A, HHV6B, HSV1, HSV2 and
Virus Panel VZV

Virus + Bacteria
Panel

CMV,EBV, ADV, BKV, JCV, HHV6A, HHV6B, HSV1, HSV2, VZV,
B19, Staphylococcus aureus, Enteroccocus faecalis, Bacillus cereus,
Propionibacterium acnes, Serratia liquifaciens, Serratia marcescens,
Yersinia enterocolitica

Virus, Bacterial
and Fungal Panel

CMV,EBV, ADV, BKV, JCV, HHV6A, HHV6B, HSV1, HSV2, VZV,
B19, Staphylococcus aureus, Enteroccocus faecalis, Bacillus cereus,
Propionibacterium acnes, Serratia liquifaciens, Serratia marcescens,
Yersinia enterocolitica, Candida albicans, Aspergillis fumigatus,
Cryptococcus neoformans

Multi-organism
Panel

CMV,EBV, ADV, BKV, JCV, HHV6A, HHV6B, HSV1, HSV2, VZV,
B19, Staphylococcus aureus, Enteroccocus faecalis, Bacillus cereus,
Propionibacterium acnes, Serratia liquifaciens, Serratia marcescens,
Yersinia enterocolitica, Candida albicans, Aspergillis fumigatus,
Cryptococcus neoformans, Trypanosoma brucei, Leishmania makor,
Giardia lamblia

[004306] In some embodiments of the multi-analyte controls of the disclosure, the

at least three different species of organisms in the multi-analyte control are not human
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pathogens. In some embodiments, the at least three different species of organisms in the
multi-analyte control are not human pathogens, but are in the same genera as species
that are human pathogens. Species in the same genera frequently have similar physical
properties — for example, bacteria in the same genera may have similar cell walls, and
viruses may have similar viral proteins. Species in the same genera can be expected to
behave similarly when undergoing the sample processing methods described herein. By
matching the species in multi-analyte controls to the same genera human pathogens, for
example human pathogens commonly found in transplant tissues or blood, the multi-
analyte controls may mimic the behavior of those human pathogenic species in the
sample during sample processing. This could result in the superior ability of the
methods of the disclosure to calculate the titer of one or more target organisms in a
sample, for example a pathogen in a human clinical sample, using the multi-analyte
controls and normalization controls of the disclosure.

[00437] In some embodiments of the multi-analyte controls of the disclosure, the
species in the multi-analyte control comprise a mixture of species that are human
pathogens and species that are not human pathogens.

[00438] In some embodiments, the multi-analyte control further comprises
plasma. The plasma can be from any vertebrate animal. In some embodiments, the
plasma is from a human, non-human primate, mouse, rat, rabbit, dog, cat, gerbil, sheep,
pig, horse, cow or donkey. In some embodiments, the plasma is human plasma. In some
embodiments, the plasma is synthetically produced.

[00439] Provided herein are collections of nucleic acids extracted from any one
of the multi-analyte controls of the disclosure. Methods of extracting nucleic acids can
be extracted from the multi-analyte controls described herein will be readily apparent to
one of ordinary skill in the art. Exemplary methods include, but are not limited to
phenol/chloroform extraction followed by precipitation with ethanol or a similar
suitable solvent, and commercially available kits such as the Qiagen and Zymo mini-
prep kits. Nucleic acids extracted from multi-analyte controls can be used in any of the
embodiments described herein. For example, nucleic acids extracted from multi-analyte
controls can be added to a sample at the library preparation step, or processed and
sequenced in parallel to the sample and used as a positive control or to generate a
calibration curve.

Methods of Making Multi-Analyte Controls
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[00440] The disclosure provides methods of making the multi-analyte controls
described herein. In some embodiments, the method comprises: (a) selecting a panel of
organisms to include in the multi-analyte control; (b) culturing each organism under
appropriate culture conditions; (c) inactivating each organism and (d) mixing a pre-
determined amount of each inactivated organism with a suitable carrier, diluent or
excipient to produce a multi-analyte control.

[00441] Appropriate methods of inactivating organisms in the multi-analyte
control will be known to one of ordinary skill in the art. For example, many viruses can
be inactivated with dry heat, steam, or a low pH, such as a pH of less than 4.0.
Enveloped viruses can be inactivated by the addition of a solvent or detergent, which
disrupts the viral envelope. Viruses can also be inactivated by exposure to chemical
cross-linking agents such as formaldehyde. Methods of inactivating bacteria include
ultraviolet light, radiation, heat, low PH, and treatment with chemicals such as ethylene
oxide, formaldehyde and guanidium thiocyanate. Single celled eukaryotes, such as
amoeba or yeast, can be inactivated with heat, or the application of chemical cross-
linking agents such as formaldehyde.

[00442] In some embodiments, the organisms have been inactivated by chemical
treatment, heat treatment, pH treatment or ultraviolet irradiation. In some embodiments,
the chemical treatment comprises formaldehyde.

[00443] In some embodiments, known quantities of the inactivated organisms in
the multi-analyte control are added to plasma. Plasma can be isolated from blood, e.g.
by removal of blood cells, platelets and other cellular components by centrifugation
and/or filtration. The plasma can be from any vertebrate animal. In some embodiments,
the plasma is from a human, non-human primate, mouse, rat, rabbit, gerbil, dog, cat,
cow, sheep, pig, horse or donkey. In some embodiments, the plasma is from a human.
Adding the inactivated organisms to plasma allows the multi-analyte controls to closely
mimic the behavior of experimental samples, such as human clinical samples
comprising human plasma, during sample processing.

Methods of Using Multi-Analyte Controls

[00444] The disclosure provides methods of using the multi-analyte controls
described herein. In some embodiments, multi-analyte controls of the disclosure can be
processed in parallel with samples, for example clinical or experimental samples. Multi-

analyte controls processed in in parallel with samples can be used to generate a
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calibration curve that is used ordinary skill in the art to determine the titer of one or
more organisms in a sample comprising a mixture of organisms. For example, the
sample can be a clinical sample comprising cells from a human host, and cells or
particles from a non-host such as a viral, bacteria or fungal pathogen. In alternative
embodiments, multi-analyte controls are added directly to a sample, such as a clinical or
experimental sample, and are used as an internal standard to calculate the titer of one or
more organisms in a sample comprising a mixture of organisms. In some embodiments,
multi-analyte controls are used as positive controls for the methods of the disclosure.
[00445] In some embodiments, the multi-analyte controls are processed in
parallel with, but separate from, a sample, to generate a high throughput sequencing
library and a collection of reads therefrom. In some embodiments, normalization
controls added to the multi-analyte control and the sample are used to normalize the
reads from the multi-analyte control and the sample. In those embodiments where the
multi-analyte control and the sample are processed in parallel (i.e., the multi-analyte
control is not “spiked into” the sample), the multi-analyte control comprises species that
are human pathogens, species that are not human pathogens, or a combination thereof.
In some embodiments, the normalized reads from the multi-analyte control are used to
generate a calibration curve, and the calibration curve is used to calculate the titer of a
target organism in the sample.

[004406] In some embodiments of the methods of the disclosure, the methods are
used to quantify the level of expression of at least one target sequence for each species
of organisms in the multi-analyte control. In some embodiments, the methods comprise
(a) mixing a known amount of the normalization control with the multi-analyte control,
(b) preparing a high throughput sequencing library, (c¢) sequencing said library to
produce a collection of reads, (d) mapping reads from the collection of reads to the
multi-analyte control or the normalization control, (e) determining the number of reads
produced by each of the groups or subgroups of polynucleotides in the normalization
control, (f) calculating a relationship between the starting concentration of each of the
groups or subgroups of polynucleotides in the normalization control mixed with the
multi-analyte control in (a) and the number of reads produced in (¢), (g) modeling a
relationship between reads and concentration of the at least one target sequence for each
species in the multi-analyte control, and (h) calculating an initial concentration of the at

least one target sequence for each species in the multi-analyte control from the number
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of reads produced by the target sequence using the model in (g). In some embodiments,
the method further comprises extracting nucleic acids from the multi-analyte control. In
some embodiments, the mixing step of (a) occurs prior to the library preparation step of
(b), at the same time as the library preparation step of (b) or after as the library
preparation step of (b). In some embodiments, the mixing step of (a) occurs prior to
extracting nucleic acids from the sample.

[00447] In some embodiments, each of the different species of organisms in the
multi-analyte control comprises at least one target sequence. In some embodiments, the
at least one target sequence is a different target sequence for each species of organisms
in the multi-analyte control. In some embodiments, each species in the multi-analyte
control comprises a different target sequence or target sequences. In some
embodiments, the at least one target sequence from each species of organisms in the
multi-analyte control has less than 99% identity, less than 95% identity, less than 90%
identity, less than 85% identity, less than 80% identity, less than 75% identity, less than
70% identity, less than 60% identity, less than 50% identity, less than 40% identity, less
than 30% identity or less than 20% identity to the target sequence from any or more of
the other species of organisms in the multi-analyte control.

[00448] In some embodiments the at least one target sequence from each species
of organisms in the multi-analyte control is identical to, has less than 99% identity, less
than 95% identity, less than 90% identity, less than 85% identity, less than 80%
identity, less than 75% identity, less than 70% identity, less than 60% identity, less than
50% identity, less than 40% identity, less than 30% identity, less than 20% identity, less
than 10% identity or less than 5% identity to a target sequence from the sample. In
some embodiments, at least one target sequence from a species of organisms in the
multi-analyte control is identical to a target sequence from the sample. In some
embodiments, the multi-analyte control comprises at least one species that comprises a
target sequence identical to a target sequence from the sample, and at least one species
that comprises a target sequence that is not identical to a target sequence from the
sample.

[00449] In some embodiments, the at least one target sequence for each species
of organisms in the multi-analyte control comprises a genomic sequence. In some
embodiments, the at least one target sequence from each species of organisms in the

multi-analyte control comprises or consists of a reference genome of that species. In
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some embodiments, the at least one target sequence from each species of organisms in
the multi-analyte control comprises or consists of a transcriptome of that species. In
some embodiments, the at least one target sequence from each species of organisms in
the multi-analyte control comprises a portion of a reference genome of that species. The
at least one target sequence can be protein coding sequence, or non-coding sequence.
[00450] In some embodiments, mapping reads from the collection of reads to the
multi-analyte control or the normalization control at step (d) further comprises mapping
reads to each of the species of organisms in the multi-analyte control (d). Methods of
mapping reads from a collection of high-throughput sequencing reads will be readily
apparent to one of ordinary skill in the art. For example, where each organism in the
multi-analyte control has a reference genome, reads from the collection of reads
generated by high-throughput sequence can be mapped to the reference genome via
BWA, Novoalign, Bowtie, SOAP2, BFAST), SSAHA2, MPscan, GASSST) or PerM
algorithms. In some embodiments, mapping the reads to reference genome for each
organism in the multi-analyte control comprises mapping the reads to the at least one
target sequence for each species of organisms in the multi-analyte control.

[00451] In some embodiments, calculating the initial concentration of the at least
one target sequence at (h) comprises calculating an initial concentration of at least one
target sequence for each species in the multi-analyte control. The initial concentration
of the at least on target sequence for each species in the multi-analyte control can be
calculated from the relationship between read count and the initial concentration of each
of the groups or subgroups in the normalization control that is determined using the
normalization control compositions and methods of the disclosure.

[00452] The disclosure provides methods of quantifying the titer of a target
organism in a sample. In some embodiments, the methods comprise (a) providing a
sample comprising the target organism, wherein the target organism comprises at least
one target sequence; (b) providing a multi-analyte control comprising known titers of at
least three species of organisms, wherein the organisms have been inactivated; (c)
mixing a known amount of the normalization control of the disclosure with the sample
and with the multi-analyte control; (d) preparing high throughput sequencing libraries
from the sample and the at least one multi-analyte control; (e) sequencing said libraries
to produce a collection of sample reads and a collection of multi-analyte control reads;

(f) normalizing the collection of sample reads and the collection of multi-analyte control
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reads from (e) using the normalization controls; (g) determining a relationship between
normalized reads and the known titers of the species of organisms in the multi-analyte
control; and (h) calculating a titer the target organism in the sample using the
relationship determined in (g).

[00453] In some embodiments, the species of organisms each comprise at least
one species-specific target sequence. In some embodiments, the at least one species-
specific target sequence is different in each species in the multi-analyte control.

[00454] In some embodiments, normalizing the reads from the multi-analyte
control comprises: (1) mapping reads from the collection of sample reads to the sample
or the normalization control; (i1) mapping reads from the collection of multi-analyte
control reads to the multi-analyte control or the normalization control; (iii) determining
the number of reads produced by each of the groups or subgroups of polynucleotides in
the normalization control for the collection of sample reads and the collection of multi-
analyte control reads; (iv) calculating a relationship between the starting concentration
of each of the groups or subgroups of polynucleotides in the normalization control and
the number of reads produced at step (e) for both the sample and the multi-analyte
control; and (v) determining the relationship between reads and concentration in the
sample and in the multi-analyte control.

[00455] In some embodiments, determining the relationship between reads and
titer in the multi-analyte control and the sample comprises: (1) calculating an initial
concentration of the at least one species-specific target sequence from each of the
species in the multi-analyte control; and (ii) calculating an initial concentration of the at
least one target sequence in the sample. In some embodiments, the mapping at step (1)
further comprises mapping the collection of sample reads to a reference genome. In
some embodiments, the reference genome does not comprise the target sequence. In
some embodiments, the reference genome is a human genome. For example, in a human
clinical sample comprising human host cells and a pathogen, the pathogen comprising a
target sequence, reads generated from the high-throughput sequencing library from the
sample are mapped to the human genome as a reference genome. Reads that map to and
align with the human genome are from nucleic acids isolated from the human cells, and
do not comprise the target sequence. Reads that do not map to the human reference
genome come from the target sequence, and are normalized using the methods of the

disclosure. An advantage of this method is that the identity of the target organism that
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produces the target sequence does not necessarily need to be known ahead of time.
Methods of the disclosure can be used to efficiently determine both the presence and
titer of an unknown target organism in a sample, such as an unknown pathogen in a
human clinical sample.

[00456] In some embodiments, the mapping at step further comprises mapping
the collection of sample reads to a more than one reference genome. In some
embodiments, a first reference genome does not comprise the target sequence, and a
second reference genome comprises the target sequence. For example, in a human
clinical sample comprising human host cells and a pathogen, the pathogen comprising a
target sequence, reads generated from the high-throughput sequencing library from the
sample are mapped to the human genome, which does not comprise the target sequence,
and a second reference genome corresponding to the pathogen, which comprises the
target sequence. In some embodiments, the mapping further comprises mapping to a
species-specific reference genome for each of the species of organisms in the multi-
analyte control.

[00457] In some embodiments, the relationship between normalized reads and the
known titers of species of organisms in the multi-analyte control is a linear relationship.
In some embodiments, the relationship is logarithmic. Methods of determining the
relationship between normalize reads and known titers species of organisms in the
multi-analyte control will be readily apparent to one of ordinary skill in the art.

[00458] In some embodiments, multi-analyte controls are used to generate a
calibration curve, which is used to determine the titer of an organism in a sample from
normalized read count. An exemplary calibration curve is shown in FIG. 13, and shows
as signal (normalized reads), versus log titer of the organisms in the multi-analyte
controls used to generate the calibration curve. In some embodiments, the calibration
curve is generated in parallel with a sample or samples (e.g. clinical or experimental
samples). In some embodiments, the calibration curve is generated from multi-analyte
controls that are analyzed at multiple different concentrations. For example, an
exemplary calibration curve can be generated from multi-analyte controls diluted 1:10,
1:100, 1:1000 etc. and then sequenced. In some embodiments, the calibration curve is
generated from multi-analyte controls provided at 2 concentrations, at 3 concentrations,
at 4 concentrations, at 5 concentrations, at 6 concentrations, at 7 concentrations, at 8

concentrations, at 9 concentrations or at 10 concentrations. In some embodiments, the
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calibration curve comprises a reference calibration curve. For example, normalized
reads from a target sequence in a sample can be compared to a reference calibration
curve to determine the titer of an organism in the sample corresponding to the target
sequence. In some embodiments, for example those embodiments that employ a
reference calibration curve, one or more multi-analyte controls are processed in parallel
with the sample to validate the calibration curve and/or serve as positive controls. For
example, two multi-analyte controls, at a high and a low concentration, are processed in
parallel with the sample.

[00459] In some embodiments of the methods of the disclosure, the methods
further comprise mixing a known amount of a multi-analyte control with the sample (a
spike-in method). The multi-analyte controls are used as an internal standard to
calculate the titer of one or more organisms in a sample comprising a mixture of
organisms. For example, the sample can be a human clinical sample comprising host
cells (human cells) and one or more of viral particles, or cells from bacterial or fungal
pathogens (non-host). The multi-analyte control comprises organisms that are not
human pathogens, and are therefore distinguishable from human pathogens in the
sample using sequence differences.

[00460] In some embodiments, the multi-analyte control comprises organism that
are in the same genera as human pathogens. Organisms that are related to human
pathogens will behave similarly to human pathogens in the sample during processing,
and thus provide a superior metric for calculating the titer of human pathogens in the
sample. In some embodiments, an organism in the multi-analyte control comprises a
target sequence with less than 99% identity, less than 95% identity, less than 90%
identity, less than 85% identity, less than 80% identity, less than 75% identity, less than
70% identity, less than 60% identity, less than 50% identity, less than 40% identity, less

than 30% identity or less than 20% identity to a sequence of a human pathogen.

Formulations

[00461] Normalization control and multi-analyte control compositions of the
disclosure can be formulated in any acceptable carrier, diluent or excipient known in the
art.

[00462] Normalization controls can be provided in solutions at any acceptable

concentration, precipitate, or as a lyophilized composition. Nucleic acids, such as
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normalization controls, may be suspended in solutions including, but not limited to
water, Tris buffer, Tris-EDTA buffer and Tris-EDTA with up to 0.5 M NaCl.

[00463] Exemplary buffers used in formulation of the disclosure include acetate,
sulfate, hydrochloride, phosphate or free acid forms of Tris-
(hydroxymethyl)aminomethane (TRIS), although alternative buffers of the same
approximate ionic strength and pKa as TRIS may be used with equivalent results. In
addition to the buffer salts, cofactor salts such as those of potassium (e.g., potassium
chloride or potassium acetate) and magnesium (e.g., magnesium chloride or magnesium
acetate) are included in the compositions.

[00464] Inactivated organisms in multi-analyte controls can be supplied in
solution, freeze dried or lyophilized. If freeze dried or lyophilized, multi-analyte
controls can be re-suspended in an appropriate volume of any acceptable carrier.
Acceptable carriers include, but are not limited to water, phosphate buffered saline

(PBS) or Ringer’s solution.

Methods of Depletion or Enrichment

[00465] Normalization controls, multi-analyte controls, and methods of using
same can be combined with the methods of enriching a sample for a target sequence of
interest or depleting a sample of sequences targeted for depletion. In some
embodiments, the methods of enrichment or depletion comprise nucleic acid-guided
nuclease based methods, nucleotide modification based methods, or a combination
thereof.

[004606] Accordingly, the disclosure provides methods of quantifying or
identifying a target sequence in a sample comprising depleting the sample of sequences
targeted for depletion, adding the normalization controls described herein, and
sequencing the sample using NGS. Normalization controls can be added before, during
or after enrichment of target sequences of interest or depletion of nucleic acids targeted
for depletion.

[00467] In some embodiments, normalization controls are added to the
sequencing sample prior to enrichment of target sequences of interest or depletion of
sequences targeted depletion. In some embodiments, normalization controls can be
designed to mimic those properties of target sequences of interest that are used to

distinguish those sequences from sequences targeted for depletion. For example, if
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target sequences of interest are enriched using a nucleic acid-guided nuclease and a
plurality of guide nucleic acids (gNAs) that target the sequences targeted for depletion,
the normalization controls do not comprise sequences targeted by the plurality of gNAs.
As a further example, if sequences targeted for depletion are depleted using nucleotide-
modification based methods, normalization controls may comprise nucleotide
modifications similar to the modifications of the targeted sequences of interest that are
enriched.

Nucleotide Modification Based Methods

[00468] Provided herein are methods of enriching a sample for target nucleic
acids of interest relative to nucleic acids targeted for depletion, comprising using
differences in nucleotide modification between the target nucleic acids of interest and
the nucleic acids targeted for depletion. In some embodiments, the target nucleic acids
comprise the target sequences in the sequencing sample, whose presence and/or titer are
to be determined using the normalization controls, and optionally, multi-analyte
controls of the instant disclosure. Normalization controls comprising the same
nucleotide modifications as the target sequences of interest can be added to the sample
prior to modification based depletion methods. Alternatively, normalization controls
can be added to the sample following modification-based depletion.

[00469] Any type of nucleotide modification is envisaged as within the scope of
the disclosure. Exemplary but non-limiting examples of nucleotide modifications of the
disclosure are described below.

[00470] Nucleotide modifications used by the methods of the disclosure can
occur on any nucleotide (adenine, cytosine, guanine, thymine or uracil, e.g.). These
nucleotide modifications can occur on deoxyribonucleic acids (DNA) or ribonucleic
acids (RNA). These nucleotide modifications can occur on double or single stranded
DNA molecules, or on double or single stranded RNA molecules.

[00471] In some embodiments, the nucleotide modification comprises adenine
modification or cytosine modification.

[00472] In some embodiments, the adenine modification comprises adenine
methylation. In some embodiments, the adenine methylation comprises N6-
methyladenine (6mA). In some embodiments, the adenine methylation comprises Dam

methylation carried out by the Deoxyadenosine methylase. In some embodiments, the
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adenine methylation comprises EcoKI methylation. In some embodiments, the adenine
modification comprises adenine modified at N° by glycine (momylation).

[00473] In some embodiments, the modification comprises cytosine
modification. In some embodiments, the cytosine modification comprises 5-
methylcytosine (SmC), S-hydroxymethlcytosine (ShmC), S-formylcytosine (5fC), 5-
carboxylcytosine (5caC), S-glucosyihydroxymethvleytosine (Sghm() or 3-
methylcytosine (3mC). In some embodiments, the cytosine methylation comprises 5-
methylcytosine (SmC) or N4-methylcytosine (4mC). In some embodiments, the
cytosine methylation comprises Dcm methylation, DNMT1 methylation, DNMT3A
methylation or DNMT3B methylation. In some embodiments, the cytosine methylation
comprises CpG methylation, CpA methylation, CpT methylation, CpC methylation or a
combination thereof. In some embodiments, the cytosine methylation comprises CpG
methylation. For example, CpG methylation can be used to selectively target an active
region in a mammalian genome for depletion using the methods of the disclosure.
[00474] In some embodiments, the cytosine modification comprises 5-
hydroxymethylcytosine (ShmC), S-formylcytosine (5fC). S-formylcytosine is an
oxidized derivative of SmC, 5-carboxylcytosine (5caC), 5-
glucosylhydroxymethylcytosine or 3-methylcytosine.

[00475] In some embodiments of the methods of the disclosure, the methods
employ at least a first modification-sensitive restriction enzyme and a second
modification-sensitive restriction enzyme. In some embodiments, the first and second
modification-sensitive restriction enzymes are the same. In some embodiments, the first
and second modification-sensitive restriction enzymes are not the same. In some
embodiment, the first or second modification-sensitive restriction enzyme is a single
species of restriction enzyme (e.g., Alul, or McrBC, but not both). In some
embodiments, the first or second modification-sensitive restriction enzyme is a mixture
of 2 or more species of modification- sensitive restriction enzymes (e.g., a mixture of
FspEI and AbaSI). In some embodiments of the methods of the disclosure, more than
two different methods are combined, each using a different modification-sensitive
restriction enzyme or cocktail of modification-sensitive restriction enzymes.

[00476] The term “modification-sensitive restriction enzyme”, as used herein,
refers to a restriction enzyme that is sensitive to the presence of modified nucleotides

within or adjacent to the recognition site for the restriction enzyme. Alternatively, or in
123



CA 03115281 2021-04-01

WO 2020/072990 PCT/US2019/054843

addition, the modification-sensitive restriction enzyme can be sensitive to modified
nucleotides within the recognition site itself. The modification-sensitive restriction
enzyme can be sensitive to modified nucleotides that are adjacent to the recognition site,
for example, within 1-50 nucleotides, 5° or 3’ of the recognition site. Nucleotide
modifications of the disclosure can be within the recognition site itself, or comprise
nucleotides adjacent to the recognition site (for example, within 1-50 nucleotides, 5° or
3’ of the recognition site, or both).

