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(57) Abstract: Methods, apparatuses, and systems for analyzing microorganism strains in complex heterogeneous communities, deter-
mining functional relationships and interactions thereof, and diagnostics and biostate management based thereon are disclosed. Methods
for diagnostics, analytics, and treatments of states and state aberrations/deviations, including treatments, such as bioreactive modifica-
tors, such as bioreactive modificators comprising synthetic microbial ensembles, are also disclosed.
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METHODS, APPARATUSES, AND SYSTEMS FOR ANALYZING MICROORGANISM
STRAINS IN COMPLEX HETEROGENEQUS COMMUNITIES, DETERMINING
FUNCTIONAL RELATIONSHIPS AND INTERACTIONS THEREQF, AND
DIAGNOSTICS AND BIOSTATE MANAGEMENT BASED THEREON

{0061} This application claims priority to and benefit of U.S. Provisional Patent Application
No. 62/439,804, filed on December 28, 2016, this application also claims priority to and benefit
of U.S. Provisional Patent Application No. 62/560,174, filed on September 18, 2017; the entirety
of the aforementioned application(s) are hereby expressly incorporated by reference for all
purposes.

{0002 This application may contain material that is subject to copyright, mask work, and/or
other intellectual property protection. The respective owners of such intellectual property have
no objection to the facsimile reproduction of the disclosure by anyone as it appears in published

Patent Office file/records, but otherwise reserve all rights.

BACKGROUND

{0003} Microorganisms coexist in nature as communities and engage in a variety of
interactions, resulting in both collaboration and competition between individual community
members. Advances in microbial ecology have revealed high levels of species diversity and
complexity in most communities. Microorganisms are ubiquitous in the environment, inhabiting
a wide array of ecosystems within the biosphere. Individual microorganisms and their respective
communities play unique roles in environments such as marine sites {both deep sea and marine

surfaces), soil, and animal tissues, including human tissue.
SUMBMARY

{0004] This disclosure i1s directed to methods, apparatuses, and systems for analyzing
microorganism strains in complex heterogeneous communities, determining functional
relationships and interactions thereof, and diagnostics and biostate management based thereon.
Methods for diagnostics, analytics, and treatments of states and state aberrations and state

deviations, including treatments comprising synthetic microbial ensembles, are also disclosed.

{0005} 1In one aspect of the disclosure, a diagnostic method is disclosed. The method can

comprise obtaining at least two samples sharing at least one common environmental parameter
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(such as sample type, sample location, sample time, etc.). At least one of the at least two samples
can be defined as being in a first state, and at least one of the at least two samples can be defined
as being in a second state, the second state different from the first state. For example, in one
embodiment one of the at least two states is a healthy state or a state associated with a heaithy
sample source {(e.g., a sample source having one or more desirable characteristics or metadata),
while the other state i1s an unhealthy/sick state or a state associated with an unhealthy/sickly
sample source {e.g., a sample source having one or more undesirable characteristics or metadata,
in some instances, especially when compared to the corresponding characteristic(s) or metadata
of a healthy sample source). For each sample, the presence of one or more microorganism types
in the sample 1s detected and a number of each detected microorganism tvpe of the one or more

microorganism types in each sample is determined.

{0006f Unique first markers in each sample, and quantity thereof, are measured, each unique
first marker being a marker of a microorganism strain of a detected microorganism type. The
absolute cell count of each microorganism strain in each sample is determined, based on the
number of each microorgamism type and the number/respective number of the unigue first
markers. Then, at least one unique second marker for each microorganism strain 1s measured,
and an activity level for that microorganism strain is determined (e.g., based on the unique
second marker exceeding a specified activity threshold). Depending on the implementation, the
activity level can be numerical, relative, and/or binary (e g., active/inactive). The absolute cell
count of each microorganism strain is filtered by the determined activity to provide a set or list of
active microorganisms strains and their respective absolute cell counts for each of the at least
two samples. The filtered absolute cell counts of active microorganisms strains for the at least
one sample from the first state and the at least one sample from the second state can be compared
or processed to define or determine a baseline state (e.g., a healthy state or normal state). The
baseline state can be defined or characterized by the presence or absence of specified taxonomic
groups and/or strains. In some embodiments, the method includes or further comprises obtaining
at least one further sample, the further sample having an unknown state. Then, for the at {east one
further sample, the presence of one or more microorganism types is detected and a number of
each detected microorganism type of the one or more microorganism types is determined.
Unique first markers, and quantity thereof, are determined, each unique first marker being a

marker of a microorganism strain of a detected microorganism type. The absolute cell count of
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each microorganism strain is determined from the number of each microorganism type and the
number of the unigque first markers. At least one unigue second marker 1s used, for each
microorganism strain based on a specified threshold, to determine an activity level for that
microorganism strain. The absolute cell count of each microorganism strain 1s filtered by the
determined activity to provide a set of active microorganisms strains and their respective
absolute cell counts. The set of active microorganisms strains and their respective absolute cell
counts for the at least one further sample 1s then compared to the baseline state to determine a
state of the at least one further sample (e.g., healthy or unhealthy, normal or abnormal, etc.}. The
determined state of the at least one further sample is then output and/or displayved (e.g., on a

display screen or graphic interface).

{0007} According to some further embodiments, the determined state of the at least one further
sample corresponds to a state of an environment associated with the at least one further sample.
Depending on the implementation, the environment associated with the at least one further
sample can include a geospatial environment, such as a field or pasture, a feed environment or
source (e.g., grain silo), a target ammal and/or herd, etc. Treatments can be identified or
determined for the environment associated with the at least one further sample. In embodiments
where the baseline 1s healthy or the like. the treatment can be configured to shift the state of the
environment toward the baseline. In some embodiments, the treatment can be configured to shift
the state of the environment toward a state associated with desired goal or favorable outcome.
The treatment can include a synthetic ensemble {(especially a synthetic ensemble formed
according to the methods of the disclosure), a chemical/biological treatment or medicine, a
treatment regime, a combination of two or more of the preceding treatments, and/or the like. In

some embodiments, the baseline state can be updated based on the at least one further sample.