[00477] Exemplary modifications capable of blocking or reducing the activity of
modification-sensitive restriction enzymes include, but are not limited to, N6-
methyladenine, 5S-methylcytosine (SmC), 5-hydroxymethlcytosine (ShmC), 5-
formylcytosine (5fC), S-carboxylcytosine (5caC), 5-glucosylhydroxymethylcytosine, 3-
methylcytosine (3mC), N4-methylcytosine (4mC) or combinations thereof. Exemplary
modifications capable of blocking modification-sensitive restriction enzymes include
modifications mediated by Dam, Dcm, EcoKI, DNMT1, DNMT3A, DNMT3B and
TET enzymes.

[00478] In some embodiments, the modification comprises Dam methylation.
Restriction enzymes that are blocked by Dam methylation include, but are not limited
to, Alwl, Begl, Bell, BsaBI, BspDI, BspEI BspHI, Clal, Dpnll, Hphl, Hpy188I,

Hpy 188111, Mbol, Mboll, Nrul, Nt.Alwl, Taqa. I and Xbal.

[00479] In some embodiments, the modification comprises Dcm methylation.
Restriction enzymes that are blocked by Dem methylation include, but are not limited
to, Acc651, AlIwNI, Apal, Aval, Avall, Banl, Bsal, BsaHI, Bsll, BsmFI, BssKI, BstXI,
Eael, Esp31, EcoO1091, Mscl, NlalV, PfIMI, PspGI, PspOMI, Sau96l, ScrFI, SexAl,
Sfil, Sfol and Stul.In some embodiments, the modification comprises CpG methylation.
Restriction enzymes that are blocked by CpG methylation include, but are not limited
to, Aatll, Accll, Acil, Acll, Afel, Agel, Aor13HI, Aor51HI, Ascl, AsiSI, Alul, Aval,
BceAl BmgBI, Bsal, BsaHI, BsiEI, BsiWI, BsmBI, BspDI, BspT 1041 BsrFalphal,
BssHII, BstBI

BstUI, Cfr101, Clal, Cpol, Eagl, Esp31, Eco521, Faul, Fsel, Fspl, Haell, Hgal, Hhal,
Hpall, HpyCH4IV, Hpy991, Kasl, Mlul, Nael, NgoMIV, Notl, Nrul, Nt. BsmAlI,
Nt.CviPII, Nsbl, PmaCl, Psp14061, PluTI, PmlI, Pvul, RsrlIl Sacll, Sall, Smal, SnaBI,
Sfol, SgrAl, Smal, Srfl, Sau3 Al TspMI and Zral.
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[00480] In some embodiments, a modification-sensitive restriction enzyme is
active at a recognition site comprising at least one modified nucleotide and is not active
at a recognition site that does not comprise at least one modified nucleotide. Exemplary
modifications recognized by modification-sensitive restriction enzymes that cleave at
recognition sites comprising one or more modified nucleotides include, but are not
limited to, N®-methyladenine, 5-methylcytosine (SmC), 5-hydroxymethlcytosine
(5hmC), 5-formylcytosine (5fC), S-carboxylcytosine (ScaC), 5~
glucosyihvdroxymethyleytosine, 3-methylcytosine (3mC), N4-methylcytosine (4mC) or
combinations thereof. Exemplary modifications recognized modification-sensitive
restriction enzymes that specifically cleave recognition sites comprising one or more
modified nucleotides include modifications mediated by Dam, Dcm, EcoKI, DNMTT,
DNMT3A, DNMT3B and TET enzymes.

[00481] Exemplary but non-limiting modification-sensitive restriction enzymes
that cleave at a recognition site comprising one or more modified nucleotides within or
adjacent to the recognition site include, but are not limited to AbaSI, Dpnl, FspEI,
LpnPI, MspJI and McrBC.

[00482] In some embodiments, the modification comprises 5-
glucosylhydroxymethylcytosine and the modification-sensitive restriction enzyme
comprises AbaSI. AbaSI cleaves an AbaSI recognition site comprising a
glucosylhydroxymethylcytosine, and does not cleave an AbaSI recognition site that
does not comprise a glucosylhydroxymethylcytosine.

[00483] In some embodiments, the nucleotide modification comprises 5-
hydroxymethylcytosine and the modification-sensitive restriction enzyme comprises
AbaSI and T4 phage B-glucosyltransferase. T4 Phage B-glucosyltransferase specifically
transfers the glucose moiety of uridine diphosphoglucose (UDP-Glc) to the 5-
hydroxymethylcytosine (5-hmC) residues in double-stranded DNA, for example, within
the AbaSI recognition site, making a glucosylhydroxymethylcytosine modified AbaSI
recognition site. AbaSI cleaves an AbaSI recognition site comprising
glucosylhydroxymethylcytosine and does not cleave an AbaSI recognition site that does
not comprise a glucosylhydroxymethylcytosine.

[00484] In some embodiments, the nucleotide modification comprises
methylcytosine and the modification-sensitive restriction enzyme comprises McrBC.

McrBC cleaves McrBC sites comprising methylcytosines, and does not cleave McrBC
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sites that do not comprise methylcytosines. The McrBC site can be modified with
methylcytosines on one or both DNA strands. In some embodiments, McrBC also
cleaves McrBC sites comprising hydroxymethylcytosines on one or both DNA strands.
In some embodiments, the McrBC half sites are separated by up to 3,000 nucleotides. In
some embodiments, the McrBC half sites are separated by 55-103 nucleotides.

[00485] In some embodiments, the modification comprises adenine methylation
and the methods comprise digestion with Dpnl. Dpnl cleaves a GATC recognition site
when the adenines on both strands of the GATC recognition are methylated. In some
embodiments, Dpnl GATC recognition sites comprising both adenine methylation and
cytosine modification occur in bacterial DNA, but not in mammalian DNA. These
recognition sites comprising both methylated adenines and modified cytosines can be
selectively cleaved by Dpnl in a sample (e.g., of mixed bacterial and mammalian
DNA), and then treated with T4 polymerase to replace methylated adenines and
modified cytosines at the cleaved ends with unmodified adenines and cytosines. T4
polymerase catalyzes the synthesis of DNA in the 5’ to 3’ direction, in the presence of a
template, primer and nucleotides. T4 polymerase will incorporate unmodified
nucleotides into the newly synthesized DNA. This produces a sample that now
comprises unmodified cytosines in the nucleic acids of interest and modified cytosines
in the nucleic acids targeted for depletion. These differences in modified cytosines can
be used to enrich for nucleic acids of interest using the methods of the disclosure.
[00486] In some embodiments of the methods of the disclosure, the nucleic acids
in the sample are terminally dephosphorylated, so that contacting the nucleic acids in
the sample with a modification-sensitive restriction enzyme produces either nucleic
acids of interest or nucleic acids targeted for depletion with exposed terminal
phosphates than can be used in the methods of the disclosure to enrich the sample for
nucleic acids of interest. For example, these exposed terminal phosphates can be used to
target the nucleic acids for depletion for degradation by an exonuclease (FIG. 28 or the
nucleic acids of interest for adapter ligation (FIG. 27).

[00487] As used herein, the term “terminally dephosphorylated” refers to nucleic
acids that have had the terminal phosphate groups removed from the 5 and 3 ends of
the nucleic acid molecule. In some embodiments, the nucleic acids in the sample are
terminally dephosphorylated using a phosphatase, such as an alkaline phosphatase.

Exemplary phosphatases of the disclosure include, but are not limited to shrimp alkaline
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phosphatase (SAP), recombinant shrimp alkaline phosphatase (rSAP), calf intestine
alkaline phosphatase (CIP) and Antarctic phosphatase.

[00488] As used herein, the term “exonuclease” refers to a class of enzymes
successively remove nucleotides from the 3” or 5” ends of a nucleic acid molecule. The
nucleic acid molecule can be DNA or RNA. The DNA or RNA can be single stranded
or double stranded. Exemplary exonucleases include, but are not limited to Lambda
nuclease, Exonuclease I, Exonuclease III and BAL-31. Exonucleases can be used to
selectively degrade nucleic acids targeted for depletion using the methods of the
disclosure (FIG. 28, e.g.).

[00489] The disclosure provides adapters that are ligated to the 5’ and 3’ ends of
the nucleic acids in the sample or the nucleic acids of interest, and optionally, the
normalization controls. In some embodiments, the adapters are ligated to normalization
control sequences. In other embodiments, normalization controls comprising adapter
sequences are synthesized de novo.

[00490] In some embodiments of the methods of the disclosure, adapters are
ligated to all the nucleic acids in the sample, and then differences in nucleotide
modification are used to selectively cleave the nucleic acids targeted for depletion,
producing nucleic acids of interest that are adapter ligated on both ends and nucleic
acids targeted for depletion that are adapter ligated on one end (FIG. 29, FIG. 30). In
some embodiments, differences in nucleotide modification are used to selectively
deplete the nucleic acids targeted for depletion, and then adapters are ligated to the
target nucleic acids of interest (FIG. 28). In some embodiments, differences in
nucleotide modification are used to produce nucleic acids of interest with exposed
terminal phosphates, which are used to ligate adapters to the target nucleic acids of
interest (FIG. 27).

[00491] In some embodiments of the methods of the disclosure, adapters are
ligated to the 5' and 3' ends of the nucleic acids in the sample. In some embodiments,
the adapters further comprise intervening sequence between the 5' terminal end and/or
the 3' terminal end.

[00492] In some embodiments the adapter is a nucleic acid that is ligatable to
both strands of a double-stranded DNA molecule.

[00493] In some embodiments, adapters are ligated prior to depletion/enrichment.

In other embodiments, adapters are ligated at a later step.
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[00494] Non-limiting examples of adapter include linear, linear Y-shaped, or
hairpin adapters. In some embodiments, the adapters comprise a polyG sequence.
[00495] In various embodiments the adapter may be a hairpin adapter i.e., one
molecule that base pairs with itself to form a structure that has a double-stranded stem
and a loop, where the 3' and 5' ends of the molecule ligate to the 5' and 3' ends of the
double-stranded DNA molecule of the fragment, respectively.

[004906] Alternately, the adapter may be a Y-adapter ligated to one end or to both
ends of a fragment, also called a universal adapter. Alternately, the adapter may itself be
composed of two distinct oligonucleotide molecules that are base paired with one
another. Additionally, a ligatable end of the adapter may be designed to be compatible
with overhangs made by cleavage by a restriction enzyme, or it may have blunt ends or
a 5' T overhang. In some embodiments, the restriction enzyme is a modification-
sensitive restriction enzyme.

[00497] The adapter may include double-stranded as well as single-stranded
molecules. Thus, the adapter can be DNA or RNA, or a mixture of the two. Adapters
containing RNA may be cleavable by RNase treatment or by alkaline hydrolysis.
[00498] Adapters can be 10 to 100 bp in length although adapters outside of this
range are usable without deviating from the present disclosure.

[00499] An adapter may be configured for a next generation sequencing
platform, for example for use on an Illumina sequencing platform such as HiSeq or
MiSeq, or for use on an IonTorrent platform, or for use with Nanopore technology. In
some embodiments, the adapters comprise sequencing adapters (e.g., [llumina
sequencing adapters). In some embodiments, the adapters comprise unique molecular
identifier (UMI) sequences, sometimes referred to as barcodes. In some embodiments,
the UMI sequences comprise a sequence that is unique to each original nucleic acid
molecule (e.g., a random sequence). In some embodiments, the adapters comprise
multiple distinct sequences, such as a UMI unique to each nucleic acid molecule, a
barcode shared among nucleic acid molecules from a particular source, and a
sequencing adapter.

[00500] The nucleic acids targeted for depletion can be depleted by differential
adapter attachment. In some embodiments, adapters are attached to nucleic acids of a
sample, and subsequently one or more adapters are removed from nucleic acids targeted

for depletion based on their modification status. For example, nucleic acids targeted for
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depletion with adapters attached to both ends can be cleaved by a modification-sensitive
restriction enzyme, thereby producing nucleic acids targeted for depletion with adapters
attached to only one end. Subsequent steps (e.g., amplification) can be used to target
only nucleic acids with adapters attached to both ends, thereby depleting the nucleic
acids targeted for depletion. In another example, the nucleic acids of the sample are
treated (e.g., by dephosphorylation) such that only cleaved nucleic acids are able to
have adapters attached; subsequently, nucleic acids of interest can be cleaved by a
modification-sensitive restriction enzyme (e.g., thereby exposing a phosphate group)
and adapters can be attached. Subsequent steps (e.g., amplification) can be used to
target only nucleic acids with adapters attached, thereby depleting the nucleic acids
targeted for depletion.

[00501] The nucleic acids targeted for depletion can be depleted by digestion,
such as digestion with an exonuclease.

[00502] The nucleic acids targeted for depletion can be depleted by size
selection. For example, a modification-sensitive restriction enzyme can be used to
cleave either the nucleic acids of interest or the nucleic acids targeted for depletion, and
subsequently the nucleic acids of interest can be separated from the nucleic acids
targeted for depletion based on size differences due to the cleavage.

[00503] In some cases, the nucleic acids targeted for depletion are depleted
without the use of size selection.

[00504] Protocol 1: Exemplary methods of the application described herein are
depicted in FIG. 27. A sample of nucleic acids comprising target nucleic acids of
interest (2701) and nucleic acids targeted for depletion (2702), and optionally
normalization controls, is terminally dephosphorylated (2705) to produce
unphosphorylated nucleic acids of interest (2706) and nucleic acids targeted for
depletion (2707). In some embodiments, the nucleic acids are fragmented prior to
dephosphorylation. In some embodiments, the nucleic acids in the sample are terminally
dephosphorylated with a phosphatase, for example recombinant shrimp alkaline
phosphatase (rSAP). In some embodiments, both the nucleic acids of interest and the
nucleic acids targeted for depletion comprise one or more recognition sites for a
modification-sensitive restriction enzyme (2703, 2704, respectively). In the nucleic
acids of interest, the recognition sites for the modification-sensitive restriction enzyme

do not comprise modified nucleotides (2703), or alternatively, contain modified
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nucleotides less frequently than the corresponding recognition sites of the nucleic acids
targeted for depletion. In the nucleic acids targeted for depletion, the recognition sites
for the modification-sensitive restriction enzyme comprise modified nucleotides within
or adjacent to the restriction site (2704), or alternatively, comprise modified nucleotides
more frequently than the corresponding recognition sites of the nucleic acids of interest.
Activity of the modification-sensitive restriction enzyme (2709) is blocked by the
presence of modified nucleotides within or adjacent to its cognate recognition site
(2708), thereby targeting the activity of the modification-sensitive restriction enzyme to
the nucleic acids of interest (compare 2710 and 2711). In some embodiments, the
modification-sensitive restriction enzyme (2709) comprises Aatll, Accll, Aor13HI,
AorS51HI, BspT1041, BssHII, Cfr10I, Clal, Cpol, Eco52I, Haell, HaplIl, Hhal, Mlul,
Nael, Notl, Nrul, Nsbl, PmaClI, Psp1406I, Pvul, Sacll, Sall, Smal, SnaBI, Alul or

Sau3 Al In some embodiments, the modification-sensitive restriction enzyme (2709)
comprises Alul or Sau3Al. Digesting the sample with the modification-sensitive
restriction enzyme (2713) produces nucleic acids of interest with terminal phosphates at
the 5° and 3’ ends of the terminal phosphates (2714). These terminal phosphates are
used to ligate adapters (27185, ligation step; 116, adapters) to the ends of the nucleic
acids of interest, producing nucleic acids of interest that are adapter ligated on both ends
(2717). In contrast, the nucleic acids targeted for depletion are not adapter ligated
(2711). These adapters can be used for downstream applications, for example adapter-
mediated PCR amplification, sequencing (e.g. high throughput sequencing), and
quantification of the nucleic acids of interest in the sample and/or cloning. This depletes
the nucleic acids targeted for depletion by selectively ligating adapters to the nucleic
acids of interest. This depletion can be accomplished without the use of size selection.
Alternatively, the adapter ligated nucleic acids of interest are subjected to one or more
of the additional enrichment methods described herein. For example, the adapter ligated
nucleic acids are subjected to additional modification-dependent enrichment methods of
the disclosure (for example, the methods depicted in FIG. 29). Alternatively, or in
addition, the adapter ligated nucleic acids are subjected to nucleic acid-guided nuclease
based enrichment methods of the disclosure (for example, the methods depicted in FIG.
30).

[00505] Protocol 2: Exemplary methods of the application described herein are

depicted in FIG. 28. A sample of nucleic acids comprising target nucleic acids of
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interest (2801) and nucleic acids targeted for depletion (2802), and optionally
normalization controls, is terminally dephosphorylated (2805) to produce
unphosphorylated nucleic acids of interest (2806) and nucleic acids targeted for
depletion (2807). In some embodiments, the nucleic acids are fragmented prior to
dephosphorylation. In some embodiments, the nucleic acids in the sample are terminally
dephosphorylated with a phosphatase, for example recombinant shrimp alkaline
phosphatase (rSAP). In some embodiments, both the nucleic acids of interest and the
nucleic acids targeted for depletion comprise one or more recognition sites for a
modification-sensitive restriction enzyme (2803 and 2804, respectively). In the nucleic
acids of interest, the recognition sites for the modification-sensitive restriction enzyme
do not comprise modified nucleotides (2803), or alternatively, contain modified
nucleotides less frequently than the corresponding recognition sites of the nucleic acids
targeted for depletion. In the nucleic acids targeted for depletion, the recognition sites
for the modification-sensitive restriction enzyme comprise modified nucleotides within
or adjacent to the restriction site (2804), or alternatively, comprise modified nucleotides
more frequently than the corresponding recognition sites of the nucleic acids of interest.
The modification-sensitive restriction enzyme (2809) cuts its cognate recognition site
when there are one or more modified nucleotides within or adjacent to the recognition
site (2808), and does not cut its cognate recognition site when the recognition site does
not comprise one or more modified nucleotides (2808), thereby targeting the activity of
the modification-sensitive restriction enzyme to the nucleic acids targeted for depletion
(compare 2810 and 2811). In some embodiments, the modification-sensitive restriction
enzyme comprises AbaSI, FspEl, LpnPL, MspJI or McrBC. In some embodiments, the
modification-sensitive restriction enzyme is FspEL In some embodiments, the
modification-sensitive restriction enzyme is MspJI. Digestion of the sample with the
modification-sensitive restriction enzyme (2812) produces nucleic acids targeted for
depletion with terminal phosphates one end (2813) or both the 5” and 3’ ends of the
nucleic acid (2814). In contrast, the nucleic acids of interest, which were not cut by the
modification-sensitive restriction enzyme, do not have exposed terminal phosphates at
the 57 and or 3’ ends of the nucleic acids (compare 2810 with 2813-2814). The sample
is then digested with an exonuclease (2815, digestion step; 2816 exonuclease) which
uses the terminal phosphates in the nucleic acids targeted for depletion to remove

successive nucleotides from the ends of the nucleic acids molecules, thus depleting the
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nucleic acids targeted for depletion from the sample. This depletion can be
accomplished without the use of size selection. Following exonuclease digestion,
adapters are ligated to the nucleic acids of interest (2817), which, lacking terminal
phosphates, have not been digested by the exonuclease. This produces nucleic acids of
interest that are adapter ligated on both ends (2818). These adapters can be used for
downstream applications, for example adapter-mediated PCR amplification, sequencing
(e.g. high throughput sequencing), and quantification of the nucleic acids of interest in
the sample and/or cloning. Alternatively, the adapter ligated nucleic acids of interest are
subjected to one or more of the additional enrichment methods described herein. For
example, the adapter ligated nucleic acids are subjected to additional modification-
dependent enrichment methods of the disclosure (for example, the methods depicted in
FIG. 29). Alternatively, or in addition, the adapter ligated nucleic acids are subjected to
nucleic acid-guided nuclease based enrichment methods of the disclosure (for example,
the methods depicted in FIG. 30).

[005006] Protocol 3: Exemplary methods of the application described herein are
depicted in FIG. 29. A sample of nucleic acids comprising nucleic acids of interest
(2901) and nucleic acids targeted for depletion (2902), and optionally normalization
controls, is adapter-ligated (2905), or is subjected to enrichment methods of the
disclosure (2906) (e.g., the methods depicted in FIG. 27 or FIG. 28) that produce
adapter-ligated nucleic acids of interest (2907) and adapter-ligated nucleic acids
targeted for depletion (2908). In some embodiments, both the nucleic acids of interest
and the nucleic acids targeted for depletion comprise one or more recognition sites for a
modification-sensitive restriction enzyme (2903 and 2904, respectively). In the nucleic
acids of interest, the recognition sites for the modification-sensitive restriction enzyme
do not comprise modified nucleotides (2903), or alternatively, contain modified
nucleotides less frequently than the corresponding recognition sites of the nucleic acids
targeted for depletion. In the nucleic acids targeted for depletion, the recognition sites
for the modification-sensitive restriction enzyme comprise modified nucleotides within
or adjacent to the restriction site (2904), or alternatively, comprise modified nucleotides
more frequently than the corresponding recognition sites of the nucleic acids of interest.
The modification-sensitive restriction enzyme (2909) cuts its cognate recognition site
when there are one or more modified nucleotides within or adjacent to the recognition

site (2908), and does not cut its cognate recognition site when the recognition site does
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not comprise one or more modified nucleotides (2908), thereby targeting the activity of
the modification-sensitive restriction enzyme to the nucleic acids targeted for depletion
(compare 2910 and 2911). In some embodiments, the modification-sensitive restriction
enzyme comprises AbaSI, FspEl, LpnPL, MspJI or McrBC. In some embodiments, the
modification-sensitive restriction enzyme is FspEL In some embodiments, the
modification-sensitive restriction enzyme is MspJI. The sample is digested with the
modification-sensitive restriction enzyme (2911), producing nucleic acids targeted for
depletion that are not adapter ligated (2912), or are adapter ligated on only one end
(2913). This depletes the nucleic acids targeted for depletion by selectively removing
adapters from the nucleic acids targeted for depletion. This depletion can be
accomplished without the use of size selection. In contrast, the nucleic acids of interest,
which were not cut by the modification-sensitive restriction enzyme, are adapter ligated
on both ends (contrast 2910 with 2912-2913). These adapters can be used for
downstream applications, for example adapter-mediated PCR amplification, sequencing
(e.g. high throughput sequencing), and quantification of the nucleic acids of interest in
the sample and/or cloning.

[00507] Protocol 4: Exemplary methods of the application described herein are
depicted in FIG. 30. A plurality of gNAs (3001) are used to target a nucleic acid-guided
nuclease (3002) to nucleic acids targeted for depletion (3003) in a sample of adapter-
ligated nucleic acids. The adapter ligated nucleic acids are generated by any of the
methods of enrichment described herein that use modification-sensitive restriction
enzymes to deplete nucleic acids targeted for depletion from a sample, either before or
after an initial adapter ligation. In this method, the gNAs are specifically targeted to the
nuclei acids targeted for depletion (3003), and not the nucleic acids of interest (3004),
which are therefore not cut by the nucleic acid-guided nuclease (3002). Cleavage by the
nucleic acid-guided nuclease results in nucleic acids targeted for depletion that are
adapter ligated on one end (3005), and nucleic acids of interest that are adapter ligated
on both ends (3003). These adapters can be used for downstream applications, for
example adapter-mediated PCR amplification, sequencing (e.g. high throughput
sequencing), quantification of the nucleic acids of interest in the sample and cloning.
[00508] Any of the methods described herein can be used as a stand-alone
method to deplete nucleic acids targeted for depletion from a sample, thereby enriching

for nucleic acids of interest. Alternatively, the methods described herein can be
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combined to achieve a greater degree of enrichment than any individual method in
alone.

[00509] While particular combinations of methods, and orders of combinations of
methods, are described herein, these are in no way intended to limit the ways in which
the methods of the disclosure can be combined. Any method of enriching a sample for
nucleic acids of interest of the disclosure that produces adapter ligated nucleic acids of
interest as a product of the method can be combined with any additional methods of the
disclosure that use adapter ligated nucleic acids as its starting substrate.

Nucleic Acid-Guided Nuclease based Enrichment Methods

[00510] The disclosure provides nucleic acid-guided nuclease based methods for
enriching for target sequences that can be combined with the normalization controls and
multi-analyte controls, and optionally other methods of enrichment or depletion
described herein. Nucleic acid-guided nuclease based enrichment methods are methods
that employ nucleic acid-guided nucleases to enrich a sample for sequences of interest.
Nucleic acid-guided nuclease based enrichment methods are described in
WO/2016/100955, WO/2017/031360, WO/2017/100343, WO/2017/147345 and
WO/2018/227025 the contents of each of which are herein incorporated by reference in
their entirety.