{0008] TIn another aspect of the disclosure, an analvtic method 1s disclosed. Such a method can
comprise obtaining at least two sample sets, each sample set including a plurality of samples. In
some implementations, at least one sample set of the at least two sample sets can be defined as
being in a first state, and at least one sample set of the at least two sample sets can be defined as
being 1n a second state, wherein the first state ts different from the second state, and the range of
the sample in the sample set corresponds to the range of the state corresponding to the sample
set. In other implementations, samples within the sample set are defined as being in respective

states, or the state determination or definition i1s made post-analysis. The method then includes
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detecting a plurality of microorganism types in each sample, determining an absolute number of
cells of each detected microorganism type of the plurality of microorganism types in each
sample, and measuring unique first markers in each sample, and quantity thereof, each unique
first marker being a marker of a microorganism strain of a detected microorganism type. The
method includes then determining the absolute cell count of each microorganism strain present in
each sample based on the number of each detected microorganism types in that sample and the
number of unique first markers and quantity thereof in that sample and measuring at least one
unique second marker for each microorganism strain to determine active microorganism strains
in each sample. A set of active microorganisms strains and their respective absolute cell counts is
then generated for each sample of the at least two sample sets. The method includes analyzing
the active microorganisms strains and respective absolute cell counts for each sample of the at
least two sample sets and/or respective samples to define a baseline state. The baseline state can
be, in some embodiments, defined and/or characterized by the presence or absence of specified

taxonomic groups and/or strains.

{0009} Then, at least one further sample having an unknown state is obtained. For the at least
one further sample, the method further includes: (1) detecting the presence of one or more
microorganism types; (2) determining a number of each detected microorganism type; (3)
measuring unique first markers, and quantity thereof, each unique first marker being a marker of
a microorganism strain of a detected microorganism type; (4) determining the absolute cell count
of each mucroorganism strain from the number of each microorganism type and the number of
the unique first markers; (5) measuring at least one unique second marker for each
microorganisin strain based on a specified threshold to determine an activity level for that
microorganism strain; and {6) filtering the absolute cell count of each microorganism strain by
the determined activity to provide a set of active microorganisms strains and their respective
absolute cell counts. The set of active microorganisms strains and their respective absolute cell
counts for the at least one further sample is compared to the baseline state to determine a state
associated with the at least one further sample, and the determined state associated with the at

least one further sample is displayed or output.

{0010f The method can further comprise selecting a plurality of active microorganism strains
based on the baseline state and the determined state associated with the at least one further

sample, and combining the selected plurality of active microorganism strains with a carrier
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medium to form a synthetic ensemble of active microorganisms configured to be introduced to
an environment associated with the at least one further sample and modify a state of the

environment assoctated with associated with the at least one further sample.

{0011} According to some embodiments, a method for identifying active microorganisms from
a plurality of samples, analyzing identified microorganisms with at least one metadata, and
creating an ensemble of microorganisms based on the analysis 1s discliosed. Ensembles can be
used 1n treatments for disorders or undesirable states, and/or for biostate shifting (e.g., shifting
from a disease state to a healthy or baseline state; or shifting from a baseline or normal state to a
productive or enhanced state). Embodiments of the method include determining the absolute cell
count of one or more active microorganism strains in a sample, wherein the one or more active
microorganism strains is present in a microbial community in the sample. The one or more
microorganism strains can be a subtaxon of a microorganism type. Samples used in the methods
provided herein can be of any environmental origin. For example, in one embodiment, the
sample 1s from animal, soil (e.g., bulk soil or rhizosphere). air, saltwater, freshwater, wastewater
sludge, sediment, o1l, plant, an agricultural product, plant, food or beverage (e.g., cheese, beer,
wine, bread, or other fermented food) or an extreme environment. In another embodiment, the
armumal sample is a blood, tissue, tooth, perspiration, fingernail, skin, hair, feces, urine, semen,
mucus, saliva, gastrointestinal tract, rumen, muscle, brain, tissue, or organ sample. In one
embodiment, a4 method for determining the absolute cell count of one or more active
microorganisin strains i3 provided. The methods can also be used for defining states/biostates

and/or analytics for determining the state of 4 sample (and corresponding sample source}.

{0012] According to some embodiments, a method of forming a bioensemble of active
microorganism strains configured to alter a property in and/or biostate of a target biological
environment is provided. Such methods can comprise obtaining at least two samples {or sample
sets) sharing at least one common environmental parameter (such as sample type, sample time,
sample location, sample source type, etc.} and detecting the presence of a plurality of
microorganism types in each sample. Then the absolute number of cells of each detected
microorganism type of the plurality of microorganism types in each sample is determined {e.g.,
by way of non-limiting example, the dyeing procedures, cell sorting/FACS, etc., as discussed
herein}, and measuring a number of unique first markers in each sample, and quantity thereof,

each unique first marker being a marker of a microorganism strain of a detected microorganism
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type. The absolute cell count of each microorganism strain present in each sample 1s determined
based on the number of each detected microorganism types in that sample and the number of
unique first markers and quantity thereof in that sample. At least one unique second marker,
indicative of activity (e g., metabolic activity) 1s measured for each microorganism strain to
determine active microorganism strains in each sample, and a set or list of active microorganisms
strains and their respective absolute cell counts for each of the at least two samples is generated.
The active microorganisms strains and respective absolute cell counts for each of the at least two
samples with at least one measured metadata for each of the at least two samples are analyzed to
identify relationships between each active microorganism strain and at least one measured
metadata, measured metadata for each sample, and/or measured metadata for a or the sample
set{s). Based on the analysis, a plurality of active microorganism strains are selected and
combined with a carrier medium to form a bhioensemble of active microorganisims, the
bioensemble of active microorganisms configured to alter at least one property (that corresponds
to the at least one metadata) of a target biological environment when the bioensemble 1s
introduced into that target biological environment. Depending on the embodiment, the metadata
can be the or a environmental parameter, and can be the same or relatively similar across
samples or sample sets, have different values across different samples or sample sets. For
example, the metadata for dairy cows could include feed and milk output, and the feed metadata
value could be the same (1.e., the cows are fed the same teed) while the milk output/composition
could vary (i.e., the sample from one cow or set of samples from a particular herd of cows has an
average milk output/composition that 15 different from milk output/composition corresponding to
a sample from a second cow or sample set for a separate herd of cows). In some embodiments, a

one sample set can be utilized to define a biostate, such as a baseline state.