[00511] Normalization and optionally, multi-analyte controls, can be added to the
sample prior to subjecting the sample to nucleic acid-guided nuclease based methods, or
after. In some embodiments, the normalization controls comprise sequences that are not
the same as the sequences of the targeting sequences of the gNAs described herein.
[00512] The term "nucleic acid-guided nuclease-gNA complex" refers to a
complex comprising a nucleic acid-guided nuclease protein and a guide nucleic acid
(gNA, for example a gRNA or a gDNA). For example, the "Cas9-gRNA complex"
refers to a complex comprising a Cas9 protein and a guide RNA (gRNA). The nucleic
acid-guided nuclease may be any type of nucleic acid-guided nuclease, including but
not limited to a wild type nucleic acid-guided nuclease, a catalytically dead nucleic
acid-guided nuclease, or a nucleic acid-guided nuclease-nickase. When the nucleic-acid
guided nuclease is a CRISPR/Cas nucleic-acid guided nuclease, the complex can be
referred to as a “CRISPR/Cas system protein-gNA complex.”

[00513] Methods of the present disclosure can utilize nucleic acid-guided

nucleases. As used herein, a “nucleic acid-guided nuclease” is any nuclease that cleaves
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DNA, RNA or DNA/RNA hybrids, and which uses one or more guide nucleic acids
(gNAs) to confer specificity. Nucleic acid-guided nucleases include CRISPR/Cas
system proteins as well as non-CRISPR/Cas system proteins. The nucleic acid-guided
nucleases provided herein can be DNA guided DNA nucleases; DNA guided RNA
nucleases; RNA guided DNA nucleases; or RNA guided RNA nucleases. The nucleases
can be endonucleases. The nucleases can be exonucleases. In one embodiment, the
nucleic acid-guided nuclease is a nucleic acid-guided-DNA endonuclease. In one
embodiment, the nucleic acid-guided nuclease is a nucleic acid-guided-RNA
endonuclease.

[00514] In some embodiments, the modification-based enrichment methods and
the nucleic acid-guided nuclease based enrichment methods of the disclosure deplete
different nucleic acids in the sample, thereby achieving a greater degree of enrichment
for the nucleic acids of interest than either approach alone.

[00515] Provided herein are pluralities (interchangeably referred to as libraries,
or collections) of guide nucleic acids (gNAs). In some embodiments, the normalization
controls do not comprise a sequence that is identical to or highly similar to a sequence
of any of the gNAs in the plurality of gNAs.

[00516] The term "guide nucleic acid" refers to a guide nucleic acid (gNA) that is
capable of forming a complex with a nucleic acid guided nuclease, and optionally,
additional nucleic acid(s). The gNA may exist as an isolated nucleic acid, or as part of a
nucleic acid-guided nuclease-gNA complex, for example a Cas9-gRNA complex.
[00517] As used herein, a plurality of gNAs denotes a mixture of gNAs
containing at least 10? unique gNAs. In some embodiments a plurality of gNAs contains
at least 10% unique gNAs, at least 10° unique gNAs, at least 10* unique gNAs, at least
10° unique gNAs, at least 10° unique gNAs, at least 107 unique gNAs, at least 108
unique gNAs, at least 10° unique gNAs or at least 10! unique gNAs. In some
embodiments a collection of gNAs contains a total of at least 10% unique gNAs, at least
10° unique gNAs, at least 10* unique gNAs or at least 10° unique gNAs.

[00518] In some embodiments, a collection of gNAs comprises a first NA
segment comprising a targeting sequence; and a second NA segment comprising a
nucleic acid-guided nuclease system (e.g., CRISPR/Cas system) protein-binding
sequence. In some embodiments, the first and second segments are in 5'- to 3'-order’. In

some embodiments, the first and second segments are in 3'- to 5'-order’.
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[00519] In some embodiments, the size of the first segment varies from 12-100
bp, 12-75 bp, 12-50 bp, 12-30 bp, 12-25 bp, 12-22 bp, 12-20 bp, 12-18 bp, 12-16 bp,
14-250 bp, 14-100 bp, 14-75 bp, 14-50 bp, 14-30 bp, 14-25 bp, 14-22 bp, 14-20 bp, 14-
18 bp, 14-17 bp,14-16 bp, 15-250 bp, 15-100 bp, 15-75 bp, 15-50 bp, 15-30 bp, 15-25
bp, 15-22 bp, 15-20 bp, 15-18 bp, 15-17 bp, 15-16 bp, 16-250 bp, 16-100 bp, 16-75 bp,
16-50 bp, 16-30 bp, 16-25 bp, 16-22 bp, 16-20 bp, 16-18 bp, 16-17 bp, 17-250 bp, 17-
100 bp, 17-75 bp, or 17-50 bp, 17-30 bp, 17-25 bp, 17-22 bp, 17-20 bp, 17-18 bp, 18-
250 bp, 18-100 bp, 18-75 bp, 18-50 bp, 18-30 bp, 18-25 bp, 18-22 bp, 18-20 bp, 19-250
bp, 19-100 bp, 19-75 bp, or 19-50 bp, 19-30 bp, 19-25 bp, or 19-22 bp across the
plurality of gNAs. In some particular embodiments, the size of the first segment is 15
bp, 16 bp, 17 bp, 18 bp, 19 bp, or 20 bp.

[00520] In some embodiments, at least 10%, or at least 15%, or at last 20%, or at
least 25%, or at least 30%, or at least 35%, or at least 40%, or at least 45%, or at least
50%, or at least 55%, or at least 60%, or at least 65%, or at least 70%, or at least 75%,
or at least 80%, or at least 85%, or at least 90%, or at least 95%, or 100% of the first
segments in the plurality are 15-50 bp.

[00521] In some embodiments, the plurality of gNAs comprises targeting
sequences which can base-pair with a target sequence in the nucleic acids targeted for
depletion, wherein the target sequence in the nucleic acids targeted for depletion is
spaced at least every 1 bp, at least every 2 bp, at least every 3 bp, at least every 4 bp, at
least every 5 bp, at least every 6 bp, at least every 7 bp, at least every 8 bp, at least
every 9 bp, at least every 10 bp, at least every 11 bp, at least every 12 bp, at least every
13 bp, at least every 14 bp, at least every 15 bp, at least every 16 bp, at least every 17
bp, at least every 18 bp, at least every 19 bp, 20 bp, at least every 25 bp, at least every
30 bp, at least every 40 bp, at least every 50 bp, at least every 100 bp, at least every 200
bp, at least every 300 bp, at least every 400 bp, at least every 500 bp, at least every 600
bp, at least every 700 bp, at least every 800 bp, at least every 900 bp, at least every 1000
bp, at least every 2500 bp, at least every 5000 bp, at least every 10,000 bp, at least every
15,000 bp, at least every 20,000 bp, at least every 25,000 bp, at least every 50,000 bp, at
least every 100,000 bp, at least every 250,000 bp, at least every 500,000 bp, at least
every 750,000bp, or even at least every 1,000,000 bp across a genome or transcriptome

targeted for depletion in the sample.
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[00522] In some embodiments, the plurality of gNAs comprises a first NA
segment comprising a targeting sequence; and a second NA segment comprising a
nucleic acid-guided nuclease system (e.g., CRISPR/Cas system) protein-binding
sequence, wherein the gNAs in the plurality can have a variety of second NA segments
with various specificities for protein members of the nucleic acid-guided nuclease
system (e.g., CRISPR/Cas system). For example a collection of gNAs as provided
herein, can comprise members whose second segment comprises a nucleic acid-guided
nuclease system (e.g., CRISPR/Cas system) protein-binding sequence specific for a first
nucleic acid-guided nuclease system (e.g., CRISPR/Cas system) protein; and also
comprises members whose second segment comprises a nucleic acid-guided nuclease
system (e.g., CRISPR/Cas system) protein-binding sequence specific for a second
nucleic acid-guided nuclease system (e.g., CRISPR/Cas system) protein, wherein the
first and second nucleic acid-guided nuclease system (e.g., CRISPR/Cas system)
proteins are not the same. In some embodiments, a plurality of gNAs as provided
herein comprises members that exhibit specificity for a Cas9 protein and another protein
selected from the group consisting of Cpfl, Cas3, Cas8a-c, Casl10, CasX, CasY, Casl3,
Casl4, Csel, Csyl, Csn2, Cas4, Csm2, and Cm5. The order of the first NA segment
comprising a targeting sequence and the second NA segment comprising a nucleic acid-
guided nuclease system protein-binding sequence will depend on the nucleic acid-
guided nuclease system protein. The appropriate 5’ to 3° arrangement of the first and
second NA segments and choice of nucleic acid-guided nuclease system proteins will be
apparent to one of ordinary skill in the art.

[00523] In some embodiments the gNAs comprise DNA and RNA. In some
embodiments, the gNAs consist of DNA (gDNAs). In some embodiments, the gNAs
consist of RNA (gRNAs).

[00524] In some embodiments, the gNA comprises a gRNA and the gRNA
comprises two sub-segments, which encode for a crRNA and a tracrRNA. In some
embodiment, the crRNA does not comprise the targeting sequences plus the extra
sequence which can hybridize with tracrRNA. In some embodiments, the crRNA
comprises an extra sequence which can hybridize with tracrRNA. In some
embodiments, the two sub-segments are independently transcribed. In some
embodiments, the two sub-segments are transcribed as a single unit. In some

embodiments, the DNA encoding the crRNA comprises the targeting sequence 5’ of the
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sequence GTTTTAGAGCTATGCTGTTTTG (SEQ ID NO: 1). In some embodiments,
the DNA encoding the tracrRNA comprises the sequence
GGAACCATTCAAAACAGCATAGCAAGTTAAAATAAGGCTAGTCCGTTATCA
ACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTT (SEQ ID NO: 2).

[00525] As used herein, a targeting sequence is one that directs the gNA to a
target sequence in a nucleic acid targeted for depletion in a sample. For example, a
targeting sequence targets any of the non-host sequences described herein.

[00526] Provided herein are gNAs and pluralities of gNAs that comprise a
segment that comprises a targeting sequence.

[00527] In some embodiments, the targeting sequence comprises or consists of
DNA. In some embodiments, the targeting sequence comprises or consists of RNA.
[00528] In some embodiments, the targeting sequence comprises RNA, and
shares at least 70% sequence identity, at least 75% sequence identity, at least 80%
sequence identity, at least 85% sequence identity, at least 90% sequence identity, at
least 95% sequence identity, or shares 100% sequence identity to a sequence 5’ to a
PAM sequence on a sequence of interest, except that the RNA comprises uracils instead
of thymines. In some embodiments, the targeting sequence comprises RNA, and shares
at least 70% sequence identity, at least 75% sequence identity, at least 80% sequence
identity, at least 85% sequence identity, at least 90% sequence identity, at least 95%
sequence identity, or shares 100% sequence identity to a sequence 3’ to a PAM
sequence on a sequence of interest, except that the RNA comprises uracils instead of
thymines. In some embodiments, the PAM sequence is AGG, CGG, TGG, GGG or
NAG. In some embodiments, the PAM sequence is TTN, TCN or TGN.

[00529] In some embodiments, the targeting sequence comprises RNA and is
complementary to the strand opposite to a sequence of nucleotides 5’ to a PAM
sequence. In some embodiments, the targeting sequence is at least 70%
complementary, at least 75% complementary, at least 80% complementary, at least 85%
complementary, at least 90% complementary, at least 95% complementary, or is 100%
complementary to the strand opposite to a sequence of nucleotides 5’ to a PAM
sequence. In some embodiments, the targeting sequence comprises RNA and is
complementary to the strand opposite to a sequence of nucleotides 3’ to a PAM
sequence. In some embodiments, the targeting sequence is at least 70%

complementary, at least 75% complementary, at least 80% complementary, at least 85%
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complementary, at least 90% complementary, at least 95% complementary, or is 100%
complementary to the strand opposite to a sequence of nucleotides 3’ to a PAM
sequence. In some embodiments, the PAM sequence is AGG, CGG, TGG, GGG or
NAG. In some embodiments, the PAM sequence is TTN, TCN or TGN.

[00530] Different CRISPR/Cas system proteins recognize different PAM
sequences. PAM sequences can be located 5” or 3’ of a targeting sequence. For
example, Cas9 can recognize an NGG PAM located on the immediate 3' end of a
targeting sequence. Cpfl can recognize a TTN PAM located on the immediate 5' end of
a targeting sequence. All PAM sequences recognized by all CRISPR/Cas system
proteins are envisaged as being within the scope of the disclosure. It will be readily
apparent to one of ordinary skill in the art which PAM sequences are compatible with a
particular CRISPR/Cas system protein.

[00531] Provided herein are gNAs and pluralities of gNAs comprising a segment
that comprises a nucleic acid-guided nuclease protein-binding sequence. The nucleic
acid-guided nuclease can be a nucleic acid-guided nuclease system protein (e.g.,
CRISPR/Cas system). A nucleic acid-guided nuclease system can be an RNA-guided
nuclease system. A nucleic acid-guided nuclease system can be a DNA-guided nuclease
system.

[00532] A nucleic acid-guided nuclease protein-binding sequence is a nucleic
acid sequence that binds any protein member of a nucleic acid-guided nuclease system.
For example, a CRISPR/Cas protein-binding sequence is a nucleic acid sequence that
binds any protein member of a CRISPR/Cas system.

[00533] In some embodiments, CRISPR/Cas system proteins can be from any
bacterial or archaeal species. In some embodiments, the CRISPR/Cas system protein is
isolated, recombinantly produced, or synthetic. In some embodiments, examples of
CRISPR/Cas system proteins can be naturally occurring or engineered versions.

In some embodiments, nucleic acid-guided nuclease system proteins (e.g., CRISPR/Cas
system proteins) can be from any bacterial or archaeal species. In some embodiments,
naturally occurring CRISPR/Cas system proteins can belong to CAS Class I Type I, 111,
or IV, or CAS Class II Type Il or V, and can include Cas9, Cas3, Cas8a-c, CaslO0,
CasX, CasY, Casl3, Casl4, Csel, Csyl, Csn2, Cas4, Csm2, Cmr5, Csf1, C2¢2, and
Cpf1. In an exemplary embodiment, the CRISPR/Cas system protein comprises Cas9.

In an exemplary embodiment, the CRISPR/Cas system protein comprises Cpfl.
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[00534] In some embodiments, the nucleic acid-guided nuclease system proteins
(e.g., CRISPR/Cas system proteins) are from, or are derived from nucleic acid-guided
nuclease system proteins (e.g., CRISPR/Cas system proteins) from Streptococcus
pyogenes, Staphylococcus aureus, Neisseria meningitidis, Streptococcus thermophiles,
Treponema denticola, Francisella tularensis, Pasteurella multocida, Campylobacter
Jejuni, Campylobacter lari, Mycoplasma gallisepticum, Nitratifractor salsuginis,
Parvibaculum lavamentivorans, Roseburia intestinalis, Neisseria cinereq,
Gluconacetobacter diazotrophicus, Azospirillum, Sphaerochaeta globus,
Flavobacterium columnare, Fluviicola taffensis, Bacteroides coprophilus, Mycoplasma
mobile, Lactobacillus farciminis, Streptococcus pasteurianus, Lactobacillus johnsonii,
Staphylococcus pseudintermedius, Filifactor alocis, Legionella pneumophila, Suterella
wadsworthensis Corynebacter diphtheria, Acidaminococcus, Lachnospiraceae
bacterium or Prevotella.

[00535] In some embodiments, the nucleic acid-guided nuclease system protein-
binding sequence comprises a gNA (e.g., gRNA) stem-loop sequence. Different
CRISPR/Cas system proteins are compatible with different nucleic acid-guided
nuclease system protein-binding sequences. It will be readily apparent to one of
ordinary skill in the art which CRISPR/Cas system proteins are compatible with which
nucleic acid-guided nuclease system protein-binding sequences.

[00536] In some embodiments, a double-stranded DNA sequence encoding the
gNA (e.g., gRNA) stem-loop sequence comprises the following DNA sequence on one
strand (57>3,
GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTT
GAAAAAGTGGCACCGAGTCGGTGCTTTTTTT) (SEQ ID NO: 3), and its reverse-
complementary DNA on the other strand (5’>3,
AAAAAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCC
TTATTTTAACTTGCTATTTCTAGCTCTAAAAC) (SEQ ID NO: 4).

[00537] In some embodiments, a single-stranded DNA sequence encoding the
gNA (e.g., gRNA) stem-loop sequence comprises the following DNA sequence: (5>3°,
AAAAAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCC
TTATTTTAACTTGCTATTTCTAGCTCTAAAAC) (SEQ ID NO: 4), wherein the

single-stranded DNA serves as a transcription template.
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[00538] In some embodiments, the gNA (e.g., gRNA) stem-loop sequence
comprises the following RNA sequence: (57>3,
GUUUUAGAGCUAGAAAUAGCAAGUUAAAAUAAGGCUAGUCCGUUAUCAA
CUUGAAAAAGUGGCACCGAGUCGGUGCUUUUUUU) (SEQ ID NO: 5).

[00539] In some embodiments, a double-stranded DNA sequence encoding the
gNA (e.g., gRNA) stem-loop sequence comprises the following DNA sequence on one
strand (57>3,
GTTTTAGAGCTATGCTGGAAACAGCATAGCAAGTTAAAATAAGGCTAGTCC
GTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTTC) (SEQ ID NO:
6), and its reverse-complementary DNA on the other strand (5’>3,
GAAAAAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGC
CTTATTTTAACTTGCTATGCTGTTTCCAGCATAGCTCTAAAAC) (SEQ ID NO:
7).

[00540] In some embodiments, a single-stranded DNA sequence encoding the
gNA (e.g., gRNA) stem-loop sequence comprises the following DNA sequence: (5>3°,
GAAAAAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGC
CTTATTTTAACTTGCTATGCTGTTTCCAGCATAGCTCTAAAAC) (SEQ ID NO:
7), wherein the single-stranded DNA serves as a transcription template.

[00541] In some embodiments, the gNA (e.g., gRNA) stem-loop sequence
comprises the following RNA sequence: (57>3,
GUUUUAGAGCUAUGCUGGAAACAGCAUAGCAAGUUAAAAUAAGGCUAGU
CCGUUAUCAACUUGAAAAAGUGGCACCGAGUCGGUGCUUUUUUUC) (SEQ
ID NO: 8).

[00542] In some embodiments, the CRISPR/Cas system protein is a Cpf1 protein.
In some embodiments, the Cpf1 protein is isolated or derived from Franciscella species
or Acidaminococcus species. In some embodiments, the gNA (e.g., gRNA)
CRISPR/Cas system protein-binding sequence comprises the following RNA sequence:
(5>3’, AAUUUCUACUGUUGUAGAU) (SEQ ID NO: 9).

[00543] In some embodiments, the CRISPR/Cas system protein is a Cpf1 protein.
In some embodiments, the Cpf1 protein is isolated or derived from Franciscella species
or Acidaminococcus species. In some embodiments, a DNA sequence encoding the
gNA (e.g., gRNA) CRISPR/Cas system protein-binding sequence comprises the

following DNA sequence: (5'>3’, AATTTCTACTGTTGTAGAT) (SEQ ID NO: 10).
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In some embodiments, the DNA is single stranded. In some embodiments, the DNA is
double stranded.

[00544] In some embodiments, provided herein is a gNA (e.g., gRNA)
comprising a first NA segment comprising a targeting sequence and a second NA
segment comprising a nucleic acid-guided nuclease (e.g., CRISPR/Cas) system protein-
binding sequence. In some embodiments, the size of the first segment is 15 bp, 16 bp,
17 bp, 18 bp, 19 bp or 20 bp. In some embodiments, the second segment comprises a
single segment, which comprises the gRNA stem-loop sequence. In some embodiments,
the gRNA stem-loop sequence comprises the following RNA sequence: (57>3,
GUUUUAGAGCUAGAAAUAGCAAGUUAAAAUAAGGCUAGUCCGUUAUCAA
CUUGAAAAAGUGGCACCGAGUCGGUGCUUUUUUU) (SEQ ID NO: 5). In some
embodiments, the gRNA stem-loop sequence comprises the following RNA sequence:
(573",
GUUUUAGAGCUAUGCUGGAAACAGCAUAGCAAGUUAAAAUAAGGCUAGU
CCGUUAUCAACUUGAAAAAGUGGCACCGAGUCGGUGCUUUUUUUC) (SEQ
ID NO: 8). In some embodiments, the second segment comprises two sub-segments: a
first RNA sub-segment (crRNA) that forms a hybrid with a second RNA sub-segment
(tracrRNA), which together act to direct nucleic acid-guided nuclease (e.g.,
CRISPR/Cas) system protein binding. In some embodiments, the sequence of the
second sub-segment comprises GUUUUAGAGCUAUGCUGUUUUG. In some
embodiments, the first RNA segment and the second RNA segment together form a
crRNA sequence. In some embodiments, the other RNA that will form a hybrid with the
second RNA segment is a tractRNA. In some embodiments the tractrRNA comprises the
sequence of 5’>3’,
GGAACCAUUCAAAACAGCAUAGCAAGUUAAAAUAAGGCUAGUCCGUUAU
CAACUUGAAAAAGUGGCACCGAGUCGGUGCUUUUUUU (SEQ ID NO: 11).
[00545] In some embodiments, provided herein is a gNA (e.g., gRNA)
comprising a first NA segment comprising a targeting sequence and a second NA
segment comprising a nucleic acid-guided nuclease (e.g., CRISPR/Cas) system protein-
binding sequence. In some embodiments, for example those embodiments wherein the
CRISPR/Cas system protein is a Cpf1 system protein, the second segment is 5 of the
first segment. In some embodiments, the size of the first segment is 20 bp. In some

embodiments, the size of the first segment is greater than 20 bp. In some embodiments,
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the size of the first segment is greater than 30 bp. In some embodiments, the second
segment comprises a single segment, which comprises the gRNA stem-loop sequence.
In some embodiments, the gRNA stem-loop sequence comprises the following RNA
sequence: (5'>3°, AAUUUCUACUGUUGUAGAU) (SEQ ID NO: 9).

[005406] A CRISPR/Cas system protein may be at least 60% identical (e.g., at
least 70%, at least 80%, or 90% identical, at least 95% identical or at least 98%
identical or at least 99% identical) to a wild type CRISPR/Cas system protein. The
CRISPR/Cas system protein may have all the functions of a wild type CRISPR/Cas
system protein, or only one or some of the functions, including binding activity and
nuclease activity.

[00547] The term “CRISPR/Cas system protein-associated guide NA" refers to a
guide NA (gNA). The CRISPR/Cas system protein -associated guide NA may exist as
isolated NA, or as part of a CRISPR/Cas system protein-gNA complex.

[00548] In some embodiments, the CRISPR/Cas system protein is an RNA-
guided DNA nuclease. In some embodiments, the DNA cleaved by the CRISPR/Cas
system protein is double stranded. Exemplary RNA-guided DNA nucleases that cut
double stranded DNA include, but are not limited to Cas9, Cpfl, CasX and CasY.
Further exemplary RNA-guided DNA nucleases include Cas10, Csm2, Csm3, Csm4,
and Csm5. In some embodiments, Cas10, Csm2, Csm3, Csm4, and Csm5 form a
ribonucleoprotein complex with a gRNA.

In some embodiments, the CRISPR/Cas System protein nucleic acid-guided nuclease is
or comprises Cas9. The Cas9 of the present disclosure can be isolated, recombinantly
produced, or synthetic. In some embodiments, the Cas9 protein is thermostable.
Examples of Cas9 proteins that can be used in the embodiments herein can be found in
F.A. Ran, L. Cong, W.X. Yan, D. A. Scott, J.S. Gootenberg, A.J. Kriz, B. Zetsche, O.
Shalem, X. Wu, K.S. Makarova, E.V. Koonin, P.A. Sharp, and F. Zhang; “/n vivo
genome editing using Staphylococcus aureus Cas9,” Nature 520, 186—191 (09 April
2015) doi:10.1038/nature14299, which is incorporated herein by reference. In some
embodiments, the Cas9 is a Type II CRISPR system derived from Streptococcus
pyogenes, Staphylococcus aureus, Neisseria meningitidis, Streptococcus thermophiles,
Treponema denticola, Francisella tularensis, Pasteurella multocida, Campylobacter
Jejuni, Campylobacter lari, Mycoplasma gallisepticum, Nitratifractor salsuginis,

Parvibaculum lavamentivorans, Roseburia intestinalis, Neisseria cinereq,
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Gluconacetobacter diazotrophicus, Azospirillum, Sphaerochaeta globus,
Flavobacterium columnare, Fluviicola taffensis, Bacteroides coprophilus, Mycoplasma
mobile, Lactobacillus farciminis, Streptococcus pasteurianus, Lactobacillus johnsonii,
Staphylococcus pseudintermedius, Filifactor alocis, Legionella pneumophila, Suterella
wadsworthensis, or Corynebacter diphtheria.

[00549] In some embodiments, the Cas9 is a Type II CRISPR system derived
from S. pyogenes and the PAM sequence is NGG located on the immediate 3' end of the
target specific guide sequence. The PAM sequences of Type II CRISPR systems from
exemplary bacterial species can also include: Streptococcus pyogenes (NGG), Staph
aureus (NNGRRT), Neisseria meningitidis (NNNNGATT), Streptococcus thermophilus
(NNAGAA) and Treponema denticola (NAAAAC), which are all usable without
deviating from the present disclosure.

[00550] In one exemplary embodiment, Cas9 sequence can be obtained, for
example, from the pX330 plasmid (available from Addgene), re-amplified by PCR then
cloned into pET30 (from EMD biosciences) to express in bacteria and purify the
recombinant 6His tagged protein.

[00551] A “Cas9-gNA complex” refers to a complex comprising a Cas9 protein
and a guide NA. A Cas9 protein may be at least 60% identical (e.g., at least 70%, at
least 80%, or 90% identical, at least 95% identical or at least 98% identical or at least
99% identical) to a wild type Cas9 protein, e.g., to the Streptococcus pyogenes Cas9
protein. The Cas9 protein may have all the functions of a wild type Cas9 protein, or
only one or some of the functions, including binding activity, nuclease activity, and

nuclease activity.

[00552] The term “Cas9-associated guide NA” refers to a guide NA as described
above. The Cas9-associated guide NA may exist isolated, or as part of a Cas9-gNA
complex.

[00553] In some embodiments, the CRISPR/Cas system protein nucleic acid-

guided nuclease is or comprises a Cpf1 system protein. Cpfl system proteins of the
present disclosure can be isolated, recombinantly produced, or synthetic. In some
embodiments, the Cpf1 protein is thermostable.

[00554] Cpf1 system proteins are Class II, Type V CRISPR system proteins. In

some embodiments, the Cpf1 protein is isolated or derived from Francisella tularensis.
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In some embodiments, the Cpf1 protein is isolated or derived from Acidaminococcus,
Lachnospiraceae bacterium or Prevotella.

[00555] Cpf1 system proteins bind to a single guide RNA comprising a nucleic
acid-guided nuclease system protein-binding sequence (e.g., stem-loop) and a targeting
sequence. The Cpfl targeting sequence comprises a sequence located immediately 3’ of
a Cpfl PAM sequence in a target nucleic acid. Unlike Cas9, the Cpf1 nucleic acid-
guided nuclease system protein-binding sequence is located 5 of the targeting sequence
in the Cpf1 gRNA. Cpfl can also produce staggered rather than blunt ended cuts in a
target nucleic acid. Following targeting of the Cpf1 protein-gRNA protein complex to a
target nucleic acid, Francisella derived Cpfl, for example, cleaves the target nucleic
acid in a staggered fashion, creating an approximately 5 nucleotide 5° overhang 18-23
bases away from the PAM at the 3’ end of the targeting sequence. In contrast, cutting by
a wild type Cas9 produces a blunt end 3 nucleotides upstream of the Cas9 PAM.
[00556] An exemplary Cpfl gRNA stem-loop sequence comprises the following
RNA sequence: (5>3’, AAUUUCUACUGUUGUAGAU) (SEQ ID NO: 9).

[00557] A “Cpf1 protein-gNA complex" refers to a complex comprising a Cpfl
protein and a guide NA (e.g. a gRNA). Where the gNA is a gRNA, the gRNA may be
composed of a single molecule, 7.e., one RNA ("crRNA") which hybridizes to a target
and provides sequence specificity.

[00558] A Cpfl protein may be at least 60% identical (e.g., at least 70%, at least
80%, or 90% identical, at least 95% identical or at least 98% identical or at least 99%
identical) to a wild type Cpfl protein. The Cpf1 protein may have all the functions of a
wild type Cpf1 protein, or only one or some of the functions, including binding activity
and nuclease activity.

[00559] Cpf1 system proteins recognize a variety of PAM sequences. Exemplary
PAM sequences recognized by Cpf1 system proteins include, but are not limited to
TTN, TCN and TGN. Additional Cpf1 PAM sequences include, but are not limited to
TTTN. One feature of Cpf1 PAM sequences is that they have a higher A/T content than
the NGG or NAG PAM sequences used by Cas9 proteins.

Computer Systems and Software
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[00560] The methods described herein may be used in the context of a computer
system or as part of software or computer-executable instructions that are stored in a
computer-readable storage medium.

[00561] In some embodiments, a system (e.g., a computer system) may be used
to implement certain features of some of the embodiments of the invention.

[00562] In certain embodiments, the system may include one or more memory
and/or storage devices. The memory and storage devices may be one or more computer-
readable storage media that may store computer-executable instructions that implement
at least portions of the various embodiments of the invention.

[00563] Provided herein is a system for designing a plurality of normalization
control polynucleotide sequences. In some embodiments, the system comprises a
computer-readable storage medium which stores computer-executable instructions
comprising: (1) instructions for importing at least one reference sequence; (i)
instructions for generating a plurality of reference sequence fragments from at least one
reference sequence; (iii) instructions for generating a distribution of at least one
parameter as a function of number of reference sequence fragments; (iv) instructions for
dividing the distribution into bins; (v) instructions for selecting a plurality of reference
sequence fragment from at least a subset of the bins; and (vi) instructions for shuffling
the plurality of reference sequence fragments to generate shuffled sequences; thereby
generating a plurality of normalization polynucleotide sequences. In some embodiments
the system comprises a computer-readable storage medium which stores computer-
executable instructions comprising: (1) instructions for importing at least one reference
sequence; (i1) instructions for generating a plurality of reference sequence fragments
from at least one reference sequence; (iii) instructions for generating a distribution of at
least one parameter as a function of number of reference sequence fragments; (iv)
instructions for dividing the distribution into bins; (v) instructions for selecting at least
two reference sequence fragments from each of at least a subset of the bins, wherein the
at least two reference sequence fragments are either non-contiguous in the reference
sequence, or from different reference sequences; and (vi) instructions for concatenating
the at least two reference sequence fragments from each bin; thereby generating a
plurality of normalization polynucleotide sequences. In some embodiments, the system
further comprises a processor which is configured to perform steps comprising: (a)

receiving a set of input files comprising the at least at least one reference sequence; and
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(b) executing the computer-executable instructions stored in the computer-readable
storage medium. In some embodiments, the parameter comprises least one of (1)
percent GC content, (2) entropy, (3) complexity, (4) EIIP, (5) length, or a combination
thereof.

[00564] The computing system may include one or more central processing units
(“processors”), memory, input/output devices, e.g. keyboard and pointing devices,
touch devices, display devices, storage devices, e.g. disk drives, and network adapters,
e.g. network interfaces, that are connected to an interconnect. The interconnect is an
abstraction that represents any one or more separate physical buses, point-to-point
connections, or both, connected by appropriate bridges, adapters, or controllers. The
interconnect, therefore, may include, for example a system bus, a peripheral component
interconnect (PCI) bus or PCI-Express bus, a HyperTransport or industry standard
architecture (ISA) bus, a small computer system interface (SCSI) bus, a universal serial
bus (USB), IIC (12C) bus, or an Institute of Electrical and Electronics Engineers (IEEE)
standard 1394 bus, also referred to as Firewire.

[00565] In addition, data structures and message structures may be stored or
transmitted via a data transmission medium, e.g. a signal on a communications link.
Various communications links may be used, e.g. the Internet, a local area network, a
wide area network, or a point-to-point dial-up connection. Thus, computer readable
media can include computer-readable storage media, e.g. non-transitory media, and
computer-readable transmission media.

[00566] The instructions stored in memory can be implemented as software
and/or firmware to program one or more processors to carry out the actions described
above. In some embodiments of the invention, such software or firmware may be
initially provided to the processing system by downloading it from a remote system
through the computing system, e.g. via the network adapter.

[00567] The various embodiments of the invention introduced herein can be
implemented by, for example, programmable circuitry, e.g. one or more
microprocessors, programmed with software and/or firmware, entirely in special-
purpose hardwired, i.e. non-programmable, circuitry, or in a combination of such forms.
Special purpose hardwired circuitry may be in the form of, for example, one or more

ASICs, PLDs, FPGAs, etc.
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[00568] Some portions of the detailed description may be presented in terms of
algorithms, which may be symbolic representations of operations on data bits within a
computer memory. These algorithmic descriptions and representations are those
methods used by those skilled in the data processing arts to most effectively convey the
substance of their work to others skilled in the art. An algorithm is here, and generally,
conceived to be a self-consistent sequence of operations leading to a desired result. The
operations are those requiring physical manipulations of physical quantities. Usually,
though not necessarily, these quantities take the form of electrical or magnetic signals
capable of being stored, transferred, combined, compared, and otherwise manipulated.
It has proven convenient at times, principally for reasons of common usage, to refer to
these signals as bits, values, elements, symbols, characters, terms, numbers, or the like.
[00569] The algorithms and displays presented herein are not inherently related
to any particular computer or other apparatus. Various general purpose systems may be
used with programs in accordance with the teachings herein, or it may prove convenient
to construct more specialized apparatus to perform the methods of some embodiments.
[00570] Moreover, while embodiments have been described in the context of
fully functioning computers and computer systems, those skilled in the art will
appreciate that the various embodiments are capable of being distributed as a program
product in a variety of forms, and that the disclosure applies equally regardless of the
particular type of machine or computer-readable media used to actually effect the
distribution.

[00571] Further examples of machine-readable storage media, machine-readable
media, or computer-readable (storage) media include but are not limited to recordable
type media such as volatile and non-volatile memory devices, floppy and other
removable disks, hard disk drives, optical disks (e.g., Compact Disk Read-Only
Memory (CD ROMS), Digital Versatile Disks, (DVDs), etc.), among others, and

transmission type media such as digital and analog communication links.

Kits and Articles of Manufacture

[00572] Provided herein are kits and articles of manufacture comprising any one
or more of the normalization control compositions described herein and/or reagents
used for making or using any of the normalization control compositions described

herein. In some embodiments, an exemplary kit comprises a DNA normalization
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control composition described herein. In some embodiments, an exemplary kit
comprises an RNA normalization control composition described herein. In some
embodiments, an exemplary kit comprises a combination of DNA and RNA
normalization control compositions described herein. In some embodiments, the kit
further comprises instructions for using the normalization control compositions, for
example, instructions for dilution, concentrations, and adding the normalization controls
to the sample.

[00573] In some embodiments of the kits described herein, the kit comprises any
one or more of the multi-analyte controls of the disclosure, and reagents for their use. In
some embodiments, the kit further comprises instructions for using the multi-analyte
controls, for example, instructions for dilution, concentrations, and adding the multi-
analyte controls to the sample, or processing the multi-analyte controls in parallel with a
sample. Exemplary multi-analyte controls provided with a kit of the disclosure include
the multi-analyte control comprising at least three species of organisms that have been
inactivated. In some embodiments, the kit further comprises reagents for diluting the
multi-analyte controls. In some embodiments, the kit further comprises instructions for
use of the multi-analyte controls.

[00574] In some embodiments, the kit comprises normalization controls, multi-
analyte controls, as well as reagents and instructions for their use. In some
embodiments, the kit further comprises positive controls. Exemplary positive controls
include inactivated organisms at known concentration (e.g., 1 IU/mL, 10 IU/mL, 100
IU/mL, 1,000 IU/mL, 10,000 IU/mL, 100,000 IU/mL or 1,000,000 IU/mL) that can
used to positively control for or calibrate the normalization controls and multi-analyte
controls described herein. In some embodiments, the positive controls comprise viruses,
bacteria, fungi, single-celled eukaryotes or any combination thereof.

[00575] Provided herein are kits and articles of manufacture comprising any one
or more the reagents used to deplete a sample of sequences targeted for depletion, or
enrich a sample for sequences of interest prior to NGS sequencing, as described herein.
In some embodiments, the kits comprise any one or more of the compositions described
herein, not limited to adapters, gNAs (e.g., gRNAs or gDNAs), gNA collections (e.g.,
gRNA or gDNA pluralities), modification-sensitive restriction enzymes, controls and

the like.
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[00576] In exemplary embodiments, the kit comprises gRNAs wherein the
gRNAs are targeted to any host genomic or cDNA sequence described herein. In further
exemplary embodiments, the kit comprises of gRNAs wherein the gRNAs are targeted
to human genomic or other sources of DNA sequences.

[00577] The present disclosure also provides all essential reagents and
instructions for carrying out the methods of enriching a sample for nucleic acids of
interest using differences in nucleotide modification, as described herein.

[00578] The present disclosure also provides kits comprising normalization
controls, multi-analyte controls, reagents used to deplete a sample of sequences targeted
for depletion, or enrich a sample for sequences of interest prior to NGS sequencing, as
well as reagents and instructions for their use.

[00579] Also provided herein is computer software monitoring the information
before and after enriching a sample using the methods provided herein. In one
exemplary embodiment, the software can compute and report the abundance of
sequences of nucleic acids targeted for depletion in the sample before and after applying
the methods described herein, to assess the level of off-target depletion, and wherein the
software can check the efficacy of targeted-
depletion/encrichment/capture/partitioning/labeling/regulation/editing by comparing the
abundance of the sequence of interest before and after processing the sample using the
methods of enrichment provided herein.

[00580] In some embodiments of the kits of the disclosure, the kits comprise both
normalization controls, multi-analyte controls, reagents for sample enrichment and/or
depletion, instructions for their use, and reagents for their use such as acceptable
diluents.

[00581] In some embodiments of the kits of the disclosure, the multi-analyte
controls comprise or consists of a mixture of 11 species of virus. In some embodiments,
the viruses consist of Cytomegalovirus (CMV), Epstein-Barr Virus (EBV), Adenovirus
(ADV), BK Virus (BKYV), JC Polyomavirus (JCV), Human Herpesvirus 6A (HHV6A),
Human Herpesvirus 6B (HHV6B), Herpes simplex Virus type 1 (HSV1), Herpes
simplex Virus type 2 (HSV2), Varicella-Zoster Virus (VZV) and Human Parvovirus
B19 (B19).

[00582] In some embodiments of the kits of the disclosure, the multi-analyte

controls comprise or consists of a mixture of 10 species of virus. In some embodiments,
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the viruses consist of CMV, EBV, ADV, BKV, JCV, HHV6A, HHV6B, HSV1, HSV2
and VZV.

[00583] Every maximum numerical limitation given throughout this disclosure
includes every lower numerical limitation, as if such lower numerical limitations were
expressly written herein. Every minimum numerical limitation given throughout this
disclosure will include every higher numerical limitation, as if such higher numerical
limitations were expressly written herein. Every numerical range given throughout this
disclosure will include every narrower numerical range that falls within such broader
numerical range, as if such narrower numerical ranges were all expressly written herein.
[00584] The values disclosed herein are not to be understood as being strictly
limited to the exact numerical values recited. Instead, unless otherwise specified, each
such value is intended to mean both the recited value and a functionally equivalent
range surrounding that value. For example, a value disclosed as “20 um” is intended to
mean “about 20 pm.”

[00585] Every document cited herein, including any cross referenced or related
patent or application is hereby incorporated herein by reference in its entirety unless
expressly excluded or otherwise limited. The citation of any document is not an
admission that it is prior art with respect to any invention disclosed or claimed herein or
that it alone, or in any combination with any other reference or references, teaches,
suggests or discloses any such invention. Further, to the extent that any meaning or
definition of a term in this document conflicts with any meaning or definition of the
same term in a document incorporated by reference, the meaning or definition assigned
to that term in this document shall govern.

[00586] While particular embodiments of the disclosure have been illustrated and
described, various other changes and modifications can be made without departing from
the spirit and scope of the disclosure. The scope of the appended claims includes all

such changes and modifications that are within the scope of this disclosure.

ENUMERATED EMBODIMENTS
[00587] The invention may be defined by reference to the following enumerated,
illustrative embodiments:
[00588] 1. A normalization control, comprising at least three groups of

polynucleotides, wherein the polynucleotides within each group are of the same length.
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[00589] 2. The normalization control of embodiment 1, wherein the lengths
of all of the polynucleotides in the normalization control are the same.

[00590] 3. The normalization control of embodiment 1, wherein the
polynucleotides within each group are of a different length when compared to the
polynucleotides within any other group.

[00591] 4. The normalization control of embodiment 3, wherein the lengths
of the groups of polynucleotides are distributed in a linear sequence or a geometric
sequence.

[00592] 5. The normalization control of any one of embodiments 1-4,
wherein the lengths of the polynucleotides in the at least three groups are between about
15 bp and about 50,000 bp.

[00593] 6. The normalization control of any one of embodiments 1-4,
wherein the lengths of the polynucleotides in the at least three groups are between about
500 bp and about 1500 bp.

[00594] 7. The normalization control of any one of embodiments 1-4,
wherein the lengths of the polynucleotides in the at least three groups are between about
100 bp and about 1200 bp.

[00595] 8. The normalization control of any one of embodiments 1-4,
wherein the lengths of polynucleotides in the at least three groups are between about
150 bp and about 600 bp.

[00596] 9. The normalization control of any one of embodiments 1-4,
wherein the at least three groups comprise polynucleotides with lengths selected from:
175 bp, 250 bp and 450 bp; 192 bp, 250 bp and 450 bp; 200 bp, 300 bp and 500 bp; 217
bp, 300 bp and 517 bp; 436 bp, 552 bp and 974 bp; 450 bp, 612 bp and 1034 bp; 510
bp, 626 bp and 1048 bp; and 450 bp, 612 bp and 1034 bp.

[00597] 10. The normalization control of any one of embodiments 1-9,
wherein the polynucleotides within each group comprise the same sequence.

[00598] 11. The normalization control of any one of embodiments 1-9,
wherein the polynucleotides within each group do not comprise the same sequence.
[00599] 12. The normalization control of embodiment 11, wherein each

group of polynucleotides comprises at least three subgroups of polynucleotides,
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[00600] Wherein the polynucleotides within each subgroup comprise the same
sequence, and wherein the polynucleotides within each subgroup do not comprise the
same sequence as any other subgroup.

[00601] 13. The normalization control of any one of embodiments 10-12,
wherein at least one sequence in at least one group of polynucleotides comprises a
component sequence.

[00602] 14. The normalization control of any one of embodiments 10-12,
wherein every sequence in every group of polynucleotides comprises a component
sequence.

[00603] 15. The normalization control of embodiments 13 or 14, wherein the
component sequence of each group of polynucleotides is not the same as the component
sequence of any other group.

[00604] 16. The normalization control of embodiments 12, wherein the
sequence of at least one subgroup of at least one group of polynucleotides comprises a
component sequence.

[00605] 17. The normalization control of embodiment 12, wherein the
sequence of each of the at least three subgroups of at least one group comprises a
component sequence.

[006006] 18. The normalization control of embodiment 12, wherein the
sequence of each subgroup of every group comprises a component sequence.

[00607] 19. The normalization control of embodiments 17 or 18, wherein the
component sequence of each subgroup is not the same as the component sequence of
any other subgroup.

[00608] 20. The normalization control of any one of embodiments 13-19,
wherein the component sequence comprises a sequence of between about 6 bp and
about 3000 bp.

[00609] 21. The normalization control of embodiments 13-20, wherein the
component sequence comprises a random sequence.

[00610] 22. The normalization control of embodiments 10-13, wherein the
sequence of at least one group of polynucleotides comprises an isolated sequence.
[00611] 23. The normalization control of any one of embodiments 10-12,
wherein the sequence of every group of polynucleotides comprises an isolated

sequence.
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[00612] 24, The normalization control of any one of embodiments 12, 13 or
15-17, wherein the sequence of at least one subgroup of at least one group of
polynucleotides comprises an isolated sequence.

[00613] 25. The normalization control of any one of embodiments 12, 13 or
15-17, wherein the sequence of every subgroup of at least one group comprises an
isolated sequence.

[00614] 26. The normalization control of embodiment 12, wherein the
sequence every subgroup of every group comprises an isolated sequence.

[00615] 27. The normalization control of any one of embodiments 25 or 26,
wherein the isolated sequence of each subgroup is not the same as the isolated sequence
of any other subgroup.

[00616] 28. The normalization control of any one of embodiments 22-26,
wherein the isolated sequence comprises a sequence of between about 6 bp and about
200,000 bp, between about 15 bp and about 50,000 bp, between about 500 bp and about
1500 bp, between about 100 bp and about 1200 bp, or between about 150 bp and about
600 bp.

[00617] 29. The normalization control of any one of embodiments 22-28,
wherein the isolated sequence is isolated or derived from a virus, a bacterium, a fungus
or a eukaryotic parasite.

[00618] 30. The normalization control of embodiment 29, wherein the virus is
a T4 bacteriophage (T4) or cytomegalovirus (CMV).

[00619] 31 The normalization control of any one of embodiments 22-30,
wherein the isolated sequence is isolated from a plasmid.

[00620] 32. The normalization control of any one of embodiments 22-31,
wherein the isolated sequence is not the same as at least one target sequence in a
sequencing sample.

[00621] 33. The normalization control of any one of embodiments 1-32,
wherein the sequence of any of the polynucleotides in the normalization control has less
than or equal to 1%, 2, %, 3%, 4%, 5%, 6%, 7%, 8%, 9%, 10%, 11%, 12%, 13%, 14%,
15%, 16%, 17%, 18%, 19%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 85%, 90%, 95%,
96%, 97%, 98% or 99% identity to the at least one target sequence in the sequencing

sample.
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[00622] 34. The normalization control of any one of embodiments 12-33,
wherein at least one sequence of at least one subgroup of polynucleotides in the
normalization control shares at least one sequence property with the at least one target
sequence in the sequencing sample.

[00623] 35. The normalization control of embodiment 34, wherein the at least
one sequence property comprises percent GC content, entropy, complexity, length,
electron-ion interaction potential (EIIP), a sequence property of a transposable element
sequence, a sequence property of a viral sequence, a sequence property of a bacterial
sequence, a sequence property of a fungal sequence, a eukaryotic parasite sequence, a
sequence property of one or more human genes sequence(s), or any combination
thereof.

[00624] 36. The normalization control of embodiment 35, wherein the
property of the viral sequence comprises a percent GC content, a repetitive sequence, an
inverted terminal repeat (ITR) sequence, an internal ribosome entry site (IRES), a
protein coding sequence, a post-transcriptional regulatory element sequence, a
transcriptional regulatory element, a promoter sequence, a cis-acting RNA element, a
sequence of an RNA structural element, a genome packaging signal, a 5’ untranslated
region (5’UTR) sequence, a 3” untranslated region (3° UTR) sequence or a combination
thereof.

[00625] 37. The normalization control of embodiment 35, wherein the
property of the bacterial sequence comprises percent GC content, a repetitive sequence,
a microRNA binding site, an internal ribosome entry site (IRES), a protein coding
sequence, a transcriptional regulatory element sequence, a promoter sequence, a 5 UTR
sequence, a 3° UTR sequence or a combination thereof.

[00626] 38. The normalization control of embodiment 37, wherein the
repetitive sequence element comprises a polyA motif, a polyT motif, a polyG motif, a
polyC motif, dinucleotide motif, a trinucleotide motif, a tetranucleotide motif, a
pentanucleotide motif, a hexanucleotide motif, a heptanucleotide motif, an
octanucleotide motif, a nonanucleotide motif, an interspersed repetitive sequence
element, a ribosomal RNA sequence, a tRNA sequence or a combination thereof.
[00627] 39. The normalization control of embodiment 35, wherein the
property of the fungal sequence comprises percent GC content, a repetitive sequence, a

microRNA binding site, an internal ribosome entry site (IRES) sequence, a protein
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coding sequence, a transcriptional regulatory element, a promoter sequence, a 5> UTR
sequence, a 3° UTR sequence, a centromeric sequence, a telomeric sequence, a
subtelomeric sequence, a mitochondrial sequence or a combination thereof.

[00628] 40. The normalization control of embodiment 35, wherein the
property of the one or more human genes comprises percent GC content, a repetitive
sequence, a protein coding sequence, an intronic sequence, a 5 UTR sequence, a 3’
UTR sequence, a transcriptional regulatory element, a promoter sequence, a microRNA
binding site or a combination thereof.

[00629] 41. The normalization control of any one of embodiments 34-40,

wherein the sequencing sample comprises a mixture of host and non-host nucleic acids.

[00630] 42. The normalization control of embodiment 41, wherein the host is
a eukaryote.
[00631] 43, The normalization control of embodiment 41, wherein the host is

an insect, a plant or an animal.

[00632] 44, The normalization control of embodiment 43, wherein the animal
is a human.
[00633] 45. The normalization control of any one of embodiments 41-44,

wherein the non-host comprises a symbiote, a commensal organism, a parasite or a
pathogen.

[00634] 46. The normalization control of embodiment 45, wherein the non-
host comprises multiple species.

[00635] 47. The normalization control of any one of embodiments 41-44,
wherein the non-host comprises a species of virus, a species of bacteria, a species of
fungus, a species of eukaryotic parasite or a combination thereof.