{0013] According to some embodiments of the disclosure, diagnostic methods and methods for
analyzing microbial communities are provided. Such methods can comprise obtaining at least
two samples (or data for at least two samples}, each sample including a heterogeneous microbial
community, and detecting the presence of a plurality of microorganism types in each sample. An
absolute number of cells of each detected microorganism type of the plurality of microorganism
types in each sample is then determined (e.g., via FACS or other methods as discussed herein). A
number of unique first markers in each sample, and quantity thereof, are measured, each unique

first marker being a marker of a microorganism strain of a detected microorganism type. A value
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(activity, concentration, expression, etc.) of one or more unique second markers is measured, a
unique second marker indicative of activity {e.g, metabolic activity) of a particular
microorganism strain of a detected microorganism type, and the activity of each detected
microorganism strain is determined based on the measured value of the one or more unique
second markers (e.g., based on the value exceeding a specified set threshold). The respective
ratios of each active detected microorganism strain in each sample are determined (e.g., based on
the respective absolute cell counts, values, etc.}. Then each of the active detected microorganism
strains (or a subset thereof} of the at least two samples are analyzed to identifying relationships
and the strengths thereof between each active detected microorganism strain and the other active
detected microorganism strains, and between each active detected microorganism strain and at
least one measured metadata. The identified relationships are then displayed or otherwise output,
and can be utilized for defining a biostate and/or generation of a bioensemble In some
emnbodiments, only relationships that exceed a certain strength or weight are displayed. As
detailed throughout the disclosure, biostates or states based on the disclosed analytics can be
defined for purposes of analytics and treatment, and bioensembles can be configured such that,
when ntroduced into a target environment, a bioensemble can change or alter a biostate or

property of the target environment, an in particular, a property related to the measured metadata.

{0014] According to some embodiments of the disclosure, methods comprise detecting the
presence of a plurality of microorganism types in a plurality of samples and determining the
absolute number of cells of each of the detected microorganism types in each sample. A number
of unique first markers in each sample, and quantity thereof, can be measured, a unique first
marker being a marker of a microorganism strain. A value or level of one or more unique second
markers 15 measured, a umque second marker being indicative of metabolic activity of a
particular microorganism strain. Based on measured value or level, an activity of each of the
detected microorganism strains for each sample is determined or defined (e g., based on the
measured value or level exceeding a specified threshold). A weighted or cell-adjusted value of
each active detected microorganism strain in the sample is determined (the weighted or cell-
adjusted value is not relative abundance}. In some implementations, the weighted or celi-adjusted
value 1s the absolute cell count for a strain relative to the sum of all absolute cell counts for all

strains.
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{0015} Each of the detected active microorganism strains of each sample {or sample sets} 1s
analvzed. The analysis can include identifying relationship and the strengths thereof between
each detected active microorganism strain having a weighted value and every other active
microorganism strain having a weighted value, and each active microorganism strain having a

weighted value and one or more measured metadata.

{0016] The identified relationships (an in some embodiments, related data such as weighted
values and strengths) can be used to define a biostate, such as a baseline state, and/or can then be
displayed or otherwise output, and can be utilized for generation of a synthetic ensemble and/or
for biostate management. In some embodiments, the identified relationships for each metadata
are displayed or output. In some embodiments, the displayed or output relationships identify or
are configured to facilitate identification of a state or states, and/or one or more microbial strains
responsible for a disease or deviation from a baseline state. In some embodiments, the displayed
or output relationships identity or are configured to facilitate identification of one or more

microbial strains to modify a biostate and/or treat a disease or disorder.

{0817} In some embodiments, only relationships that exceed a certain strength or weight {e.g.,
exceeding a specified threshold or base value) are displayed or output. As detailed throughout
the disclosure, synthetic ensembles can be configured such that, when introduced nto a target
environment, a synthetic ensemble can modify a biostate and/or change or alter a property of the
target enviromment, in particular, a property that is related to the measured metadata. In some
implementations, the above method can be used to form a synthetic ensemble of active
microorganism strains configured to modify a biostate or alter a property in a biological
environment, and is based on two or more sample sets each having a plurality of environmental
parameters, at least one parameter of the plurality of environmental parameters being a common
environmental parameter that 1s sinular between the two or more sample sets and at least one
environmental parameter being a different environmental parameter that 1s different between
each of the two or more sample sets. In some implementations, each sample set includes at least
one sample comprising a heterogeneous microbial commumnity obtained from a biological sample
source. In some implementations, at least one of the active microorganism strains is a subtaxon

of one or more microorganism types.
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{0018} In some embodiments of the disclosure, the one or more microorganism types are one
or more bacteria (e.g., mycoplasma, coccus, bacillus, rickettsia, spirtllum), fungi (eg.,
filamentous fungi, veast), nematodes, protozoans, archaea, algae, dinoflagellates, viruses (e.g.,
bacteriophages), viroids and/or a combination thereof. In one embodiment, the one or more
microorganism strains is one or more bacteria (e.g., mycoplasma, coccus, bacillus, rickettsia,
spirillum), fungi (e.g., filamentous fungi, yeast), nematodes, protozoans, archaea, algae,
dinoflagellates, viruses (e.g., bacteriophages), viroids and/or a combination thereof. In a further
embodiment, the one or more microorganism strains is one or more fungal species or fungal sub-
species. In a further embodiment, the one or more microorganism strains is one or more
bacterial species or bacterial sub-species. In even a further embodiment, the sample is a ruminal
sample In some embodiments, the ruminal sample is from cattle. In some embodiments, the
sample is a gastrointestinal sample. In some embodiments, the gastrointestinal sample 1s from a

pig or chicken.