[00636] 48. The normalization control of any one of embodiment 32-47,
wherein the at least one target sequence is a non-host sequence in the sequencing
sample.

[00637] 49. The normalization control of embodiment 48, wherein the non-
host is a virus, a bacterium or a fungus and the at least one target sequence comprises a
sequence of a virulence factor.

[00638] 50. The normalization control of embodiment 49, wherein the

virulence factor comprises one or more genes encoding an endotoxin, an exotoxin, a
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hemolysin, a protease, a lipase, a DNase, an adhesin, an invasin, an antiphagocytic, a
destructive enzyme or a regulator of GTPase activity.

[00639] 51. The normalization control of embodiment 48, wherein the non-
host is a bacterium and the at least one target sequence comprises a sequence of an
antibiotic resistance gene.

[00640] 52. The normalization control of any one of embodiments 32-51,
wherein the at least one target sequence comprises a plurality of reference sequences.
[00641] 53. The normalization control of embodiment 52, wherein the
plurality of reference sequences comprises at least 2, at least 10, at least 50, at least 100,
at least 200, at least 300, at least 400, at least 500, at least 600, at least 700, at least 800,
at least 900, at least 1,000, at least 1,200, at least 1,300, at least 1,400, at least 1,500, at
least 1,600, at least 1,700, at least 1,800, at least 1,900, at least 2,000, at least 2,200, at
least 2,400, at least 2,600, at least 2,800, at least 3,000, at least 4,000, at least 5,000 , at
least 6,000, at least 7,000, at least 8,000, at least 9,000 or at least 10,000 reference
sequences.

[00642] 54. The normalization control of embodiment 53, wherein the
reference sequences comprise non-host sequences.

[00643] 55. The normalization control of embodiment 53 or 54, wherein the
reference sequences comprise viral sequences, bacterial sequences, fungal sequences, or
a combination thereof.

[00644] 56. The method of any one of embodiments 52-55, wherein the
plurality of reference sequences comprises reference sequences from a plurality of
organisms.

[00645] 57. The normalization control of embodiment 56, wherein the
reference sequences comprise genomic DNA sequences or cDNA sequences or a
combination thereof.

[00646] 58. The normalization control of any one of embodiments 52-57,
wherein the isolated sequence comprises at least one fragment of at least one reference
sequence that has been shuffled.

[00647] 59. The normalization control of embodiment 58, wherein the
isolated sequence comprises at least two fragments of at least a first reference and

second reference sequences that have been shuffled and concatenated.
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[00648] 60. The normalization control of embodiment 58, wherein the first
and second reference sequences are non-adjacent in a genome of an organism.
[00649] 61. The normalization control of embodiment 58, wherein the first
and second reference sequences are from different organisms.
[00650] 62. The normalization control of any one of embodiments 58-61,
wherein the at least one fragment of the reference sequence comprises about 10-100,
about 10-80, about 20-60, about 20-40, about 20-30, or about 20-25 contiguous
nucleotides of the reference sequence.
[00651] 63. The normalization control of any one of embodiments 52-62,
wherein:

a. the at least one reference sequence is represented by a distribution of
reference sequence fragments;

b. the distribution is divided into at least 5 bins; and

c. a plurality of reference sequence fragments is selected from at least 3
of the at least 5 bins, shuffled, and optionally concatenated, thereby generating isolated
sequences.
[00652] 64. The normalization control of embodiment 63, wherein the
reference sequence fragments are distributed with respect to reference sequence length
and least one of (1) percent GC content, (2) entropy, (3) complexity, (4) EIIP, (5)
length, or a combination thereof.
[00653] 65. The normalization control of embodiments 63 or 64, wherein
each bin represents 1 percent, 2 percent, 5 percent, 10 percent, 15 percent, or 20 percent
of the distribution.
[00654] 60. The normalization control of embodiment 63 or 64, wherein each
bin represents 5 percent, 10 percent, 15 percent, or 20 percent of the distribution of GC
content.
[00655] 67. The normalization control of any one of embodiments 63-66,
wherein the polynucleotides within each group of the normalization control are
generated by shuffling, and optionally concatenating, reference sequence fragments
selected from one of the at least 3 bins.
[00656] 68. The normalization control of any one of embodiments 65-67,
wherein the polynucleotides within each group have at least three of: (1) similar percent

GC content, (2) similar entropy, (3) similar EIIP, (4) similar length, or (5) similar
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complexity as the reference sequence fragments from the corresponding bin in the
reference sequence distribution.
[00657] 69. The normalization control of any one of embodiments 63-68,
wherein reference sequence fragments are chosen from the 10, 30t 50th, 70, 80" and
90" percentile bins from the percent GC content distribution.
[00658] 70. The normalization control of any one of embodiments 52-57,
wherein the isolated sequence comprises at least two fragments of at least one reference
sequence that are concatenated, and wherein the at least two fragments are non-adjacent
in the at least one reference sequence.
[00659] 71. The normalization control of any one of embodiments 52-57,
wherein the isolated sequence comprises at least a first fragment of at least a first
reference sequence, and at least a second fragment of at least a second reference
sequence, wherein the at least first and second fragments are concatenated, and wherein
the first and second reference sequences are not the same reference sequence.
[00660] 72. The normalization control of embodiment 70 or 71, wherein the
at least first and second fragments are about 15-60, about 20-40, about 20-30, about 15-
32, 20-32 or about 25-35 contiguous nucleotides of the corresponding reference
sequence.
[00661] 73. The normalization control of embodiment 70 or 71, wherein the
at least first and second fragments are 29, 30, 31, 32, 33 or 34 contiguous nucleotides of
the corresponding reference sequence.
[00662] 74. The normalization control of any one of embodiments 70-73,
wherein the at least first and second fragments are less than half an average length of a
sequencing read.
[00663] 75. The normalization control of any one of embodiments 70-74,
wherein:

a. the at least one reference sequence is represented by a distribution of
overlapping reference sequence fragments generated using a sliding window;

b. the distribution is divided into at least 5 bins; and

c. a plurality of reference sequence fragments is selected from at least 3 of the at
least 5 bins and concatenated, thereby generating isolated sequences.
[00664] 76. The normalization control of embodiments 75, wherein the

reference sequence fragments are distributed with respect to reference sequence length
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an and least one of (1) percent GC content, (2) entropy, (3) complexity, (4) EIIP, or a
combination thereof.

[00665] 77. The normalization control of embodiment 75 or 76, wherein each
bin represents 1 percent, 2 percent, 5 percent, 10 percent, 15 percent, or 20 percent of
the distribution.

[00666] 78. The normalization control of embodiment 75 or 76, wherein each
bin represents 5 percent, 10 percent, 15 percent, or 20 percent of the distribution of GC
content.

[00667] 79. The normalization control of any one of embodiments 75-78,
wherein the polynucleotides within each group are generated by concatenating reference
sequence fragments selected from one of the at least 3 bins.

[00668] 80. The normalization control of any one of embodiments 75-79,
wherein the polynucleotides within each group have at least three of: (1) similar percent
GC content, (2) similar entropy, (3) similar EIIP, (4) similar length, or (5) similar
complexity as the reference sequence fragments from the corresponding bin in the
reference sequence distribution.

[00669] 81. The normalization control of any one of embodiments 75-80,
wherein the sliding window comprises a 1 bp, 2 bp, 3 bp, 4 bp or 5 bp sliding window.
[00670] 82. The normalization control of any one of embodiments 75-81,
wherein reference sequence fragments are chosen from the 10 30 50 70% 80% and
90" percentile bins from the percent GC content distribution.

[00671] 83. The normalization control of any one of embodiments 32-80,
wherein the sequencing sample comprises a sample from a subject diagnosed with
cancer.

[00672] 84. The normalization control of embodiment 83, wherein the cancer
comprises a population of cells comprising a sequence with at least one genetic change
relative to a non-cancerous cell of the subject or a non-cancerous cell from a healthy
subject.

[00673] 85. The normalization control of embodiment 84, wherein the at least
one genetic change comprises a single nucleotide polymorphism (SNP), an insertion, a
deletion, an inversion or a chromosomal rearrangement.

[00674] 86. The normalization of embodiment 83 or 84, wherein the target

sequence comprises at least one genetic change.
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[00675] 87. The normalization control of any one of embodiments 32-82,
wherein the sequencing sample comprises a metagenomic sample.

[00676] 88. The normalization control of embodiment 87, wherein the
metagenomic sample is an environmental sample.

[00677] 89. The normalization control of embodiment 88, wherein the at least
one target sequence comprises a sequence of a species within the metagenomic sample.
[00678] 90. The normalization control of embodiment 88, wherein the at least
one target sequence comprises a sequence of a virulence factor, an antibiotic resistance
gene or a sequence associated with pathogenicity.

[00679] 91. The normalization control of any one of embodiments 1-90,
wherein the polynucleotides of every group are at the same concentration.

[00680] 92. The normalization control of any one of embodiments 1-90,
wherein the polynucleotides of every group are not at the same concentration.

[00681] 93. The normalization control of embodiment 92, wherein the
polynucleotides of all the groups are at concentrations that are in a linear sequence or in
a geometric sequence.

[00682] 94, The normalization control of embodiment 93, wherein one group
of polynucleotides has a baseline concentration, and wherein the concentrations of the
remaining non-baseline groups are integer multiples of the baseline concentration.
[00683] 95. The normalization control of embodiment 93, wherein one group
of polynucleotides has a baseline concentration, and wherein the concentration of each
group of polynucleotides is twice the concentration of another group in the
normalization control, excluding the baseline concentration.

[00684] 96. The normalization control of embodiment 93, wherein the at least
three groups of polynucleotides are present at a concentration ratio of 1:2:4.

[00685] 97. The normalization control of any one of embodiments 1-96,
wherein the polynucleotides within a group have the same percent GC content.

[00686] 98. The normalization control of embodiment 97, wherein the
polynucleotides within a group have the same percent GC content as the
polynucleotides within every other group.

[00687] 99. The normalization control of embodiment 97, wherein the
polynucleotides within a group do not have the same percent GC content as the

polynucleotides within any other group.
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[00688] 100. The normalization control of any one of embodiments 97-99,
wherein the percent GC content of the polynucleotides within each group is between
40% and 60%, inclusive of the endpoints.

[00689] 101.  The normalization control of any one of embodiments 97-99,
wherein the percent GC content of the polynucleotides within each group is between
43% and 56%, inclusive of the endpoints.

[00690] 102.  The normalization control of any one of embodiments 1-101,
wherein the polynucleotides comprise a sequence encoding a unique molecular
identifier.

[00691] 103.  The normalization control of embodiment 102, wherein the
sequence encoding the unique molecular identifier comprises a first indexing sequence
or a second indexing sequence.

[00692] 104.  The normalization control of any one of embodiments 1-103,
wherein the polynucleotides comprise deoxyribonucleic acid (DNA) molecules,
ribonucleic acid (RNA) molecules, or DNA-RNA hybrid molecules.

[00693] 105.  The normalization control of embodiment 104, wherein the
polynucleotides are at a concentration of between about 0.005 and about 500 picograms
(pg) per microliter (uL) in the normalization control.

[00694] 106.  The normalization control of embodiment 105, wherein the
polynucleotides are at a concentration of between about 0.5 and about 50 pg/uL in the
normalization control.

[00695] 107.  The normalization control of embodiment 105, wherein the
polynucleotides are at a concentration of 1.4 pg/uL in the normalization control.
[00696] 108.  The normalization control of any one of embodiments 1-107,
further comprising at least one protein.

[00697] 109.  The normalization control of embodiment 108, wherein the at
least one protein is isolated or derived from a bacteria, a virus or a eukaryotic parasite.
[00698] 110. The normalization control of embodiment 108, wherein the at
least one protein is a viral capsid protein or a bacterial cell wall protein.

[00699] 111.  The normalization control of any one of embodiments 108-110,
wherein the population of polynucleotides and the protein are operably linked.

[00700] 112. A method of making a normalization control, comprising:
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[00701] a. synthesizing at least three groups of DNA molecules, wherein
the DNA molecules within a group have the same sequence, and wherein the sequence
of each of the DNA molecules comprises, from 5’ to 3°, a first component sequence, a
first restriction enzyme site, a second component sequence, a second restriction site, and
a third component sequence;

b. quantifying the amount of the each of the groups of DNA molecules in a
solution;

c. digesting each of the groups of DNA molecules with a restriction enzyme that
cuts the first and second restriction sites to produce at least three groups of digested
DNA molecules; and

d. mixing a pre-determined amount of each of the groups of digested DNA
molecules thereby producing a normalization control.

[00702] 113.  The method of embodiment 112, wherein each of the DNA
molecules comprises a first, second and third component sequence that is the same
length as the first, second and third component sequence of all of the other DNA
molecules.

[00703] 114. The method of embodiment 112, wherein the first, second and
third component sequences are each between about 15 bp and about 1200 bp.

[00704] 115. The method of embodiment 112, wherein the first, second and
third component sequences are each between about 100 bp and about 600 bp.

[00705] 116. The method of any one of embodiments 112-115, wherein none
of the first, second and third component sequences of any of the at least three groups of
DNA molecules are the same sequence.

[00706] 117. The method of embodiment 112, wherein the sequence of the
first and second restriction site is selected from the group consisting of a sequence of an
EcoRlI site, a BamHI site, a HindIII site, a Notl site, a Pvull site, a Smal site, an ECORV
site, a Kpnl site, a Pstl site, a Sall site, a Scal site, an Spel site, an Sphl site, a Stul site
and an Xbal site.

[00707] 118. The method of embodiment 112, wherein the sequences of the
first and second restriction sites comprise Xhol site and the restriction enzyme
comprises Xhol.

[00708] 119.  The method of any one of embodiments 112-118, wherein the

sequence of each of the at least three DNA molecules further comprises a first primer
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sequence and sequence complementary to a second primer sequence, wherein the first
primer sequence is located 5° of the first component sequence, and wherein the
sequence complementary to the second primer sequence is located 3’ of the third

component sequence.

[00709] 120. The method of embodiment 119, wherein the first primer
sequence comprises a sequence of 5'-“-TGAAGAACTGCGGCAGG-3’ (SEQ ID NO:
12).

[00710] 121.  The method of embodiment 119 or 120, wherein the sequence

complementary to the second primer sequence comprises a sequence of 5'-

GGTCTGCACTTCCAGCT-3' (SEQ ID NO: 13).

[00711] 122, The method of any one of embodiments 112-121, wherein the
pre-determined amounts of the least three groups of digested DNA molecules are equal.
[00712] 123.  The method of any one of embodiments 112-122, wherein the
pre-determined amounts of the at least three groups of digested DNA molecules are not
equal.

[00713] 124.  The method of embodiment 123, wherein the pre-determined

amounts of the at least three groups of digested DNA molecules are in a linear sequence
or a geometric sequence.

[00714] 125. The method of embodiment 123, wherein a pre-determined
amount of one group of digested DNA molecules is a baseline, and the predetermined
amounts of the at least two additional groups of digested DNA molecules are integer
multiples of the baseline.

[00715] 126. The method of embodiment 123, wherein a pre-determined
amount of one group of DNA molecules is a baseline, and wherein the pre-determined
amount of each additional group of digested DNA molecules is twice the pre-
determined amount of another group of digested DNA molecules, excluding the
baseline.

[00716] 127.  The method of embodiment 123, wherein the pre-determined
amounts of the at least three groups of digested DNA molecules are at a ratio of 1:2:4.
[00717] 128.  The method of any one of embodiments 112-127, wherein the
mixing step of (d) further comprises mixing a pre-determined amount of at least one
additional group of DNA molecules with the at least three groups of digested DNA

molecules from steps (a)-(c¢) to produce at least four groups of DNA molecules in a
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single normalization control, and wherein the at least one additional group of DNA

molecules is isolated or derived from a sample.

[00718] 129.  The method of embodiment 128, wherein the sample comprises
plasmid DNA, mitochondrial DNA, chloroplast DNA or genomic DNA.
[00719] 130. The method of embodiment 128 or 129, wherein the pre-

determined amounts of the at least four groups of DNA molecules are equal.
[00720] 131. The method of embodiment 128 or 129, wherein the pre-
determined amounts of the at least four groups of DNA molecules are not equal.
[00721] 132.  The method of embodiment 131, wherein the pre-determined
amounts of the at least four groups of DNA molecules are in a linear sequence or a
geometric sequence.
[00722] 133.  The method of embodiment 131, wherein a pre-determined
amount of one group of DNA molecules is a baseline, and the predetermined amounts
of the additional groups of DNA molecules are integer multiples of the baseline.
[00723] 134.  The method of embodiment 131, wherein a pre-determined
amount of one group of digested DNA molecules is a baseline, and wherein the pre-
determined amount of each additional group of digested DNA molecules is twice the
pre-determined amount of another group of digested DNA molecules, excluding the
baseline.
[00724] 135. The method of embodiment 131, wherein the pre-determined
amounts of the at least four groups of digested DNA molecules are at a ratio of 1:2:4:8.
[00725] 136. A method of making a normalization control comprising RNA
molecules, comprising:
a. synthesizing at least three groups of DNA molecules, wherein each of the at
least three DNA molecules comprises, from 5’ to 3’, a first component sequence, a
sequence complementary to a promoter sequence, a first restriction enzyme site, a
second component sequence, a second sequence complementary to a promoter
sequence, a second restriction site, a third component sequence and a third sequence
complementary to a promoter sequence;
b. digesting each group of DNA molecules with a restriction enzyme that cuts the
first and second restriction enzyme sites to produce at least three groups of digested

DNA molecules;
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c. in vitro transcribing each of the at least three groups of digested DNA molecules
to produce at least three populations of RNA molecules;
d. quantifying the amount of RNA produced in each of the populations of RNA
molecules; and
e. mixing a pre-determined amount of each of the populations of RNA molecules,
thereby producing a normalization control comprising RNA molecules.
[00726] 137. The method of embodiment 136, wherein each of the at least
three DNA molecules comprises first, second and third component sequences that are
the same lengths as the first, second and third component sequences of any other of the
at least three DNA molecules.
[00727] 138.  The method of embodiment 136, wherein the first promoter
sequence, the second promoter sequence and the third promoter sequence comprise the
same promoter sequence.
[00728] 139.  The method of embodiment 138, wherein the promoter sequence
comprises a promoter sequence selected from the group consisting of a T7 promoter

sequence, an SP6 promoter sequence or a T3 promoter sequence.

[00729] 140. The method of embodiment 139, wherein the T7 promoter
sequence comprises a sequence of 5’-TAATACGACTCACTATAGGG-3" (SEQ ID
NO: 15).

[00730] 141. The method of any one of embodiments 136-140, wherein the

sequences of the first and second restriction sites are the same.
[00731] 142,  The method of any one of embodiments 136-141, wherein the
first, second and third component sequences are each between about 15 bp and about

1200 bp.

[00732] 143.  The method of any one of embodiments 136-141, wherein the
first, second and third component sequences are each between about 100 bp and about
600 bp.

[00733] 144,  The method of any one of embodiments 136-141, wherein none

of the first, second and third component sequences of any of the at least three groups of
DNA molecules are the same sequence.

[00734] 145.  The method of any one of embodiments 136-144, wherein the
sequence of the first and second restriction sites is selected from the group consisting of

a sequence of an EcoRlI site, a BamHI site, a HindIII site, a Notl site, a Pvull site, a
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Smal site, an EcoRYV site, a Kpnl site, a Pstl site, a Sall site, a Scal site, an Spel site, an
Sphl site, a Stul site and an Xbal site.

[00735] 146. The method of embodiment 145, wherein the sequences of the
first and second restriction sites comprise Xhol sites and the restriction enzyme

comprises Xhol.

[00736] 147.  The method of any one of embodiments 136-146, wherein the
pre-determined amounts of each of the at least three populations of RNA molecules are
equal.

[00737] 148.  The method of any one of embodiments 136-146, wherein the
pre-determined amounts of each of the at least three populations of RNA molecules are
not equal.

[00738] 149.  The method of embodiment 148, wherein the pre-determined

amounts of the at least three populations of RNA molecules are in a linear sequence or a
geometric sequence.

[00739] 150. The method of embodiment 148, wherein the pre-determined
amount of one population of synthetic RNA molecules is a baseline, and wherein the
pre-determined amounts of the at least two additional populations of RNA molecules
are integer multiples of the baseline.

[00740] 151. The method of embodiment 148, wherein the pre-determined
amount of one population of RNA molecules is a baseline, and wherein the pre-
determined amount of each additional population of RNA molecules is twice the

concentration of another population of RNA molecules excluding the baseline.

[00741] 152.  The method of embodiment 148, wherein the pre-determined
amounts of the at least three populations of RNA molecules are a ratio of 1:2:4.

[00742] 153. The method of any one of embodiments 136-152, further
comprising diluting the normalization control to a concentration of between about 0.005
and about 500 pg/uL.

[00743] 154. The method of any one of embodiments 136-152, further
comprising diluting the normalization control to a concentration of between about 0.5
and about 50 pg/uL.

[00744] 155. The method of embodiments 136-152, wherein the normalization

control concentration is 1.4 pg/uL.
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[00745] 156. A method of making a normalization control comprising at least
three groups of polynucleotides, wherein the polynucleotides within each group are of
the same length, the method comprising:

1. extracting DNA from a sample;

ii. digesting the DNA with a restriction enzyme to produce a collection of DNA
fragments;

iil. separating the collection of DNA fragments;

iv. purifying the DNA fragments to produce at least three groups of
polynucleotides wherein the polynucleotides within each group are of the same
length; and

v. mixing a pre-determined amount of each of groups of polynucleotides to
produce the normalization control.

[00746] 157. The method of embodiment 156, wherein the restriction enzyme
is selected from the group consisting of EcoRI, BamHI, HindIII, Pvull, Smal, EcoRYV,
Kpnl, Pstl, Sall, Scal, Spel, an Sphl, Stul, Xbal, Notl, Ascl, Fsel, Pacl, Pmel, BglII,
BstBI, Hincll and Sgfl.

[00747] 158.  The method of embodiment 156 or 157, wherein separating the
collection of DNA fragments comprises a separation based on fragment size.

[00748] 159. The method of embodiment 158, wherein separating the DNA
fragments based on size comprises gel electrophoresis, chromatography or tangential
flow filtration (TFF).

[00749] 160. The method of any one of embodiments 156-159, further
comprising ligating an adaptor to each of the at least three different groups of
polynucleotides.

[00750] 161. A normalization control generated by the method of any one of

embodiments 112-160.

[00751] 162. A kit comprising the normalization control of any one of
embodiments 1-111.

[00752] 163. A multi-analyte control comprising a mixture of at least three
different species of organisms, wherein the organisms have been inactivated.
[00753] 164. The multi-analyte control of embodiment 163, wherein each

species is present in the multi-analyte control at the same titer.
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[00754] 165. The multi-analyte control of embodiment 163, wherein each
species is present in the multi-analyte control at a different titer.

[00755] 166. The multi-analyte control of embodiment 163, wherein the titers
are in a linear sequence or a geometric sequence.

[00756] 167.  The multi-analyte control of embodiment 163, wherein at least
two species are present in the multi-analyte control in the same titer and at least two
species are present in the mixture at different titers.

[00757] 168.  The multi-analyte control of any one of embodiments 163-167,
wherein each different species in the multi-analyte control is present at titer of between
about 5 and about 10 million units per mL (U/mL).

[00758] 169.  The multi-analyte control of embodiment 168, wherein the
species of organisms comprise species of viruses, bacteria, fungi or eukaryotic parasite.
[00759] 170.  The multi-analyte control of embodiment 169, wherein the
viruses are DNA viruses.

[00760] 171.  The multi-analyte control of embodiment 169, wherein the
viruses are RNA viruses.

[00761] 172.  The multi-analyte control of embodiment 169, wherein the
bacteria are gram positive bacteria or gram negative bacteria.

[00762] 173.  The multi-analyte control of any one of embodiments 163-172,
wherein the species of organisms are human pathogens.

[00763] 174.  The multi-analyte control of embodiment 173, wherein the each
different species in the multi-analyte control is present at a titer of between about 5 and
about 10 million infectious units per mL (IU/mL).

[00764] 175.  The multi-analyte control of embodiment 163, wherein the multi-
analyte control comprises or consists essentially of 10 or 11 species of viruses.

[00765] 176.  The multi-analyte control of embodiment 175, wherein species in
the multi-analyte control are selected from the collections of species listed in Table 8.
[00766] 177.  The multi-analyte control of embodiment 173 or 175, wherein the
human pathogens comprise human pathogens that are found in blood or tissue
transplants.

[00767] 178.  The multi-analyte control of embodiment 177, wherein the
human pathogens found in blood or tissue transplants comprise one or more of

Cytomegalovirus (CMV), Epstein-Barr Virus (EBV), Adenovirus (ADV), BK Virus
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(BKYV), JC Polyomavirus (JCV), Human Herpesvirus 6A (HHV6A), Human
Herpesvirus 6B (HHV6B), Herpes simplex Virus type 1 (HSV1), Herpes simplex Virus
type 2 (HSV2), Varicella-Zoster Virus (VZV) and Human Parvovirus B19 (B19),
Human Immunodeficiency Virus (HIV), Hepatitis B, Hepatitis C, Human T-
Lymphotropic Virus Types I and II (HTLV), West Nile virus, Zika virus, Streptococcus
species, Staphylococcus aureus, Enteroccocus faecalis, Bacillus cereus,
Propionibacterium acnes, Serratia liquifaciens, Serratia marcescens, Yersinia
enterocolitica, Enterobacter spp., Acinetobacter spp., Pseudomonas spp., E. coli,
Klebsiella pneumonia, Proteus mirabilis, A. baumannii, Bacillus cereus, coagulate
negative staphylococci, Streptococcus spp., Klebsiella spp., Serratia spp. Providencia
rettgeri, Treponema pallidum, Trypanosoma cruzi and Babesia microti.

[00768] 179.  The multi-analyte control of embodiment 173 or 174, wherein the
human pathogens in the multi analyte control are selected from tables 2-3 or 5-7.
[00769] 180.  The multi-analyte control of any one of embodiments 163-172,
wherein the species are not human pathogens.

[00770] 181.  The multi-analyte control of embodiment 180, wherein the
species are in the same genera as species that are human pathogens.

[00771] 182.  The multi-analyte control of any one of embodiments 163-172,
wherein the species comprise a mixture of species that are human pathogens and species
that are not human pathogens.

[00772] 183.  The multi-analyte control of any one of embodiments 163-182,
wherein the organisms have been inactivated by chemical treatment, heat treatment, pH
treatment or ultraviolet irradiation.

[00773] 184.  The multi-analyte control of embodiment 183, wherein the
chemical treatment comprises formaldehyde.

[00774] 185.  The multi-analyte control of any one of embodiments 163-184,
further comprising plasma.

[00775] 186. The multi-analyte control of embodiment 183, wherein the
plasma is human plasma.

[00776] 187. A collection comprising nucleic acids extracted from the multi-

analyte control of any one of embodiments 163-186.

170



CA 03115281 2021-04-01

WO 2020/072990 PCT/US2019/054843

[00777] 188.  The multi-analyte control of any one of embodiments 163-186 or
the collection of embodiments 185, further comprising the normalization controls of any
one of embodiments 1-111.

[00778] 189. A kit comprising the multi-analyte control of any one of
embodiments 163-186 or the collection of embodiment 187.

[00779] 190.  The kit of embodiment 189, further comprising the normalization
control of any one of embodiments 1-111.

[00780] 191. A method of quantifying the level of expression of at least one
target sequence in a sample, comprising:

a. mixing a known amount of the normalization control of any one of
embodiments 1-111 with the sample,

b. preparing a high throughput sequencing library,

c. sequencing said library to produce a collection of reads,

d. mapping reads from the collection of reads to the sample or the normalization
control,

e. determining the number of reads produced by each of the groups or subgroups
of polynucleotides in the normalization control,

f calculating a relationship between the starting concentration of each of the
groups or subgroups of polynucleotides in the normalization control mixed with the
sample in (a) and the number of reads produced in (c),

g. modeling a relationship between reads and concentration of the at least one
target sequence in the sample, and

h. calculating an initial concentration of the at least one target polynucleotide in
the sample from the number of reads produced by the target sequence using the
model in (g).

[00781] 192.  The method of embodiment 191, further comprising extracting
nucleic acids from the sample.

[00782] 193.  The method of embodiment 191, wherein the nucleic acids
comprise DNA, RNA or a mixture thereof.

[00783] 194, The method of any one of embodiments 191-193, wherein the
mixing step of (a) occurs prior to the library preparation step of (b), at the same time as

the library preparation step of (b) or after the library preparation step of (b).
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[00784] 195. The method any one of embodiments 191-194, further
comprising extracting nucleic acids from the sample, and wherein the mixing step of (a)
occurs prior to extracting nucleic acid from the sample.

[00785] 196. The method of any one of embodiments 191-195, wherein each
of the at least three groups of polynucleotides in the normalization control are added to
the sample at a ratio of between about 0.001 to 0.420 to 1.

[00786] 197.  The method of any one of embodiments 191-196, wherein each
of the at least three groups of polynucleotides in the normalization control are added to
the sample at final concentration of between about 0.001 pg/uL and about 5 pg/uL.
[00787] 198.  The method of any one of embodiments 191-197, wherein the
sample is a human sample.

[00788] 199.  The method of any one of embodiments 191-198, wherein the
target sequence comprises a sequence of a virus, a bacterium, a fungus, a eukaryotic
parasite or one or more human genes.

[00789] 200. The method of any one of embodiments 191-198, wherein the
target sequence comprises a sequence of a virulence factor, an antibiotic resistance
gene, or a sequence associated with pathogenicity.

[00790] 201.  The method of any one of embodiments 191-198, wherein the
sample comprises a sample from a subject diagnosed with cancer.

[00791] 202. The method of embodiment 201, wherein the cancer comprises a
population of cells comprising a sequence with at least one genetic change relative to a
non-cancerous cell of the subject.

[00792] 203. The method of embodiment 202, wherein the at least one genetic
change comprises a single nucleotide polymorphism (SNP), an insertion, a deletion, an
inversion or a rearrangement.

[00793] 204. The method of any one of embodiments 201-203, wherein the
target sequence comprises the sequence with at least one genetic change.

[00794] 205. The method of any one of embodiments 191-197, wherein the
sample comprises a metagenomic sample.

[00795] 206. The method of embodiment 205, wherein the metagenomic
sample is an environmental sample.

[00796] 207. The method of embodiment 205 or 206, wherein the target

polynucleotide comprises a sequence of a species within the metagenomics sample.
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[00797] 208. The method of any one of embodiments 205-207, wherein the
target polynucleotide comprises a sequence of a virulence factor, an antibiotic resistance
gene or a sequence associated with pathogenicity.
[00798] 209. The method of any one of embodiments 191-193, wherein the
sample comprises a multi-analyte control comprising a mixture of at least three different
species of organisms, wherein the organisms have been inactivated.
[00799] 210. The method of embodiment 209, wherein each of the least three
different species of organisms comprises at least one target sequence.
[00800] 211.  The method of embodiment 210, wherein the at least one target
sequence is a different target sequence in each species of organisms.
[00801] 212.  The method of embodiment 209, wherein

(1) mapping reads from the collection of reads to the sample at step (d) further
comprises mapping reads to each of the at least three species of organisms in the multi-
analyte control (d); and

(i) calculating the initial concentration of the at least one target sequence at (h)
comprises calculating an initial concentration of at least one target sequence for each
species.
[00802] 213.  The method of any one of embodiments 209-212, wherein each
species is present in the multi-analyte control at the same titer.
[00803] 214. The method of any one of embodiments 209-212, wherein each
species is present in the multi-analyte control at a different titer.
[00804] 215. The method of embodiment 214, wherein the titers are in a linear
sequence or a geometric sequence.
[00805] 216. The method of any one of embodiments 209-212 wherein at least
two species are present in the multi-analyte control in the same titer and at least two
species are present in different titers.
[008006] 217. The method of any one of embodiments 209-216, wherein each
species in the multi-analyte control is present at a titer of between 5 and 10 million units

per mL (U/mL).

[00807] 218. The method of any one of embodiments 209-217, wherein the

organisms are viruses, bacteria, fungi, eukaryotic parasites or a combination thereof.

[00808] 219. The method of embodiment 218, wherein the viruses are DNA
viruses.
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[00809] 220. The method of embodiment 218, wherein the viruses are RNA
viruses.
[00810] 221.  The method of embodiment 218, wherein the bacteria are gram

positive bacteria or gram negative bacteria.

[00811] 222.  The method of any one of embodiments 209-221, wherein the
species of organisms are human pathogens.

[00812] 223.  The method of embodiment 222, wherein the each different
species in the multi-analyte control is present at a titer of between about 5 and about 10
million infectious units per mL (IU/mL).

[00813] 224,  The method of embodiment 222 or 223, wherein the multi-
analyte control comprises or consists essentially of 10 or 11 species of viruses.

[00814] 225. The method of embodiment 224, wherein species in the multi-
analyte control are selected from the collections of species listed in Table 8.

[00815] 226. The method of embodiment 222 or 223, wherein the human
pathogens comprise human pathogens that are found in blood or tissue transplants.
[00816] 227. The method of embodiment 226, wherein the human pathogens
found in blood or tissue transplants comprise one or more of Cytomegalovirus (CMV),
Epstein-Barr Virus (EBV), Adenovirus (ADV), BK Virus (BKYV), JC Polyomavirus
(JCV), Human Herpesvirus 6A (HHV6A), Human Herpesvirus 6B (HHV6B), Herpes
simplex Virus type 1 (HSV1), Herpes simplex Virus type 2 (HSV2), Varicella-Zoster
Virus (VZV) and Human Parvovirus B19 (B19), Human Immunodeficiency Virus
(HIV), Hepatitis B, Hepatitis C, Human T-Lymphotropic Virus Types I and II (HTLV),
West Nile virus, Zika virus, Streptococcus species, Staphylococcus aureus,
Enteroccocus faecalis, Bacillus cereus, Propionibacterium acnes, Serratia liquifaciens,
Serratia marcescens, Yersinia enterocolitica, Enterobacter spp., Acinetobacter spp.,
Pseudomonas spp., E. coli, Klebsiella pneumonia, Proteus mirabilis, A. baumannii,
Bacillus cereus, coagulate negative staphylococci, Streptococcus spp., Klebsiella spp.,
Serratia spp. Providencia rettgeri, Treponema pallidum, Trypanosoma cruzi and Babesia
microti.

[00817] 228. The method of embodiment 222 or 223, wherein the human

pathogens in the multi analyte control are selected from tables 2-3 or 5-7.
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[00818] 229.  The method of any one of embodiments 209-224, wherein the
organisms have been inactivated by chemical treatment, heat treatment, pH treatment or
ultraviolet irradiation.

[00819] 230. The method of embodiment 229, wherein the chemical treatment

comprises formaldehyde.

[00820] 231.  The method of any one of embodiments 209-230, wherein the
multi-analyte control further comprises plasma.

[00821] 232.  The method of embodiment 231, wherein the plasma is human
plasma.

[00822] 233.  The method of any one of embodiments 191-232, wherein the

method comprises mixing a known amount of a multi-analyte control with the sample,
wherein the multi-analyte control comprises a mixture of at least three different species

of organisms, and wherein the organisms have been inactivated.

[00823] 234. The method of embodiment 233, wherein the organisms are
viruses, bacteria, fungi, eukaryotic parasites or a combination thereof.

[00824] 235. The method of embodiment 234, wherein the viruses are DNA
viruses.

[00825] 236. The method of embodiment 234, wherein the viruses are RNA
viruses.

[00826] 237. The method of embodiment 234, wherein the bacteria are gram

positive bacteria or gram negative bacteria.

[00827] 238. The method of any one of embodiments 234-237, wherein the
organisms are not human pathogens.

[00828] 239.  The method of embodiment 238, wherein the organisms are
species that are in the same genera as species that are human pathogens.

[00829] 240. The method of embodiment 239, wherein the human pathogens
comprise human pathogens that are found in blood or tissue transplants.

[00830] 241.  The method of embodiment 240, wherein the human pathogens
found in blood or tissue transplants comprise one or more of Cytomegalovirus (CMV),
Epstein-Barr Virus (EBV), Adenovirus (ADV), BK Virus (BKYV), JC Polyomavirus
(JCV), Human Herpesvirus 6A (HHV6A), Human Herpesvirus 6B (HHV6B), Herpes
simplex Virus type 1 (HSV1), Herpes simplex Virus type 2 (HSV2), Varicella-Zoster

Virus (VZV) and Human Parvovirus B19 (B19), Human Immunodeficiency Virus
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(HIV), Hepatitis B, Hepatitis C, Human T-Lymphotropic Virus Types I and II (HTLV),
West Nile virus, Zika virus, Streptococcus species, Staphylococcus aureus,
Enteroccocus faecalis, Bacillus cereus, Propionibacterium acnes, Serratia liquifaciens,
Serratia marcescens, Yersinia enterocolitica, Enterobacter spp., Acinetobacter spp.,
Pseudomonas spp., E. coli, Klebsiella pneumonia, Proteus mirabilis, A. baumannii,
Bacillus cereus, coagulate negative staphylococci, Streptococcus spp., Klebsiella spp.,
Serratia spp. Providencia rettgeri, Treponema pallidum, Trypanosoma cruzi and Babesia
microti.

[00831] 242, The method of any one of embodiments 234-240, wherein the
organisms have been inactivated by chemical treatment, heat treatment, pH treatment or
ultraviolet irradiation.

[00832] 243. The method of any one of embodiments 234-242, wherein mixing
the known amount of the multi-analyte control with the sample occurs prior to library
preparation in step (b).

[00833] 244, The method of embodiments any one of embodiments 234-243,
wherein the multi-analyte control is added to the sample at a concentration of between
about 5 and 10 million U/mL of each species in the multi-analyte control.

[00834] 245.  The method of any one of embodiments 191-244, wherein the
model is a linear model.

[00835] 246. The method of any one of embodiments 191-244, wherein the
model is created with a machine learning classifier.

[00836] 247.  The method of embodiment 246, wherein the machine learning
classifier is supervised.

[00837] 248.  The method of embodiment 247, wherein the machine learning
classifier is a Vector Support Machine.

[00838] 249.  The method of embodiment 246, wherein a linear regression of
the initial concentration of the at least one target nucleic acid molecule in the sample
versus the number of reads produced by the target nucleic acid molecule has an R?
value of greater than 0.95, greater than 0.96, greater than 0.97, greater than 0.98 or
greater than 0.99 following normalization.

[00839] 250. The method of embodiment 249, wherein the R? value of the
linear regression improves by at least .01, 0.03, 0.05, 0.07, 0.09, 0.1, 0.13, 0.15 0.17,

0.19,0.2,0.23,0.25,0.27, 0.29, 0.3, 0.33, 0.35, 0.37, 0.39, 0.4, 0.43, 0.45, 0.47, 0.49,
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0.5, 0.53,0.55,0.57,0.59, 0.6, 0.63, 0.65, 0.67, 0.69, 0.7 or any value in between
following normalization.
[00840] 251. A method of quantifying a titer of a target organism in a sample,
comprising:
a. providing a sample comprising the target organism, wherein the target organism
comprises at least one target sequence;
b. providing a multi-analyte control comprising known titers of at least three
species of organisms, wherein the organisms have been inactivated;
c. mixing a known amount of the normalization control of any one of embodiments
1-111 with the sample and with the multi-analyte control;
d. preparing high throughput sequencing libraries from the sample and the multi-
analyte control;
e. sequencing said libraries to produce a collection of sample reads and a collection
of multi-analyte control reads;
f. normalizing the collection of sample reads and the collection of multi-analyte
control reads from (e) using the normalization controls;
g. determining a relationship between normalized reads and the known titers of the
at least three species of organisms in the multi-analyte control; and
h. calculating a of the target organism in the sample using the relationship

determined in (g).

[00841] 252.  The method of embodiment 251, wherein the at least three
species of organisms each comprise at least one species-specific target sequence.
[00842] 253. The method of embodiment 252, wherein the at least one species-
specific target sequence is different in each species in the multi-analyte control.

[00843] 254. The method of embodiment 251, wherein normalizing at step (f)
comprises:

1. mapping reads from the collection of sample reads to the sample or the
normalization control;

ii. mapping reads from the collection of multi-analyte control reads to the multi-
analyte control or the normalization control;

iii. determining the number of reads produced by each of the groups or
subgroups of polynucleotides in the normalization control for the collection of sample

reads and the collection of multi-analyte control reads;
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iv. calculating a relationship between the starting concentration of each of the
groups or subgroups of polynucleotides in the normalization control and the number of
reads produced at step (e) for both the sample and the multi-analyte control; and

v. determining the relationship between reads and concentration in the sample
and in the multi-analyte control.

[00844] 255. The method of any one of embodiments 251-254, wherein
determining the relationship between reads and titer at (g) comprises:

vi. calculating an initial concentration of the at least one species-specific target
sequence from each of the at least three species in the multi-analyte control; and

vii. calculating an initial concentration of the at least one target sequence in the

sample.
[00845] 256. The method of embodiment 251 or 255, wherein the mapping at
step (1) comprises mapping the collection of sample reads to a reference genome.
[008406] 257. The method of embodiment 256, wherein the reference genome
does not comprise the target sequence.
[00847] 258. The method of embodiments 256 or 257, wherein the reference
genome is a human genome.
[00848] 259. The method of any one of embodiments 254-258, wherein the
mapping at step (i1) further comprises mapping to a species-specific reference genome
for each of the at the at least three species of organisms in the multi-analyte control.
[00849] 260. The method of any one of embodiments 251-259, further
comprising providing the multi-analyte control at step (b) at 2 concentrations, at 3
concentrations, at 4 concentrations, at 5 concentrations, at 6 concentrations, at 7
concentrations, at 8 concentrations, at 9 concentrations or at 10 concentrations, and
applying steps (c)-(g) to each concentration of the multi-analyte control provided at step
(b).
[00850] 261.  The method of any one of embodiments 251-260, wherein the
relationship between normalized reads and the known titers of the at least three species
of organisms in the multi-analyte control at step (g) is a linear relationship.
[00851] 262. The method of any one of embodiments 251-261, wherein each
species is present in the multi-analyte control at the same titer.
[00852] 263. The method of any one of embodiments 251-261, wherein each

species is present in the multi-analyte control at a different titer.
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[00853] 264. The method of embodiment 263, wherein the titers are in a linear
sequence or a geometric sequence.

[00854] 265. The method of any one of embodiments 251-261, wherein at least
two species are present in the multi-analyte control in the same titer and at least two
species are present in different titers.

[00855] 266. The method of any one of embodiments 251-265, wherein each
species is present in the multi-analyte control at a concentration of between 5 and 10

million units per mL (U/mL).

[00856] 267. The method of any one of embodiments 251-266, wherein the
organisms are viruses, bacteria, fungi or a combination thereof.

[00857] 268. The method of embodiment 267, wherein the viruses are DNA
viruses.

[00858] 269.  The method of embodiment 267, wherein the viruses are RNA
viruses.

[00859] 270. The method of embodiment 267, wherein the bacteria are gram

positive bacteria or gram negative bacteria.

[00860] 271.  The method of any one of embodiments 251-270, wherein the
organisms are human pathogens.

[00861] 272.  The method of embodiment 271, wherein the each different
species in the multi-analyte control is present at a titer of between about 5 and about 10

million infectious units per mL (IU/mL).

[00862] 273. The method of embodiment 271 or 272, wherein the multi-
analyte control comprises or consists essentially of 10 species of viruses or 11 species
of viruses.

[00863] 274. The method of embodiment 273, wherein species in the multi-

analyte control are selected from the collections of species listed in Table 8.

[00864] 275. The method of embodiment 271 or 272, wherein the human
pathogens comprise human pathogens that are found in blood or tissue transplants.
[00865] 276. The method of embodiment 275, wherein the human pathogens
found in blood or tissue transplants comprise one or more of Cytomegalovirus (CMV),
Epstein-Barr Virus (EBV), Adenovirus (ADV), BK Virus (BKYV), JC Polyomavirus
(JCV), Human Herpesvirus 6A (HHV6A), Human Herpesvirus 6B (HHV6B), Herpes

simplex Virus type 1 (HSV1), Herpes simplex Virus type 2 (HSV2), Varicella-Zoster
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Virus (VZV) and Human Parvovirus B19 (B19), Human Immunodeficiency Virus
(HIV), Hepatitis B, Hepatitis C, Human T-Lymphotropic Virus Types [ and II (HTLV),
West Nile virus, Zika virus, Streptococcus species, Staphylococcus aureus,
Enteroccocus faecalis, Bacillus cereus, Propionibacterium acnes, Serratia liquifaciens,
Serratia marcescens, Yersinia enterocolitica, Enterobacter spp., Acinetobacter spp.,
Pseudomonas spp., E. coli, Klebsiella pneumonia, Proteus mirabilis, A. baumannii,
Bacillus cereus, coagulate negative staphylococci, Streptococcus spp., Klebsiella spp.,
Serratia spp. Providencia rettgeri, Treponema pallidum, Trypanosoma cruzi and Babesia
microti.

[00866] 277. The method of embodiment 271 or 272, wherein the human
pathogens in the multi analyte control are selected from tables 2-3 or 5-7.

[00867] 278. The method of any one of embodiments 251-270, where the
organisms comprise a mixture of species that are human pathogens and species that are
not human pathogens.

[00868] 279. The method of any one of embodiments 251-278, wherein the
organisms have been inactivated by chemical treatment, heat treatment, pH treatment or
ultraviolet irradiation

[00869] 280. The method of embodiment 279, wherein the chemical treatment

comprises formaldehyde.

[00870] 281. The method of any one of embodiments 251-280, wherein the
multi-analyte control further comprises plasma.

[00871] 282. The method of embodiment 281, wherein the plasma is human
plasma.

[00872] 283. A method of making a plurality of normalization control

oligonucleotides, comprising:

a. generating a plurality of reference sequence fragments from at least one
reference sequence;

b. generating a distribution of at least one parameter as a function of number of
reference sequence fragments;

c. dividing the distribution into at least 5 bins;

d. selecting at least one reference sequence fragment from at least 3 of the at

least 5 bins;
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e. shuffling the at least 3 reference sequences to generate shuffled sequences;
and

f. synthesizing oligonucleotides comprising the shuffled sequences;

thereby generating a plurality of normalization control oligonucleotides.
[00873] 284. The method of embodiment 283, wherein the parameter
comprises least one of (1) percent GC content, (2) entropy, (3) complexity, (4) EIIP, or
a combination thereof.
[00874] 285. The method of embodiment 283, wherein the parameter
comprises percent GC content.
[00875] 286. The method of any one of embodiments 283-285, wherein each
bin represents 1 percent, 2 percent, 5 percent, 10 percent, 15 percent, or 20 percent of
the distribution.
[00876] 287. The method of any one of embodiments 283-285, wherein
reference sequence fragments are chosen from the 10 30® 50% 70 80™ and 90™
percentile bins of a percent GC content distribution.
[00877] 288. The method of any one of embodiments 283-287, wherein step
(d) comprises selecting at least 2 references from each of the at least 3 bins, and
wherein step (e) further comprises concatenating the shuffled reference sequences from
each bin.
[00878] 289. The method of any one of embodiments 283-288, wherein the at
least one reference sequence comprises at least 2, at least 10, at least 20, at least 50, at
least 100, at least 200, at least 300, at least 400, at least 500, at least 600, at least 700, at
least 800, at least 900, at least 1,000, at least 1,200, at least 1,300, at least 1,400, at least
1,500, at least 1,600, at least 1,700, at least 1,800, at least 1,900, at least 2,000, at least
2,200, at least 2,400, at least 2,600, at least 2,800, at least 3,000, at least 4,000, at least
5,000, at least 6,000, at least 7,000, at least 8,000, at least 9,000 or at least 10,000
reference sequences.
[00879] 290. The method of any one of embodiments 283-288, wherein the at
least one reference sequence comprises about 2,000 reference sequences.
[00880] 291. The method of any one of embodiments 283-290, wherein the at
least one reference sequence comprises a genomic sequence or a cDNA sequence, or a

combination thereof.
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[00881] 292.  The method of any one of embodiments 283-291, wherein the
plurality of reference sequence fragments comprises fragments that are about 10-100,
about 10-80, about 20-60, about 20-40, about 20-30, or about 20-25 contiguous
nucleotides of the reference sequence.

[00882] 293.  The method of any one of embodiments 283-292 wherein each
normalization control oligo has at least three of: (1) similar percent GC content, (2)
similar entropy, (3) similar EIIP, (4) similar length or (5) similar complexity as the
reference sequence fragment(s) from a corresponding bin in the reference sequence
distribution.

[00883] 294, A method of making a plurality of normalization control
oligonucleotides, comprising:

a. generating a plurality of reference sequence fragments from at least one
reference sequence using a sliding window;

b. generating a distribution of at least one parameter as a function of number of
reference sequence fragments;

c. dividing the distribution into at least 5 bins;

d. selecting at least two reference sequence fragments from at least 3 of the at
least 5 bins, wherein the at least two reference sequence fragments are either non-
contiguous in the reference sequence, or from different reference sequences;

e. concatenating the at least two reference sequence fragments from each of the
at least 3 bins; and

f. synthesizing oligonucleotides comprising the concatenated reference sequence
fragments;

thereby generating a plurality of normalization control oligonucleotides.
[00884] 295. The method of embodiment 294, wherein the parameter
comprises least one of (1) percent GC content, (2) entropy, (3) complexity, (4) EIIP, or
a combination thereof.