{0019} In some embodiments, the methods include determining the absolute cell count of one
or more active microorganism strains in a sample, the presence of one or more microorganism
types in the sample is detected and the absolute number of each of the one or more
microorganism types in the sample 1s determined. Such embodiments can be used to determine a
biostate or deviation from a previously-defined baseline state A number of unique first markers
1s measured along with the relative quantity of each of the unique first markers. As described
herein, a unique first marker 1s a marker of a unique microorganism strain. Activity can then be
assessed, e.g , at the protein or RNA level, bv measuring the level of expression of one or more
unique second markers. The unique second marker can be the same or different from the first
unique marker, and is a marker of activity of an organism strain. Based on the level of
expression of one or more of the unique second markers, a determination is made which {if any)
one Or more nUCroorganisnt strains are active. In one embodiment, a nucroorganism strain is
considered active if it expresses the second unique marker at threshold level, or at a percentage
above a threshold level. The absolute cell count of the one or more active microorganism strains
1s determined based upon the quantity of the one or more first markers of the one or more active
microorganism strains and the absolute number of the microorganism types from which the one

Or more microorganism strains is a subtaxon.
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{0028} In one embodiment, determining the number of each of the one or more organism types
in the sample comprises subjecting the sample or a portion thereof to nucleic acid sequencing,
centrifugation, optical microscopy, fluorescence microscopy, staining, mass spectrometry,

microfluidics, quantitative polvmerase chain reaction {qPCR} or flow cytometry.

{0021} In one embodiment, measuring the number of first unique markers in the sample
comprises measuring the number of unique genomic DNA markers. In another embodiment,
measuring the number of first unique markers in the sample comprises measuring the number of
unique RNA markers. In another embodiment, measuring the number of unique first markers in
the sample comprises measuring the number of unique protein markers. In another embodiment,
measuring the number of unique first markers in the sample comprises measuring the number of
unique metabolite markers. In a further embodiment, measuring the number of unique
metabolite markers in the sample comprises measuring the number of unique carbohydrate

markers, unique lipid markers or a combination thereof.

{0022} In another embodiment, measuring the number of unique first markers, and quantity
thereof, comprises subjecting genomic DNA from the sample to a high throughput sequencing
reaction. The measurement of a unique first marker in one embodiment, comprises a marker
specific reaction, e.g., with primers specific for the unique first marker. In another embodiment,

a metagenomic approach.

{0023} In one embodiment, measuring the level of expression of one or more unique second
markers comprises subjecting RNA {e.g., miRNA, tRNA, rRNA, and/or mRNA) in the sample to
expression analysis. In a further embodiment, the gene expression analvsis comprises a
sequencing reaction. In yet another embodiment, the RNA expression analysis comprises a
quantitative polymerase chain reaction (qPCR), metatranscriptome sequencing, and/or

transcriptome sequencing.

{0024} In some embodiments, measuring the number of second unique markers in the sample
comprises measuring the number of unique protein markers. In some embodiments, measuring
the number of unique second markers in the sample comprises measuring the number of unique
metabolite markers. In some embodiments, measuring the number of unique metabolite markers
in the sample comprises measuring the number of unique carbohydrate markers. In some

embodiments, measuring the number of unique metabolite markers in the sample comprises
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measuring the number of unique lipid markers. In some embodiments, the absolute cell count of
the one or more microorganism strains is measured in a plurality of samples. The absolute cell
counts of the plurality of samples can be used to define a state or biostate, such as a baseline
state, and/or can be used to determine if sample sources deviate from a predefined biostate, such
as a baseline state. In further embodiments, the plurality of samples is obtained from the same
environment or a similar environment. In some embodiments, the plurality of samples are
obtained at a plurality of time points. For example, in biostate management, a plurality of
samples can be obtained for a particular environment or target, such as an animal, over a course
of time to monitor and manage the biostate of the animal, and provide treatments, supplements,

etc., to move the target toward or keep the target at a baseline state or other desired biostate.

{0025} In some embodiments, measuring the level of one or more unique second markers
comprises subjecting the sample or a portion thereof to mass spectrometry analysis. In some
embodiments, measuring the level of expression of one more unique second markers comprises

subjecting the sample or a portion thereof to metaribosome profiling and/or ribosome profiling.

{0026} In another aspect of the disclosure, a method for determining the absolute cell count of
one or more active microorganism strains 1s determined in a plurality of samples, and the
absolute cell count levels are related to one or more metadata {¢.g., environmental) parameters.
Relating the absolute cell count levels to one or more metadata parameters comprises in one
emmbodiment, a co-occurrence measurement, a mutual information measurement, a linkage
analysis, and/or the hke. The one or more metadata parameters in one embodiment, is the
presence of a second active microorganism strain.  Accordingly, the absolute cell count values
are used in one embodiment of this method to determine the co-occurrence of the one or more
active microorganism strains in a microbial community with an environmental parameter. In
another embodiment, the absolute cell count levels of the one or more active microorganism
strains 1s related to an environmental parameter such as feed conditions, pH, nutrients or

temperature of the environment from which the microbial community 1s obtained.

{0027} In this aspect, the absolute cell count of one or more active microorganism strains is
related to one or more environmental parameters. The environmental parameter can be a
parameter of the sample itself, e.g., pH, temperature, amount of protein in the sample, the

presence of other microbes in the community. In one embodiment, the parameter is a particular
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genomic sequence of the host from which the sample i1s obtained {e.g., a particular genetic
mutation}. Alternatively, the environmental parameter is a parameter that affects a change in the
identity of a microbial community (7.e., where the “identity” of a microbial community 1s
characterized by the type of microorganism strains and/or number of particular microorganism
strains in a community), or is affected by a change in the identity of a microbial community. For
example, an environmental parameter in one embodiment, is the food intake of an animal or the
amount of milk {or the protein or fat content of the milk) produced by a lactating ruminant. In
some embodiments described herein, an environmental parameter i1s referred to as a metadata

parameter.

{0028} In one embodiment, determining the co-occurrence of one or more active
microorganism strains in the sample comprises creating matrices populated with linkages

denoting one or more environmental parameters and active microorganism strain associations.