[00885] 296. The method of embodiment 294, wherein the parameter
comprises percent GC content.

[00886] 297.  The method of any one of embodiments 294-296, wherein each
bin represents 1 percent, 2 percent, 5 percent, 10 percent, 15 percent, or 20 percent of

the distribution.
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[00887] 298. The method of any one of embodiments 294-296, wherein
reference sequence fragments are chosen from the 10 30® 50% 70 80™ and 90™
percentile bins of a percent GC content distribution.

[00888] 299.  The method of any one of embodiments 294-298, wherein the
sliding window comprises a 1 bp, 2 bp, 3 bp, 4 bp or 5 bp sliding window.

[00889] 300. The method of any one of embodiments 294-299, wherein the
reference sequence fragments are about 15-60, about 20-40, about 20-30, about 15-32,
20-32 or about 25-35 contiguous nucleotides of the corresponding reference sequence.
[00890] 301. The method of any one of embodiments 294-299, wherein the
reference sequence fragments are 29, 30, 31, 32, 33 or 34 contiguous nucleotides of the
corresponding reference sequence.

[00891] 302. The method of any one of embodiments 294-301, wherein the
reference sequence fragments are less than half an average length of a sequencing read.
[00892] 303. The method of any one of embodiments 294-302, wherein the at
least one reference sequence comprises at least 2, at least 10, at least 20, at least 50, at
least 100, at least 200, at least 300, at least 400, at least 500, at least 600, at least 700, at
least 800, at least 900, at least 1,000, at least 1,200, at least 1,300, at least 1,400, at least
1,500, at least 1,600, at least 1,700, at least 1,800, at least 1,900, at least 2,000, at least
2,200, at least 2,400, at least 2,600, at least 2,800, at least 3,000, at least 4,000, at least
5,000, at least 6,000, at least 7,000, at least 8,000, at least 9,000 or at least 10,000
reference sequences.

[00893] 304. The method of any one of embodiments 294-302, wherein the at
least one reference sequence comprises about 2,000 reference sequences.

[00894] 305. The method of any one of embodiments 294-304, wherein the
reference sequences comprise genomic sequences or cDNA sequences.

[00895] 306. The method of any one of embodiments 294-305, wherein each
normalization control oligo has at least three of: (1) similar percent GC content, (2)
similar entropy, (3) similar EIIP, (4) similar length or (5) similar complexity as the
reference sequence fragment(s) from a corresponding bin in the reference sequence
distribution.

[00896] 307. The normalization controls produced by the methods of any one
of embodiments 283-306.

[00897] 308. A kit, comprising the normalization controls of embodiment 307.
183



CA 03115281 2021-04-01

WO 2020/072990 PCT/US2019/054843

[00898] 309. A system for designing a plurality of normalization control
polynucleotide sequences comprising:
a. a computer-readable storage medium which stores computer-executable
instructions comprising:
1. instructions for importing at least one reference sequence;
il. instructions for generating a plurality of reference sequence
fragments from at least one reference sequence;
iil. instructions for generating a distribution of at least one parameter
as a function of number of reference sequence fragments;
iv. instructions for dividing the distribution into bins;
V. instructions for selecting a plurality of reference sequence
fragment from at least a subset of the bins;
vi. instructions for shuffling the plurality of reference sequence
fragments to generate shuffled sequences; and
thereby generating a plurality of normalization polynucleotide
sequences; and
b. a processor which is configured to perform steps comprising:
1. receiving a set of input files comprising the at least at least one
reference sequence; and
ii. executing the computer-executable instructions stored in the
computer-readable storage medium.
[00899] 310. A system for designing a plurality of normalization control
polynucleotide sequences comprising:
a. a computer-readable storage medium which stores computer-executable
instructions comprising:
1. instructions for importing at least one reference sequence;
il. instructions for generating a plurality of reference sequence
fragments from at least one reference sequence;
iil. instructions for generating a distribution of at least one parameter
as a function of number of reference sequence fragments;
iv. instructions for dividing the distribution into bins;
V. instructions for selecting at least two reference sequence

fragments from each of at least a subset of the bins, wherein the at least two
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reference sequence fragments are either non-contiguous in the reference
sequence, or from different reference sequences; and
vi. instructions for concatenating the at least two reference sequence
fragments from each bin;
thereby generating a plurality of normalization polynucleotide
sequences; and
b. a processor which is configured to perform steps comprising:
1. receiving a set of input files comprising the at least at least one
reference sequence; and
ii. executing the computer-executable instructions stored in the
computer-readable storage medium.
[00900] 311.  The system of embodiment 309 or 310, wherein wherein the
parameter comprises least one of (1) percent GC content, (2) entropy, (3) complexity,

(4) EIIP, or a combination thereof.

EXAMPLES

[00901] In order that the invention disclosed herein may be more efficiently
understood, examples are provided below. It should be understood that these examples
are for illustrative purposes only and are not to be construed as limiting the invention in
any manner.
Example 1: RNA normalization controls
[00902] RNA normalization controls can be made by transcribing randomly
generated DNA sequences. The randomly generated sequences were synthesized as a
gBlock, with terminal T7 promoter sequences for transcription, and Xhol restriction
sites to linearize the random DNA template. Three versions of the design shown below
were created, termed RNA NC 1, RNA NC 2 and RNA NC 3. Each version was
created with the following design, but with different randomly generated sequences:

5'-TGAAGAACTGCGGCAGG (SEQ ID NO: 12) (Mito array primer) + 175 bp
random sequence (designed using Random DNA Generator) + T7 RNA Polymerase
promoter + Xhol site + 250bp random sequence (designed using Random DNA
Generator) + T7 RNA Polymerase promoter + Xhol site + 450 bp random sequence
(designed using Random DNA Generator) + T7 RNA Polymerase promoter + (Ribo
array primer) GGTCTGCACTTCCAGCT-3' (SEQ ID NO: 13).
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[00903] The sequence of the Ribo array primer comprises a sequence 5'-
AGCTGGAAGTGCAGACC-3' (SEQ ID NO: 20).

[00904] The sequence of the T7 promoter comprises a sequence of 5’ —
TAATACGACTCACTATAGGG -3’ (SEQ ID NO: 15).

[00905] The total length of the design was 981bp. The three versions of the
design with different random sequences were ordered as gBlocks (gene blocks), and
were called RNA NC 1, RNA NC 2 and RNA NC 3. The RNA NC 1, RNA NC 2,
RNA NC 3 gBlocks were digested with Xhol to produce three linear DNA fragments,
and the resulting mixture of three fragments transcribed with T7 RNA polymerase to
produce three RNA NCs. gBlock RNA NC 1 resulted in 3 RNA fragments:

RNA NC 1.1, RNA NC 1.2, RNA NC 1.3. gBlock RNA NC 2 resulted in 3 RNA
fragments: RNA NC 2.1, RNA NC 2.2 RNA NC 23. gBlock RNA NC 3 resulted
in 3 RNA fragments: RNA NC 3.1, RNA NC 3.2, RNA NC 3.3. T7 transcription of
the DNA fragments corresponding to RNA NC 1.1, RNA NC 2.1 and RNA NC 3.1
NC RNAs resulted in NC RNAs that comprised a sequence complementary to Mito
array primer, a sequence complementary to 175 bp random DNA sequence and a
terminal GGG sequence introduced by the T7 polymerase during transcription. T7
transcription of the DNA fragments corresponding to NC RNAs RNA NC 1.2,
RNA NC 2.2 and RNA NC 3.2 resulted in NC RNAs that comprised a sequence
complementary to the 250 bp random sequence and a terminal GGG sequence
introduced during transcription. T7 transcription of the DNA fragments corresponding
to NC RNAs RNA NC 1.3, RNA NC 2.3 and RNA NC 3.3 resulted in NC RNAs
that comprised a sequence complementary to the 450 bp random sequence and a
terminal GGG sequence introduced during transcription.

[00906] A protocol for the addition of NC controls during sample extraction is
shown in FIG. 6. The output of each of the three NC transcription reactions (sets of
RNA Normalization Controls 1, 2, and 3, also called NC 1, NC 2 and NC 3 or

RNA NC 1,RNA NC 2 and RNA NC 3, each containing the three transcripts
described above) was diluted 20,000X to 0.1 ng/uL. The three sets of NC transcripts
were then mixed at a ratio of 1:2:4 by mixing 25 pL of RNA NC 1, 50 uL of
RNA NC 2 and 50 uLL of RNA NC 3, for a final volume of 175 pL. This NC mix
contained 9 different transcripts total, 3 comprising the 3 different 175 bp random

sequences, 3 comprising the 3 different the 250 bp random sequences and 3 comprising
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the 3 different 450 bp random sequences. The NC mix was then diluted an additional
10x, by added 30 uL of the mix to 270 uL. of AVE bufter to produce a 10 pg/uL. NC
mix.

[00907] Nucleic acids were extracted from Negative Plasma samples (Exact
Diagnostics) using the EZ1 virus Mini Kit (Qiagen). 8 pL of the 10 pg/uL. NC mix and
52 uL of AVE buffer were added to the EZ1 kit Row 3 1.5 mL tubes. A 50 uL aliquot
was taken from the row 3 tubes, and added to 400 pL of sample, resulting in 70 pg of
NC mix being added to the sample during extraction.

[00908] The results of adding three different amounts of NC mix to a Negative
Plasma sample during extraction were assayed. For the “high” amount of NCs, 38.10 pg
of NC mix were added per sample (NC 1: 5.4 pg, NC2: 10.8 pg, NC 3: 21.8 pg). For the
“medium” amount of NCs, 19.04 pg of NC mix were added per sample (NC 1: 2.7 pg,
NC2: 5.4 pg, NC 3: 10.8 pg). For the “low” amount of NCs, 9. 52 pg of NC mix were
added per sample (NC 1: 1.4 pg, NC2: 2.7 pg, NC 3: 5.4 pg). The “low” amount
resulted in 4% of reads following NextSeq 500 next generation sequencing. The mass of
“low” NC 1 converted to library, based on de-duplicated reads, was 1.076 pg, or 76% of
input.

[00909] FIG. 7 summarizes the representation of the RNA Normalization
Controls in RNA-Seq libraries prepared from Exact Diagnostics Negative Plasma with
NCs added during nucleic acid extraction. The average read output per library was
23,000,000 reads, with an average human representation of 80%. The "high" level
addition of the RNA Normalization Control (38.10 pg) resulted in reads representing
16% of the total reads, on average, in these libraries. The "medium" level addition of
the RNA Normalization Control (19.04 pg) resulted in reads representing 6% of the
total reads, on average, in these libraries. The "low" level addition of the RNA
Normalization Control (9.52 pg) resulted in reads representing 4% of the total reads, on
average, in these libraries. The conversion rate for the RNA NC 1 fragments at "low"
input was 76% (1.067 pg).

Example 2: DNA normalization controls

[00910] DNA NCs can be made using randomly generated sequence. Below, is
an example of a design of DNA NCs. Three versions of this design were made with

different randomly generated sequences:
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5'-TGAAGAACTGCGGCAGG (SEQ ID NO: 12) (Mito array primer) +
random sequence using Random DNA Generator (200bp) + Xhol site + random
sequence using Random DNA Generator (300bp) + Xhol site + random sequence using
Random DNA Generator (500bp) + T7 RNA Polymerase promoter + (Ribo array
primer) GGTCTGCACTTCCAGCT-3' (SEQ ID NO: 13).

[00911] From 5’ to 3’ the sequence of the Ribo array primer is 5'-
AGCTGGAAGTGCAGACC-3' (SEQ ID NO: 20). The total length of the design was
1048 bp. The three versions of the design were ordered as gBlocks (gene blocks),
termed gBlock DNA NC 1, gBlock DNA NC 2 and gBlock DNA NC 3. Xhol
digestion of gBlock DNA NC 1 resulted in 3 fragments: DNA NC 1.1, DNA NC 1.2
and DNA NC 1.3. Digestion of gBlock DNA NC 2 resulted in 3 fragments:

DNA NC 2.1, DNA NC 22 and DNA NC _2.3. Digestion of gBlock DNA NC 3
resulted in 3 fragments: DNA NC 3.1, DNA NC 3.2 and DNA NC 3.3. Fragments
DNA NC 1.1, DNA NC 2.1 and DNA NC 3.1 each comprised a DNA sequence of
the Mito array primer, a 200 bp random sequence (different for each), and a Xhol half
site. Fragments DNA NC 1.2, DNA NC 2.2 and DNA NC 3.2 comprised a 300 bp
random sequence and flanked by two Xhol half sites. Fragments DNA NC 1.3,
DNA NC 2.3 and DNA NC 3.3 comprised a Xhol half site, a S00 bp random
sequence, a T7 promoter sequence and the Ribo array primer sequence.

[00912] Normalization controls were added to the sample prior to extraction of
genomic DNA. Normalization controls were then indexed in parallel with the rest of the
sequencing library.

[00913] DNA libraries with normalization controls were made using a dual
indexing strategy with 17 and 15 adapters. Primers with the 17 and 15 sequences as
described below were resuspended at a concentration of 200 uM. 5 pL of 15 and 17
primers were mixed in a total volume of 20 uL in NEB buffer 2 (FIG. 8). The 15 and 17
primer mix was then placed in a thermocycler, ramped to 95 °C for 1 minute, then
slowly cooled to 20 °C. The 15/17 mix was then diluted to a concentration of 15 uM in a
total volume of 1200 pL (for 1 reaction). 17/i5 adapters were further diluted 1:20 to give
a total concentration of 750 nM.

Dual indexing primers

1701-UM16 primer: 5’ phos/GAT CGG AAG AGC ACA CGT CTG AAC TCC AGT
CAC TAC AGG TCN NNN NNA TCT CGT (SEQ ID NO: 21)
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1702-UM16 primer: 5’phos/GAT CGG AAG AGC ACA CGT CTG AAC TCC AGT
CAC AGT TAC ATN NNN NNA TCT CGT (SEQ ID NO: 22)

1501-UM16 primer: AAT GAT ACG GCG ACC GAG ATC TAC ACN NNN NNC
CAGTAC AAC ACT CTT TCC CTA (SEQ ID NO: 23)

1502-UM16 primer: 5 AAT GAT ACG GCG ACC ACC GAG ATG TAC CAN NNN
NNG TGC TTA TAC ACT CTT TGG CTA N (SEQ ID NO: 24)

[00914] FIG. 9 shows the percent NC reads in an exemplary DNA library
sequenced with NCs included. NC controls were added to the sample at the
concentrations shown in FIG. 12.

Example 3: Quantifying levels of non-host in a sample

[00915] In this example, determining the ratio of non-host to NC is used to
subtract out the effect of differing host background quantities on non-host quantification
in a sample of mixed host and non-host nucleic acids.

[00916] The NC is composed of a set of nucleic acids, either separately DNA or
RNA or as mixtures of both DNA and RNA. The NCs of various sizes are mixed to
provide a linear distribution of different lengths and base compositions to simulate
different variability within an NGS library. These nucleic acids contained in a NC can
be synthetically manufactured, or from cultured mixtures of native nucleic acids. The
fragments can represent very specific sizes, nucleic acid compositions, or cover a very
broad range of sizes of fragments at various concentrations. Sequence motifs can be
included to understand if the library process is biased for sequence repeats or repetitive
sequences

[00917] The NC are one or more organisms. For example, the NC comprises
polynucleotides extracted from one or more organisms or species of organisms, such as
viruses, bacteria, fungi or eukaryotes, that simulate one or more properties of the non-
host sequences in a mixed host/non-host sample.

[00918] The NC is used to determine the relative amounts of different nucleic
acids in a sample. For example, normalization controls are used to determine the
abundance value of a pathogen (a non-host) in a sample from an infected host (e.g. a
human host infected with a virus or bacteria). The abundance value for the pathogen is
determined by dividing NGS reads that map to the pathogen by the number of NGS
reads that map to the NCs to compensate for differing background host content. This

value is mapped to a standard curve, which was generated and normalized the same
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way, and the pathogen titer is inferred from the standard curve. Using such methods,
there is not necessarily a need to determine an absolute pathogen load.

[00919] NCs are used to determine the absolute amounts of different nucleic
acids in a sample. For example, the NC is used to determine the absolute amount of a
pathogen (a non-host) in a sample from an infected host (e.g., a sample from a human
host infected with a virus or bacteria). An abundance value for the pathogen is
determined by dividing the number of NGS reads that map to the pathogen by the
number of NGS reads that map to the NCs to compensate for differing background host
contents. Based on this ratio and the input quantity of NC (e.g., copies of bacteriophage
or polynucleotides), the relative pathogen genome copy is determined. This value is
then corrected for pathogen genome size to derive an "absolute" pathogen abundance in
the starting material.

[00920] In some cases, the NC comprises T4 phage nucleic acid sequences, and
the pathogen comprises cytomegalovirus. Because the T4 phage and CMV genomes are
both around 200 kb, the two are about the same size, and it is assumed that plaque
forming units/mL (pfu/mL, T4) and copies/mL (cp/mL, CMV) are equivalent. If, after
next generation sequencing, there are 2 CMV reads for every 1 read of T4 phage NC,
and the NC was added at a concentration of 100 pfu/ml, then the CMV must have been
at a concentration of 200 cp/ml. If the CMV were 1/2 the genome size of T4, then the
CMYV and T4 would be present at approximately the same concentration (100 pfu/ml or
cp/ml) in the initial sample.

Example 4: Use of a Multi-Analyte Control to Determine Viral Titer

[00921] Normalization controls of the disclosure can be used to determine the
titer of a panel of viruses in a multi-analyte control, which is used to calculate the titer
of a virus in an experimental sample.

[00922] In this example, the multi-analyte control is a mixture of 11 viruses that
are commonly found human transplant samples: Cytomegalovirus (CMV), Epstein-Barr
Virus (EBV), Adenovirus (ADV), BK Virus (BKV), JC Polyomavirus (JCV), Human
Herpesvirus 6A (HHV6A), Human Herpesvirus 6B (HHV6B), Herpes simplex Virus
type 1 (HSV1), Herpes simplex Virus type 2 (HSV2), Varicella-Zoster Virus (VZV)
and Human Parvovirus B19 (B19). The mixture of 11 viruses is used to build a linearity
panel of different titers, e.g., 0, 100, 1,000 and 10,000 infectious units (IU)/mL, and

spiked into plasma. The multi-analyte control can be spiked into plasma at different
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levels to generate a calibration panel of multi-analyte controls. Normalization controls
are added to the sample and the multi-analyte controls in the calibration panel, the
nucleic acids are extracted, and a high throughput sequencing library or libraries are
then generated from the experimental sample and the multi-analyte controls. The reads
are mapped to the different viruses in the multi-analyte control panel or the
normalization controls, and the normalization controls are used to normalize the read
count from each of the viruses in the multi-analyte control. Normalized read count are
then plotted against titer for the multi-analyte control to generate a standard curve (FIG.
13), and the equation for the relationship between normalized reads and log (IU/mL) is
calculated. In this example (FIG. 13), this relationship is linear. Viral signal from the
experimental samples is similarly normalized with the normalization controls, and the
relationship calculated from the multi-analyte control is used to calculate viral titer in
the experimental sample.

[00923] The multi-analyte control is also used as a positive external control that
goes through the full sample preparation process, separate from the experimental
samples. High and low concentration multi-analyte controls can also be included with
experimental samples to ensure that a prior calibration panel, e.g. a reference panel, is
still applicable to current conditions.

Example 5: Generating Normalization Control Sequences Using Sequence Shuffling
[00924] One approach to designing normalization controls is through a base-
shuffling approach (Cantor Shuftling). A diagram of this design process is shown in
FIG. 14A. In a shuffling approach, all the same bases of target sequence(s) are
preserved in the same ratio, and the parameters of target sequence(s) are preserved, but
the sequence of the normalization controls is shuffled and does not map to the target
sequence(s).

[00925] Approximately 1200-2000 Reference Genomes representing potential
pathogens were used to generate a distribution of GC content, entropy, complexity, and
electron-ion interaction potential (EIIP) with respect to Genome length. A ternary plot
showing the interaction between GC content, entropy and EIIP for the reference
genomes 1s shown in FIG. 15.

[00926] Sequences were obtained from length bins which were in the 10 30%%,
50t 70% 80™ and 90" percentile of the x axis (length) with respect to the different

distributions (GC content, Entropy, Complexity, EIIP). Each sequences was shuffled
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within itself by 20-25 mer windows and placed in a repository of sequences for
potential an array. Each sequence was also shuffled within itself by a 100 mer window
and placed in a repository of sequences to use as a “map control.”

[00927] The potential array and “map control” were partitioned against the
reference genomes, and blasted against NCBI non-redundant sequence database (NR)
and the guide sequences. Sequences from the potential array that mapped were
eliminated. Normalization controls were designed in 55 staggered concentrations.
[00928] The normalization controls were informatically spike in to Probit (1000
cp/ml), Clinical samples, Identify and quantify Oligo, Identify and quantify pathogens.
The “map control” sequences were mapped against references to prove that shuffling
works.

[00929] An example of the normalization controls designed with 1-3 oligo per
log concentration is shown in FIGS. 14B-14C. An example normalization controls
designed with each order of magnitude in concentration represented by 6 concentrations
with at least one different oligo per log concentration, and 7-8 orders of magnitude
covered, is shown in FIG. 14D.

[00930] FIGS. 16-17 show the distribution of EIIP, entropy and GC content in
Kmers generated using the panel of Reference Genomes. 3.2 billion Kmers were
generated, and the initial profile was built using 2 billion Kmers (FIG. 16), 10 million
Kmers (FIG. 17A) and 1.3 million Kmers (FIG. 17B). Kmers were shuffled to mimic
the distribution of EIIP, entropy and GC content seen in Reference Genomes.

[00931] Multiprocessing in python can be used to perform processing on the
Kmer dataset (for example, Process and Pool). Pandas and Process are used to do
similar operations on large files. Datamash in python was used on 1.2 billion lines of
Kmers (divided into 7 files) to obtain the percentile values of the features. AWK was
used to perform selections and write the selected Kmers to file, which was used to build
oligos.

[00932] An exemplary pipeline for processing Kmers and generating output
oligos is shown in FIG. 18. Kmers are indexed to show how many times they have been
used in normalization control oligo construction and the global variable DIST RANGE
= {1KB...10KB} is initiated. The output data frame (of normalization control oligos) is
checked to see if length and position are within the DIST RANGE, and the number of

oligos generated. If NO, then the length bin not covered is selected, then the least used
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Kmers from the index created in step 1 are selected. These are concatenated until the
designed normalization control length is reached, and the process is repeated until the
desired number of oligos are generated. The sequences are then passed on to the Shuffle
function.

[00933] FIGS. 19A-19D show that normalization controls generated by Cantor
shuffling mimic EIIP, complexity and GC content for BK polyomavirus isolate CH-1,
JC polyomavirus strain NIID 12-31, human polyomavirus 1 strain BK 2 and human
adenovirus C. FIGS. 20A-20D show that normalization controls do not Blast to BK
polyomavirus isolate CH-1, JC polyomavirus strain NIID 12-31, human polyomavirus 1
strain BK 2 and human adenovirus C using the National Center for Biotechnology
Information (NCBI) BLAST Nucleotide Sequence server
(blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE TYPE=BlastSearch).

Example 6: Generating Normalization Control Sequences Using a Sliding Window
(Exhaustive Kmer Approach)

[00934] An alternative approach to the Cantor shuffling described in Example 5
is to use natural sequences from target sequences. In this approach, a sliding window is
taken across the natural sequences to generate staggered, overlapping Kmers. Non-
adjacent Kmers were then concatenated to produce normalization control sequences. If
a Kmer size of around 31 or 32 bp is used, then sequencing reads of about 150 bp will
encompass multiple Kmers, and normalization control sequences can be identified
through the juxtaposition of Kmers which are not adjacent in target sequence(s).
[00935] In this approach, a single genome can be represented by selecting
multiple sequences spread throughout the genome that are representative how that
genome would fragment. Further, individual normalization controls can incorporate
Kmers from multiple organisms, and match the parameters of multiple organisms. For
example, a normalization control oligo can contain a long Kmer, and within the long

Kmer may be shorter Kmers containing sequences from other organisms.

[00936] Approximately 1200-2000 Reference Genomes were used to generate
staggered Kmers, and Kmer distributions were calculated as described above for
Example 5.