{0029} In one embodiment, determining the co-occurrence of one or more active organism
strains and a metadata parameter comprises a network and/or cluster analysis method to measure
connectivity of strains within a network, wherein the network i1s a collection of two or more
samples that share a common or similar environmental parameter. In some embodiments, the
network analysis and/or network analysis methods comprise one or more of graph theorv, species
community rules, Eigenvectors/ modularity matrix, Gambit of the Group, and/or network
measures. In some umplementations, network measures include one or more of observation
matrices, time-aggregated networks, hierarchical cluster analysis, node-level metrics and/or
network level metrics. In some embodiments, node-level metrics include one or more of: degree,
strength, betweenness centrality, Eigenvector centrality, page rank, and/or reach. In some
embodiments, network level metrics include one or more of density, homophily/assortativity,

and/or transitivity

{0030} In some embodiments, network analvsis comprises linkage analysis, modularity
analysis, robustness measures, betweenness measures, connectivity measures, transitivity
measures, centrality measures or a combination thereof. In another embodiment, the cluster
analysis method comprises building a connectivity model, subspace model, distribution model,
density model, or a centroid model. In another embodiment, the network analysis comprises

predictive modeling of network through link mining and prediction, collective classification,
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link-based clustering, relational stmilarity, or a combination thereof. In another embodiment, the
network analysis comprises mutual information, maximal information coefficient calculations, or
other nonparametric methods between variables to establish connectivity.  In another
embodiment, the network analysis comprises differential equation based modeling of

populations. In another embodiment, the network analysis comprises Lotka-Volterra modeling.

{0031} Based on the analysis, strain relationships can be displayed or otherwise output, and/or

one or more active relevant strains are identified for including in a microbial ensemble.

BRIEF DESCRIPTION OF THE FIGURES

{0032] FIG. 1 shows an exemplary high-level process flow state determination and
diagnostics, according to some embodiments.

{0033] FIG. 1A shows an exemplary high-level process flow for screening and analyzing
microorganism strains from complex heterogeneous communities, predicting functional
relationships and interactions thereof, and selecting and synthesizing microbial ensembles based

thereon, according to some embodiments.

{0034] FIG. 1B shows a general process flow for determining the absolute cell count of one or

more active microorganism strains, according to some embodiments.

{0035} FIG. 1C shows a process flow for microbial communtity analysis, type/strain-metadata
relationship determination, display, and bioensemble generation, according to some

embodiments.

{0036f FIG. 1D illustrates exemplary visual output of analyzed strains and relationships,

according to some embodiments.

{0037} FIG. 1E illustrates MIC Score Distribution for Rumen Bacteria and Milk Fat

Efficiency, according to some embodiments.

{0038} FIG. IF illustrates MIC Score Distribution for Rumen Fungi and Milk Fat Efficiency,

according to some embodiments.

{0039} FIG. 1G illustrates MIC Score Distribution for Rumen Bacteria and Dairy Efficiency,

according to some embodiments.
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{0048} FIG 1H illustrates MIC Score Distribution for Rumen Fungi and Dairy Efficiency,

according to some embodiments.

{0041} FIG. 2 shows a general process flow determining the co-occurrence of one or more
active microorganism strains in a sample or sample with one or more metadata {(environmental)

parameters, according to some embodiments.

{0042] FIG. 3A s a schematic diagram that illustrates an exemplary microbe interaction
analysis and selection system 300, according to some embodiments, and FIG. 3B is example
process flow for use with such a system. Systems and processes to determine multi-dimensional
interspecies interactions and dependencies within natural microbial communities, identify active
microbes, and select a plurality of active microbes to form an ensemble, aggregate or other
synthetic grouping of microorganisms that will alter specified parameter(s) and/or related

measures, is described with respect to FIGs. 3A and 3B.
{0043} FIGs. 3C and 3D provides exemplary data tllustrating some aspects of the disclosure.

{0044 FIG. 4 shows the non-linearity of pounds of milk fat produced over the course of an
experiment to determine rumen microbial community constituents that impact the production of

milk fat in dairy cows.

{0045} FIG. 5 shows the correlation of the absolute cell count with activity filter of target

strain Ascus_713 to pounds (lbs) of milk fat produced.

{0046} FIG. 6 shows the absolute cell count with activity filter of target strain Ascus_7 and the

pounds (lbs) of milk fat produced over the course of an experiment.

{0047} FIG. 7 shows the correlation of the relative quantity or abundance with no activity filter

of target strain Ascus 3038 to pounds (lbs) of milk fat produced.

{0048] FIG. 8 shows the results of a field trial in which dairy cows were administered a
microbial ensemble prepared according to the disclosed methods; FIG. 8A shows the average
number of pounds of milk fat produced over time; FIG. 8B shows the average number of pounds
of milk protein produced over time; and FIG. 8C shows the average number of pounds of energy

corrected milk {(ECM) produced over time.

{0049 FIG. 9 shows the results of a bird study based on an embodiment of the disclosure.
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{0058} FIG. 10 shows results of a horse study based on an embodiment of the disclosure.

{0031} FIG. 11 shows an overview of example diagnostic platform workflow according to

some embodiments of the disclosure.

{0052 FIGs. 12a-d illustrates an embodiment of the disclosure relating to equine state

identification and microbial insights.

{0033] FIGs. 13a-b and 14a-c illustrates example embodiments of the disclosure relating to

dairy state identification and microbial insights.

DETAILED DESCRIPTION

{0054} Microbial communities are central to environmental processes 1n many different types
ecosystems as well and the Earth’s biogeochemistry, e.g., by cycling nutrients and fixing carbon
(Falkowski et al. (1998) Science 281, pp. 237-240, mcorporated by reference herein in its
entirety for all purposes). However, because of community complexity and the lack of
culturabtlity of most of the members of any given microbial community, the molecular and

ecological details as well as influencing factors of these processes are still poorly understood.

{0055} Microbial communities differ in qualitative and quantitative composition and each
microbial community i1s unique, and its composition depends on the given ecosystem and/or
environment in which it resides. The absolute cell count of microbial communtty members ts
subject to changes of the environment in which the community resides, as well as the
physiological and metabolic changes caused by the microorganisms (e.g., cell division, protein
expression, etc.). Changes in environmental parameters and/or the quantity of one active
microorganism within a community can have far-reaching effects on the other microorganisms of
the community and on the ecosystem and/or environment in which the community 1s found. To
understand, predict, and react to changes in these microbial communities, it is necessary to
identify the active microorganisms in a sample, and the number of the active microorganisms in
the respective community. However, to date, the vast majority of studies of microbial community
members have focused on the proportions of microorganisms in the particular microbial
community, rather than absolute cell count (Segata e a/. (2013). Molecular Systems Biology 9,

p. 666, incorporated by reference herein in its entirety for all purposes).
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[0056}] Although microbial community compositions can be readily determined for example,
via the use of high throughput sequencing approaches, a deeper understanding of how the

respective communities are assembled and maintained is needed.

{0037] Microorganism communities are involved in critical processes such as biogeochemical
cycling of essential elements, e.g., the cycling of carbon, oxygen, nitrogen, sultur, phosphorus
and various metals; and the respective community’s structures, interactions and dynamics are
critical to the biosphere’s existence (Zhou er af (2015). mBio 6(1).e02288-14.
Do1:10.1128/mB10.02288-14, herein incorporated by reference in its entirety for all purposes).
Such communities are highly heterogeneous and almost always include complex mixtures of
bacteria, viruses, archaea, and other micro-eukaryotes such as fungi. The levels of microbe
community heterogeneity in human environments such as the gut and vagina have been linked to
diseases such as inflammatory bowel disease and bacterial vaginosis (Nature (2012). Vo. 486, p.
207, herein incorporated by reference in its entirety for all purposes). Notably however, even
healthy individuals differ remarkably in the microbes that occupy tissues in such environments

(Nature (2012). Vo. 486, p. 207).

[0058] As many microbes may be unculturable or otherwise difficult/expensive to culture,
cultivation-independent approaches such as nucleic acid sequencing have advanced the
understanding of the diversity of various microbial communities. Amplification and sequencing
of the small subunit ribosomal RNA (SSU rRNA or 16s rRNA) gene was the foundational
approach to the study of microbial diversity in a community, based in part on the gene’s
universal presence and relatively uniform rate of evolution. Advances in high-throughput
methods have led to metagenomics analysis, where entire genomes of mucrobes are sequenced.
Such methods do not require a priori knowledge of the community, enabling the discovery of
new microorganism - strains. Metagenomics, metatranscriptomics, metaproteomics and

metabolomics all enable probing of a community to discern structure and function.

[005%9] The ability to not only catalog the microorganisms in a community but to decipher
which members are active, the number of those organisms, and co-occurrence of a microbsal
community member(s} with each other and with environmental parameter(s), for example, the
co-occurrence of two microbes n a community in response to certain changes m the

community’s environment, would allow for the understanding of the umportance of the
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respective environmental factor {e.g., climate, nutrients present, environmental pH) has on the
identity of microbes within a microbial commumity (and thetr respective numbers), as well as the
importance of certain community members have on the environment in which the community

resides. The present disclosure addresses these and other needs.

{0068} As used in this specification, the singular forms “a,” “an” and “the” include plural
referents unless the context clearly dictates otherwise. Thus, for example, the term “an organism
type” 1s intended to mean a single organism type or multiple organism types. For another
example, the term “‘an environmental parameter” can mean a single environmental parameter or
multiple environmental parameters, such that the indefinite article “a” or “an” does not exclude
the posstbility that more than one of environmental parameter is present, unless the context

clearly requires that there is one and only one environmental parameter.

{0061] Reference throughout this specification to “one embodiment”, “an embodiment”, “one
aspect”, or “an aspect”, “one implementation”, or “an implementation” means that a particular
feature, structure or characteristic described 1n connection with the embodiment is included in at
least one embodiment of the present disclosure. Thus, the appearances of the phrases “in one
embodiment” or “in an embodiment” in various places throughout this specification are not
necessarily all referring to the same embodiment. Furthermore, the particular features,
structures, or characteristics can be combined 1n any suitable manner in one or more

embodiments.

{0062] As used herein, in particular embodiments, the terms “about” or “approximately” when
preceding a numerical value indicates the value plus or nunus a range of 10%. Where a range of
values 1s provided, it 1s understood that each intervening value, to the tenth of the unit of the
lower limit unless the context clearly dictates otherwise, between the upper and lower limit of
that range and any other stated or intervening value 1n that stated range 1s encompassed within
the disclosure. That the upper and lower Iimits of these smaller ranges can independently be
included 1n the smaller ranges is also encompassed within the disclosure, subject to any
spectfically excluded limit in the stated range. Where the stated range includes one or both of the

linuts, ranges excluding either or both of those included limits are also included n the disclosure.

{0063] As used herein, “isolate,” “isolated,” “1solated microbe,” and like terms, are intended to

mean that the one or more microorganisms has been separated from at least one of the materials



WO 2018/126033 PCT/US2017/068753

with which 1t is associated in a particular environment {for example soil, water, animal tissue).
Thus, an “isolated microbe” does not exist in its naturally occurring environment; rather, it is
through the various techniques described herein that the microbe has been removed from its
natural setting and placed into a non-naturally occurring state of existence. Thus, the isolated
strain may exist as, for example, a biologically pure culture, or as spores (or other forms of the

strain} in association with an acceptable carrier.

{0064} As used herein, “bioreactive modificator” refers to a composition, such as microbial
ensemble comprising one or more active microbes, identified by methods, systems, and/or
apparatuses of the present disclosure and that does not naturally exist in a naturally occurring
environment, and/or at ratios, percentages, and/or amounts that are not consistently found
naturally and/or that do not exist in a nature. For example, a bioreactive modificator such as
microbial ensemble {also synthetic ensemble or bioensemble), or bioreactive modificators
aggregate could be formed from identified or generated compounds/compositions, and/or one or
more isolated microbe strains, along with an appropriate medium or carrier. Bioreactive
modificators can be applied or administered to a target, such as a target environment, population,

individual, animal, and/or the hike.