[00937] The Kmers were first selected based on percent GC content: i.e., a set

number of percentages of GC content were picked to include in the normalization

controls. Kmers at the selected percent GC contents were next concatenated to generate
193



CA 03115281 2021-04-01

WO 2020/072990 PCT/US2019/054843

1 kilobase (KB) Oligos on GC bins. The GC content of concatenated sequences was
checked, as was entropy. Sequences were then passed homopolymer filters, and blasted
(Blastn and guide blast) to produce 785,000 oligos, each 1Kb in length.

[00938] FIGS. 21A-21C show distribution of EIIP, entropy and GC content of
Kmers generated at selected GC content percentages. When Principle Component
Analysis (PCA) was performed on both Reference Genome sequences and
normalization control sequences generated using these methods, both showed a similar
correlation between entropy, EIIP and GC content (FIG. 22). Further, entropy, EIIP and
GC content of normalization controls generated using this method correlated with
entropy, EIIP and GC content of Reference Genome sequences (FIG. 23). In addition, a
Kolmogorov Smirnov (KS) test was run comparing probability distributions of
entropies of the Reference Genome sequences to the normalization controls (FIG. 24).
[00939] That 785,000 normalization control oligo sequences did not align to the
Reference Genome sequences was verified by BLAST using the NCBI BLAST
Nucleotide Sequences server (FIG. 25A-25B). The head of the normalization control
oligo always BLASTed to Pseudomonas at about 750 bp for 50-80 bases (FIG. 25A).
The tail of the file had no BLAST hits (FIG. 25). All 785,000 normalization control
oligo sequences can be mass BLASTed, and only those sequences with no BLAST hits

can be selected for use as normalization controls.
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CLAIMS

What is claimed is:

1.

10.

11.

A normalization control, comprising at least three groups of polynucleotides,
wherein the polynucleotides within each group are of the same length.
The normalization control of claim 1, wherein the lengths of all of the
polynucleotides in the normalization control are the same.
The normalization control of claim 1, wherein the polynucleotides within each
group are of a different length when compared to the polynucleotides within any
other group.
The normalization control of claim 3, wherein the lengths of the groups of
polynucleotides are distributed in a linear sequence or a geometric sequence.
The normalization control of any one of claims 1-4, wherein the lengths of the
polynucleotides in the at least three groups are between about 15 bp and about
50,000 bp.
The normalization control of any one of claims 1-4, wherein the lengths of the
polynucleotides in the at least three groups are between about 500 bp and about
1500 bp, about 100 and 1200 bp, or about 150 and about 600 bp.
The normalization control of any one of claims 1-6, wherein the polynucleotides
within each group comprise the same sequence.
The normalization control of any one of claims 1-6, wherein the polynucleotides
within each group do not comprise the same sequence.
The normalization control of claim 8, wherein each group of polynucleotides
comprises at least three subgroups of polynucleotides,
wherein the polynucleotides within each subgroup comprise the same
sequence, and wherein the polynucleotides within each subgroup do not
comprise the same sequence as any other subgroup.
The normalization control of any one of claims 7-9, wherein at least one
sequence in at least one group of polynucleotides comprises a component
sequence.
The normalization control of any one of claims 7-9, wherein every sequence in

every group of polynucleotides comprises a component sequence.
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12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

The normalization control of claim 10 or 11, wherein the component sequence
of each group of polynucleotides is not the same as the component sequence of
any other group.

The normalization control of claim 9, wherein the sequence of at least one
subgroup of at least one group of polynucleotides comprises a component
sequence.

The normalization control of claim 9, wherein the sequence of each of the at
least three subgroups of at least one group comprises a component sequence.
The normalization control of claim 9, wherein the sequence of each subgroup of
every group comprises a component sequence.

The normalization control of claim 14 or 15, wherein the component sequence
of each subgroup is not the same as the component sequence of any other
subgroup.

The normalization control of any one of claims 10-16, wherein the component
sequence comprises a sequence of between about 6 bp and about 3000 bp.

The normalization control of any one of claims 10-17, wherein the component
sequence comprises a random sequence.

The normalization control of any one of claims 7-10, wherein the sequence of at
least one group of polynucleotides comprises an isolated sequence.

The normalization control of any one of claims 7-9, wherein the sequence of
every group of polynucleotides comprises an isolated sequence.

The normalization control of claims 9, 10 or 12-14, wherein the sequence of at
least one subgroup of at least one group of polynucleotides comprises an
isolated sequence.

The normalization control of claim 9, 10 or 12-14, wherein the sequence of
every subgroup of at least one group comprises an isolated sequence.

The normalization control of claim 9, wherein the sequence every subgroup of
every group comprises an isolated sequence.

The normalization control of claim 22 or 23, wherein the isolated sequence of
each subgroup is not the same as the isolated sequence of any other subgroup.
The normalization control of any one of claims 19-23, wherein the isolated
sequence comprises a sequence of between about 6 bp and about 200,000 bp,

between about 15 bp and about 50,000 bp, between about 500 bp and about
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26.

27.

28.

29.

30.

31.
32.

33.
34.

3s.

36.

37.

1500 bp, between about 100 bp and about 1200 bp, or between about 150 bp and
about 600 bp.

The normalization control of any one of claims 19-25, wherein the isolated
sequence is isolated or derived from a virus, a bacterium, a fungus or a
eukaryotic parasite.

The normalization control of any one of claims 19-26, wherein the isolated
sequence is not the same as at least one target sequence in a sequencing sample.
The normalization control of any one of claims 9-27, wherein at least one
sequence of at least one subgroup or group of polynucleotides in the
normalization control shares at least one sequence property with the at least one
target sequence in the sequencing sample.

The normalization control of claim 28, wherein the at least one sequence
property comprises percent GC content, entropy, complexity, length, electron-
ion interaction potential (EIIP), a sequence property of a transposable element
sequence, a viral sequence, a bacterial sequence, a fungal sequence, a eukaryotic
parasite sequence, one or more human genes sequence(s), or a combination
thereof.

The normalization control of claim 28 or 29, wherein the sequencing sample
comprises a mixture of host and non-host nucleic acids.

The normalization control of claim 30, wherein the host is a eukaryote.

The normalization control of claim 30, wherein the host is an insect, a plant or
an animal.

The normalization control of claim 32, wherein the animal is a human.

The normalization control of any one of claims 30-32, wherein the non-host
comprises a symbiote, a commensal organism, a parasite or a pathogen.

The normalization control of claim 34, wherein the non-host comprises multiple
species.

The normalization control of any one of claims 30-33, wherein the non-host
comprises a species of virus, a species of bacteria, a species of fungus or a
species of eukaryotic parasite, or combination thereof.

The normalization control of any one of claims 27-36, wherein the at least one

target sequence is a non-host sequence in the sequencing sample.
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38.

39.

40.

41.

42.

43.

44.

43.

46.

47.

48.

The normalization control of any one of claims 27-36, wherein the at least one
target sequence comprises a plurality of reference sequences.

The normalization control of claim 38, wherein the plurality of reference
sequences comprises at least 2, at least 10, at least 50, at least 100, at least 200,
at least 300, at least 400, at least 500, at least 600, at least 700, at least 800, at
least 900, at least 1,000, at least 1,200, at least 1,300, at least 1,400, at least
1,500, at least 1,600, at least 1,700, at least 1,800, at least 1,900, at least 2,000,
at least 2,200, at least 2,400, at least 2,600, at least 2,800, at least 3,000, at least
4,000, at least 5,000 , at least 6,000, at least 7,000, at least 8,000, at least 9,000
or at least 10,000 reference sequences.

The normalization control of claim 39, wherein the reference sequences
comprise non-host sequences.

The normalization control of claim 39 or 40, wherein the reference sequences
comprise viral sequences, bacterial sequences, fungal sequences, or a
combination thereof.

The method of any one of claims 38-41, wherein the plurality of reference
sequences comprises reference sequences from a plurality of organisms.

The normalization control of claim 42, wherein the reference sequences
comprise genomic DNA sequences or cDNA sequences or a combination
thereof.

The normalization control of any one of claims 38-43, wherein the isolated
sequence comprises at least one fragment of at least one reference sequence that
has been shuffled.

The normalization control of claim 44, wherein the isolated sequence comprises
at least two fragments of at least a first reference and second reference
sequences that have been shuffled and concatenated.

The normalization control of claim 44, wherein the first and second reference
sequences are non-adjacent in a genome of an organism.

The normalization control of claim 44, wherein the first and second reference
sequences are from different organisms.

The normalization control of any one of claims 44-47, wherein the at least one

fragment of the reference sequence comprises about 10-100, about 10-80, about
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20-60, about 20-40, about 20-30, or about 20-25 contiguous nucleotides of the
reference sequence.

49. The normalization control of any one of claims 34-38, wherein:

a. the at least one reference sequence is represented by a distribution of
reference sequence fragments;

b. the distribution is divided into at least 5 bins; and

c. aplurality of reference sequence fragments are selected from at least 3 of
the at least 5 bins, shuffled, and optionally concatenated, thereby
generating isolated sequences.

50. The normalization control of claim 49, wherein the reference sequence
fragments are distributed with respect to reference sequence length and least one
of (1) percent GC content, (2) entropy, (3) complexity, (4) EIIP, or a
combination thereof.

51. The normalization control of claim 49 or 50, wherein each bin represents 1
percent, 2 percent, 5 percent, 10 percent, 15 percent, or 20 percent of the
distribution.

52. The normalization control of claim 49 or 50, wherein each bin represents 5
percent, 10 percent, 15 percent, or 20 percent of the distribution of GC content.

53. The normalization control of any one of claims 50-52, wherein the
polynucleotides within each group of the normalization control are generated by
shuffling, and optionally concatenating, reference sequence fragments selected
from one of the at least 3 bins.

54. The normalization control of any one of claims 51-53, wherein the
polynucleotides within each group have at least three of’ (1) similar percent GC
content, (2) similar entropy, (3) similar EIIP, (4) similar length, or (5) similar
complexity as the reference sequence fragments from the corresponding bin in
the reference sequence distribution.

55. The normalization control of any one of claims 49-54, wherein reference
sequence fragments are chosen from the 10%, 30, 50 70t 80t and 90t
percentile bins from the percent GC content distribution.

56. The normalization control of any one of claims 38-43, wherein the isolated

sequence comprises at least two fragments of at least one reference sequence
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57.

58.

59.

60.

61.

62.

63.

64.

that are concatenated, and wherein the at least two fragments are non-adjacent in
the at least one reference sequence.

The normalization control of any one of claim 38-43, wherein the isolated
sequence comprises at least a first fragment of at least a first reference sequence,
and at least a second fragment of at least a second reference sequence, wherein
the at least first and second fragments are concatenated, and wherein the first
and second reference sequences are not the same reference sequence.

The normalization control of claim 56 or 57, wherein the at least first and
second fragments are about 15-60, about 20-40, about 20-30, about 15-32, 20-32
or about 25-35 contiguous nucleotides of the corresponding reference sequence.
The normalization control of claim 56 or 57, wherein the at least first and
second fragments are 29, 30, 31, 32, 33 or 34 contiguous nucleotides of the
corresponding reference sequence.

The normalization control of any one of claims 56-59, wherein the at least first
and second fragments are less than half an average length of a sequencing read.
The normalization control of any one of claims 56-60, wherein:

a. the at least one reference sequence is represented by a distribution of
overlapping reference sequence fragments generated using a sliding
window;

b. the distribution is divided into at least 5 bins; and

c. aplurality of reference sequence fragments is selected from at least 3 of
the at least 5 bins and concatenated, thereby generating isolated
sequences.

The normalization control of claim 61, wherein the reference sequence
fragments are distributed with respect to reference sequence length an and least
one of (1) percent GC content, (2) entropy, (3) complexity, (4) EIIP, or a
combination thereof.

The normalization control of claim 61 or 62, wherein each bin represents 1
percent, 2 percent, 5 percent, 10 percent, 15 percent, or 20 percent of the
distribution.

The normalization control of claim 61 or 62, wherein each bin represents 5

percent, 10 percent, 15 percent, or 20 percent of the distribution of GC content.
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65. The normalization control of any one of claims 61-64, wherein the
polynucleotides within each group are generated by concatenating reference
sequence fragments selected from one of the at least 3 bins.

66. The normalization control of any one of claims 61-65, wherein the
polynucleotides within each group have at least three of’ (1) similar percent GC
content, (2) similar entropy, (3) similar EIIP, (4) similar length, or (5) similar
complexity as the reference sequence fragments from the corresponding bin in
the reference sequence distribution.

67. The normalization control of any one of claims 61-66, wherein the sliding
window comprises a 1 bp, 2 bp, 3 bp, 4 bp or 5 bp sliding window.

68. The normalization control of any one of claims 61-67, wherein reference
sequence fragments are chosen from the 10®, 30 50t 70t 80% and 90t
percentile bins from the percent GC content distribution.

69. The normalization control of any one of claims 27-68, wherein the sequencing
sample comprises a sample from a subject diagnosed with cancer.

70. The normalization control of any one of claims 27-69, wherein the sequencing
sample comprises a metagenomic sample.

71. The normalization control of claim 70, wherein the at least one target sequence
comprises a sequence of a species within the metagenomic sample.

72. The normalization control of any one of claims 1-71, wherein the
polynucleotides of every group are at the same concentration.

73. The normalization control of any one of claims 1-71, wherein the
polynucleotides of every group are not at the same concentration.

74. The normalization control of any one of claims 1-73, wherein the
polynucleotides within a group have the same percent GC content.

75. The normalization control of claim 74, wherein the polynucleotides within a
group do not have the same percent GC content as the polynucleotides within
any other group.

76. The normalization control of any one of claims 1-75, wherein the
polynucleotides comprise a sequence encoding a unique molecular identifier.

77. The normalization control of claim 76, wherein the sequence encoding the
unique molecular identifier comprises a first indexing sequence or a second

indexing sequence.
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78.

79.

80.

81.

82.

83.

The normalization control of any one of claims 1-77, wherein the
polynucleotides comprise deoxyribonucleic acid (DNA) molecules, ribonucleic
acid (RNA) molecules, or DNA-RNA hybrid molecules.

The normalization control of claim 78, wherein the polynucleotides are at a
concentration of between about 0.005 and about 500 picograms (pg) per
microliter (uL) in the normalization control.

The normalization control of any one of claims 1-79, further comprising at least
one protein.

The normalization control of claim 80, wherein the at least one protein is
isolated or derived from a bacteria, a virus or a eukaryotic parasite.

A method of making a normalization control, comprising:

a. synthesizing at least three groups of DNA molecules,
wherein the DNA molecules within a group have the same sequence, and
wherein the sequence of each of the DNA molecules comprises, from 5’

to 3°, a first component sequence, a first restriction enzyme site, a second
component sequence, a second restriction site, and a third component sequence;

b. quantifying the amount of the each of the groups of DNA molecules in a
solution;

c. digesting each of the groups of DNA molecules with a restriction
enzyme that cuts the first and second restriction sites to produce at least
three groups of digested DNA molecules; and

d. mixing a pre-determined amount of each of the groups of digested DNA
molecules thereby producing a normalization control.

A method of making a normalization control comprising RNA molecules,
comprising:

a. synthesizing at least three groups of DNA molecules, wherein each of
the at least three DNA molecules comprises, from 5’ to 3°, a first
component sequence, a sequence complementary to a promoter
sequence, a first restriction enzyme site, a second component sequence, a
second sequence complementary to a promoter sequence, a second
restriction site, a third component sequence and a third sequence

complementary to a promoter sequence;
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b. digesting each group of DNA molecules with a restriction enzyme that
cuts the first and second restriction enzyme sites to produce at least three
groups of digested DNA molecules;

c. invitro transcribing each of the at least three groups of digested DNA
molecules to produce at least three populations of RNA molecules;

d. quantifying the amount of RNA produced in each of the populations of
RNA molecules; and

e. mixing a pre-determined amount of each of the populations of RNA
molecules, thereby producing a normalization control comprising RNA
molecules.

84. A method of making a normalization control comprising at least three groups of
polynucleotides, wherein the polynucleotides within each group are of the same
length, the method comprising:

1. extracting DNA from a sample;

ii. digesting the DNA with a restriction enzyme to produce a
collection of DNA fragments;

iii. separating the collection of DNA fragments;

iv. purifying the DNA fragments to produce at least three groups of
polynucleotides wherein the polynucleotides within each group
are of the same length; and

v. mixing a pre-determined amount of each of groups of
polynucleotides to produce the normalization control.

85. A normalization control generated by the method of any one of claims 83-85.

86. A kit comprising the normalization control of any one of claims 1-82.

87. A multi-analyte control comprising a mixture of at least three different species
of organisms, wherein the organisms have been inactivated.

88. The multi-analyte control of claim 87, wherein the multi-analyte control
comprises or consists essentially of 10 species of viruses or 11 species of
viruses.

89. A method of quantifying the level of expression of at least one target sequence
in a sample, comprising:

a. mixing a known amount of the normalization control of any one of

claims 1-82 with the sample,
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preparing a high throughput sequencing library,

sequencing said library to produce a collection of reads,

mapping reads from the collection of reads to the sample or the
normalization control,

determining the number of reads produced by each of the groups or
subgroups of polynucleotides in the normalization control,

calculating a relationship between the starting concentration of each of
the groups or subgroups of polynucleotides in the normalization control
mixed with the sample in (a) and the number of reads produced in (c),
modeling a relationship between reads and concentration of the at least
one target sequence in the sample, and

calculating an initial concentration of the at least one target
polynucleotide in the sample from the number of reads produced by the

target sequence using the model in (g).

90. A method of quantifying a titer of a target organism in a sample, comprising:

a.

providing a sample comprising the target organism, wherein the target
organism comprises at least one target sequence;

providing a multi-analyte control comprising known titers of at least
three species of organisms, wherein the organisms have been inactivated,;
mixing a known amount of the normalization control of any one of
claims 1-80 with the sample and with the multi-analyte control;
preparing high throughput sequencing libraries from the sample and the
multi-analyte control,

sequencing said libraries to produce a collection of sample reads and a
collection of multi-analyte control reads;

normalizing the collection of sample reads and the collection of multi-
analyte control reads from (e) using the normalization controls;
determining a relationship between normalized reads and the known
titers of the at least three species of organisms in the multi-analyte
control; and

calculating a of the target organism in the sample using the relationship

determined in (g).
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91. A method of making a plurality of normalization control oligonucleotides,

comprising:

a.

generating a plurality of reference sequence fragments from at least one

reference sequence;

generating a distribution of at least one parameter as a function of

number of reference sequence fragments;

dividing the distribution into at least 5 bins;

selecting at least one reference sequence fragment from at least 3 of the

at least 5 bins;

shuffling the at least 3 reference sequences to generate shuffled

sequences; and

synthesizing oligonucleotides comprising the shuffled sequences;
thereby generating a plurality of normalization control

oligonucleotides.

92. A method of making a plurality of normalization control oligonucleotides,

comprising:

a.

generating a plurality of reference sequence fragments from at least one
reference sequence using a sliding window;
generating a distribution of at least one parameter as a function of
number of reference sequence fragments;
dividing the distribution into at least 5 bins;
selecting at least two reference sequence fragments from at least 3 of the
at least 5 bins, wherein the at least two reference sequence fragments are
either non-contiguous in the reference sequence, or from different
reference sequences;
concatenating the at least two reference sequence fragments from each of
the at least 3 bins; and
synthesizing oligonucleotides comprising the concatenated reference
sequence fragments;

thereby generating a plurality of normalization control

oligonucleotides.

93. A system for designing a plurality of normalization control polynucleotide

sequences comprising:
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a. acomputer-readable storage medium which stores computer-executable
instructions comprising:
i. instructions for importing at least one reference sequence;
ii. instructions for generating a plurality of reference sequence
fragments from at least one reference sequence;
iii. instructions for generating a distribution of at least one parameter
as a function of number of reference sequence fragments;
iv. instructions for dividing the distribution into bins;
v. instructions for selecting a plurality of reference sequence
fragment from at least a subset of the bins;
vi. instructions for shuffling the plurality of reference sequence
fragments to generate shuffled sequences; and
thereby generating a plurality of normalization polynucleotide
sequences; and
b. a processor which is configured to perform steps comprising:
1. receiving a set of input files comprising the at least at least one
reference sequence; and
ii. executing the computer-executable instructions stored in the
computer-readable storage medium.
94. A system for designing a plurality of normalization control polynucleotide
sequences comprising:
a. acomputer-readable storage medium which stores computer-executable
instructions comprising:
i. instructions for importing at least one reference sequence;
ii. instructions for generating a plurality of reference sequence
fragments from at least one reference sequence;
iii. instructions for generating a distribution of at least one parameter
as a function of number of reference sequence fragments;
iv. instructions for dividing the distribution into bins;
v. instructions for selecting at least two reference sequence
fragments from each of at least a subset of the bins, wherein the

at least two reference sequence fragments are either non-
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contiguous in the reference sequence, or from different reference
sequences; and

instructions for concatenating the at least two reference sequence
fragments from each bin;

thereby generating a plurality of normalization polynucleotide

sequences; and

b. a processor which is configured to perform steps comprising:

1.

ii.

receiving a set of input files comprising the at least at least one
reference sequence; and
executing the computer-executable instructions stored in the

computer-readable storage medium.
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Fasta Header GC conternt  {Total CountiLength
=0liget77 RNA Normalfization Controls 1 with 77 RNA polymerase promoter for IVT1 4541284404 2181 436
>0lige178 RNA Normalization Conﬁ*os 2 with 77 RNA polymerase promoter for IVT46.76358083 218] 438
>lige179 RNA Normalization Controls 3 with T7 RNA polymerase promoter for 14257708165 2181 430
>Jligo180 RNA Normalization Controls 4 with 77 RNA golymerase promoter for V114673813043 2761 5b2
>0lige181 RNA Normalization Controls 5 with 77 RNA polymerase promoter for IVTH43.84057971 2761 552
>{ligo182 RNA Normalization_ Control 6 with 77 RNA polymerase prometer for IVT 140.57971014 2761 B&2
>{ligo183 RNA Normalization Control 7 with T7 RNA polymerase promoler for IVT 14435318275 4871 974
>0Olige184 RNA Normalization Control § with 17 _RNA polymerass promoler for VT 143.32648871 4871 474
>0Olige185 RNA Normalization Control 9 with 17 RNA polymerass promoler for VT 14353182752 4871 974
>(ligot8e_RNA Normalization Conlrol 1 48777777 225 450
>(Oliget87 RNA Normalization Conirgl 2 52 2251 450
>Qligot88_RNA Normalization_Control 3 4877777778 2251 450
>Qligo 188 RNA Normalization_Control 4 4215686275 ey 612
>0Oligot80 RNA Normalization_Conlrol 5 4346405229 ey 612
>(liget8! RNA Normalization_Condrol 8 41.503267%7 361 612
>Qliget92_RNA Normalization_Conirol 7 4564796505 5171 1034
>Qligot83_RNA Normalization_Control 8 4661508704 571 104
>Olign 184 RNA Normalization Control § 4487427460 5171 1004
>(figo24] manomiiseq! 47.05882353 2851 MU
>Olqo242_manomdseg] 4862745098 2581 510
>Qligo243 manormiseqt 53.7254502 255 M0
»(fige24d manomiseg? 517671865 M3 66
>{ligedds manomeseq? 517571885 3131 626
>Uligo246_manomidsege 447284345 3 626
>0lige2d7 manomesegd 5057251408 5241 1048
>Dlgo248 manomdsegd 4942748092 5241 1048
>Oligo24d manomdsegd 48.85496183 5241 1048
»0lige250_dnanarmisegi 46.66666667 2251 450
>{ligod51_dnanormZsegt 55.55555556 2251 450
>{ligo2he_dnanormiseg! 5422222202 228 4530
»0lige253_dnanormisegd 4934640523 Hei 612
>{ligo2hd_dnanormiZseq? 50.65350477 ey 612
>Oligo55_dnanormsege 49.01860784 ey 612
»0lige258_dnanarmisegd 49.9032862 5171 1034
>{ligo2h7_dnanormZseqd 4854832302 5171 1034
>Oligo58_dnanormlsegd 4854832302 5171 1034
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Oligo number | Final Conc ngful | Ratio to total amt of DNA
Oligo188 4.20E-03 0.420
Oligo187 4.21E-04 0.042
Oligo188 2.11E-04 0.021
Oligo189 2.86E-03 (.2886
QOligo180 4.29E-04 0.043
Oligo191 1.43E-04 0.014
Gligo192 9.68E-04 0.087
Oligo193 4 84E-04 0.048
Oligo194 9.68E-05 0.010
Oligo2s0 4.22E-05 0.004
Oligo2b1 2. 1ME-05 $.002
Oligon2s3 4.31E-05 0.004
Oligo254 1.43E-05 0.001
Oligo256 4 84E-05 0.005
Oligo257 9.71E-08 0.001
Lib Size
FiG. 11
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