{0063} Insome embodiments, bioreactive modificators, such as microbial ensembles according
to the disclosure are selected from and/or based on sets, subsets, and/or groupings of active,
interrelated individual microbial species, or strains of a species. The relationships and networks,
as identitied by methods of the disclosure, are grouped, associated, and/or linked based on
carrving out one or more a common functions, or can be described as participating 1n, or leading
to, and/or associated with, a recognizable parameter, such as a phenotypic trait of interest {(e.g.,
increased mulk production in a rumunant). In some implementations, groups from which the
microbial ensemble is selected and/or upon which a bioreactive modificator 1s selected, and/or
the bioreactive modificator, such as a microbial ensemble itself, can include two or more species,
strains of species, or strains of different species, of microbes. In some instances, the nicrobes

coexist can within the groups, bioreactive modificator, and/or microbial ensemble symbiotically.

{0066] In certain aspects of the disclosure, bioreactive modificators and/or microbial
ensembles are or are based on one or more isolated microbes that exist as isolated and

biologically pure cultures. It will be appreciated that an isolated and biologically pure culture of



WO 2018/126033 PCT/US2017/068753

a particular microbe, denotes that said culture ts substantially free (within scientific reason) of
other living organisms and contains only the individual microbe in question. The culture can
contain varying concentrations of said microbe. The present disclosure notes that 1solated and
biologically pure microbes often “necessarily differ from less pure or impure materials.” See,
e.g. In re Bergstrom, 427 F.2d 1394, (CCPA 1970)(discussing purified prostaglandins), see also,
In re Bergy, 596 F.2d 952 (CCPA 1979)(discussing purified microbes), see also, Parke-Davis &
Co. v. HK. Mulford & Co., 189 F. 95 (SD.N.Y. 1911) (Learned Hand discussing purified
adrenaline), aff’d in part, rev’d in part, 196 F. 496 (2d Cir. 1912), each of which are incorporated
herein by reference in their entireties. Furthermore, in some aspects, implementation of the
disclosure can require certain quantitative measures of the concentration, or purity limitations,
that must be achieved for an isolated and biologically pure microbial culture to be used in the
disclosed microbial ensembles. The presence of these purity values, in certain embodiments, is a
further attribute that distinguishes the microbes identified by the presently disclosed method
from those microbes existing in a natural state. See. eg., Merck & Co. v. Olin Mathieson
Chemical Corp., 253 F.2d 156 (4th Cir. 1958) (discussing purity limitations for vitamin B12

produced by microbes), incorporated herein by reference.

{0067} As used herein, “carrier”, “acceptable carrier”, or “pharmaceutical carrier” refers to a
diluent, adjuvant, excipient, or vehicle with which i1s used with or in the microbial ensemble.
Such carriers can be sterile hiquids, such as water and oils, including those of petroleum, animal,
vegetable, or synthetic origin; such as peanut oil, soybean oi1l, mineral oil, sesame o01l, and the
like. Water or aqueous solution saline solutions and agueous dextrose and glycerol solutions are
preferably employed as carriers, in some embodiments as mjectable solutions. Alternatively, the
carrier can be a solid dosage form carrier, including but not limited to one or more of a binder
(for compressed pills), a glidant, an encapsulating agent, a flavorant, and a colorant. The choice
of carrier can be selected with regard to the intended route of administration and standard
pharmaceutical practice. See Hardee and Baggo (1998. Development and Formulation of
Veterinary Dosage Forms. 2nd Ed. CRC Press. 504 pg. ), EW. Martin (1970. Remington’s
Pharmaceutical Sciences. 17th Ed. Mack Pub. Co.); and Blaser et al. {US Publication
US20110280840A1), each of which is herein expressly incorporated by reference in their

entirety.
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{0068} The terms “microorganism” and “microbe” are used interchangeably herein and refer to
any microorganism that is of the domain Bacteria, Eukarya or Archaea. Microorganism types
include without limitation, bacteria (e.g., mycoplasma, coccus, bacillus, rickettsia, spiriliun),
fungi (e.g., filamentous fungi, veast), nematodes, protozoans, archaea, algae, dinofiagellates,
viruses (e.g., bacteriophages). viroids and/or a combination thereof Organism strains are
subtaxons of organism types, and can be for example, a species, sub-species, subtype, genetic

variant, pathovar or serovar of a particular microorganism.

{0069} The term “marker” or “unique marker” as used herein is an indicator of unique
microorganism type, microorganism strain or activity of a microorganism strain. A marker can
be measured in biological samples and includes without limitation, a nucleic acid-based marker
such as a ribosomal RNA gene, a peptide- or protein-based marker, and/or a metabolite or other

small molecule marker.

{0070} The term “metabolite” as used herein is an intermediate or product of metabolism. A
metabolite in one embodiment is a small molecule. Metabolites have various functions, including
in fuel, structural, signaling, stimulatory and inhibitory effects on enzymes, as a cofactor to an
enzyme, in defense, and in interactions with other organisms {such as pigments, odorants and
pheromones). A primary metabolite is directly involved in normal growth, development and
reproduction. A secondary metabolite 1s not directly involved in these processes but usually has
an mmportant ecological function. Examples of metabolites include but are not limited to
antibiotics and pigments such as resins and terpenes, etc. Some antibiotics use primary
metabolites as precursors, such as actinomycin which is created from the primary metabolite,
tryptophan.  Metabolites, as used herein, mclude small, hydrophilic carbohydrates; large,

hydrophobic lipids and complex natural compounds.

{0071] Embodiments of the disclosure include diagnostic methods. As illustrated in FIG. 1,
such a method can include obtaining at least two samples or data therefor {(011), the at least two
samples sharing at least one common environmental parameter (such as sample type, sample
location, sample time, etc.). At least one of the at least two samples can be defined as being in a
first state {013), and at least one of the at least two samples can be defined as being 1n a second
state (015), the second state different from the first state. For example, in one embodiment one of

the at least two states 1s a healthy state or a state associated with a healthy sample source (e.g.. a

20



WO 2018/126033 PCT/US2017/068753

sample source having one or more desirable characteristics or metadata), while the other state is
an unhealthv/sick state or a state associated with an unhealthy/sickly sample source (e.g., a
sample source having one or more undesirable characteristics or metadata, in some instances,
especially when compared to the corresponding characteristic(s) or metadata of a healthy sample
source). For each sample, the presence of one or more microorganism types in the sample is
detected (017) and a number of each detected microorganism type of the one or more

microorganism types in each sample is determined (019).

{0072} Unique first markers in each sample, and quantity thereof, are then measured (021),
each unique first marker being a marker of a microorganism strain of a detected microorganism
type. The absolute cell count of each microorganism strain in each sample is determined (023),
based on the number of each microorganism type and the number/respective number of the
unique first markers. Then, at least one unique second marker for each microorganism strain is
measured (025), and an activity level for that microorganism strain is determined {(027), e g.,
based on the unique second marker exceeding a specified activity threshold. Depending on the
wnplementation, the activity level can be numerical, relative, and/or binary (e.g , active/inactive).
The absolute cell count of each microorganism strain is filtered by the determined activity (029)
to provide a set or list of active microorganisms strains and their respective absolute cell counts
for each of the at least two samples. The filtered absolute cell counts of active microorganisms
strains for the at least one sample from the first state and the at least one sample from the second
state can be compared or processed to detfine or determune a baseline state (031), e.g., a healthy
state or normal state. The baseline state can be defined or characterized by the presence or
absence of specified taxonomic groups and/or strains. In some embodiments, the method
includes or further comprises obtaining at least one further sample (033), the at least one further
sample having an unknown state. Then, for the at least one further sample, the presence ot one or
more microorganism types 1s detected (035) and a number of each detected microorganism type
of the one or more microorganism types ts determined (037). Unique first markers, and quantity
thereof, are determined (039), each unique first marker being a marker of a microorganism strain
of a detected microorganism type. The absolute cell count of each microorganism strain ts
determined (041} from the number of each microorganism type and the number of the unigue
first markers. At least one unigue second marker is used, for each microorganism strain based on

a specified threshold, to determine an activity level for that microorganism strain (043). The
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absolute cell count of each microorganism strain is filtered by the determined activity level {045}
to provide a set or list of active microorganism strains and their respective absolute cell counts
(047). The set of active microorganisms strains and their respective absolute cell counts for the at
least one further sample 1s then compared to the baseline state to determine a state of the at least
one further sample (049), e.g., healthy or unhealthy, normal or abnormal, etc. The determined
state of the at least one further sample is then output and/or displayed (051), e.g., on a display

screen or graphic interface.

{0073} According to some further embodiments, the determined state of the at least one further
sample corresponds to a state of an environment associated with the at least one further sample.
Depending on the implementation, the environment associated with the at least one further
sample can include a geospatial environment, such as a field or pasture, a feed environment or
source {e.g., grain silo), a target animal and/or herd, etc. Treatments can be identified or
determined for the environment associated with the at least one further sample. In embodiments
where the baseline s healthy or the like, the treatment can be configured to shift the state of the
environment toward the baseline. In some embodiments, the treatment can be configured to shift
the state of the environment toward a state associated with desired goal or favorable outcome.
The treatment can include a synthetic ensemble (especially a synthetic ensemble formed
according to the methods of the disclosure), a chemical/bioclogical treatment or medicine, a
treatment regime, a comnbination of two or more of the preceding treatments, and/or the like. In

some embodiments, the baseline state can be updated based on the at least one further sample.

{0074] In another aspect of the disclosure, an analytical method 1s disclosed. Such a method
can comprise obtaining at least two sample sets, each sample set including a plurality of samples.
In some implementations, at feast one sample set of the at least two sample sets can be defined as
being in a first state, and at least one sample set of the at least two sample sets can be defined as
being in a second state, wherein the first state 1s different from the second state, and the range of
the sample 1n the sample set corresponds to the range of the state corresponding to the sample
set. In other implementations, samples within the sample set are defined as being in respective
states, or the state determination or definition is made post-analysis. The method then includes
detecting a plurality of microorganism types in each sample, determining an absolute number of
cells of each detected microorganism type of the plurality of microorganism types in each

sample, and measuring unique first markers in each sample, and quantity thereof, each unique
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first marker being a marker of a microorganism strain of a detected microorganism type. In some
embodiments, measuring unique first markers, and quantity thereof, includes at least one of:
subjecting genomic DNA from each sample to a high throughput sequencing reaction; and/or
subjecting genomic DNA from each sample to metagenome sequencing. The unique first
markers can include at least one of an mRNA marker, an siRNA marker, a ribosomal RNA
marker, a sigma factor, a transcription factor, a nucleoside associated protein, and/or a metabolic
enzyme. In some embodiments, measuring unique first markers includes at least one of
measuring unique genomic DNA markers in each sample, measuring unique RNA markers in
each sample, and/or measuring unique protein markers in each sample. In some embodiments,
measuring unique first markers includes measuring unique metabolite markers in each sample,
which can include at least one of measuring unique lipid markers in each sample and/or

measuring unique carbohydrate markers in each sample.

{0075} The method includes then determining the absolute cell count of each microorganism
strain present in each sample based on the number of each detected microorganism types in that
sample and the number of unique first markers and quantity thereof in that sample and measuring
at least one umique second marker for each microorganism strain to determine active
microorganism strains in each sample In some embodiments, measuring at least one unique
second marker for each microorganism strain includes measuring a level of expression of the at
least one unique second marker. In some embodiments, measuring the level of expression of the
at least one unique second marker includes at least one of: subjecting sample mRNA to gene
expression analysis; subjecting each sample or a portion thereof {0 mass spectrometry analysis;
and/or subjecting each sample or a portion thereof to metaribosome profiling or ribosome

profiling.

{0076] A set of active microorganisms strains and their respective absolute cell counts 1s then
generated for each sample of the at least two sample sets. The method includes analyzing the
active microorganisms strains and respective absolute cell counts for each sample of the at least
two sample sets and/or respective samples to define a baseline state. The baseline state can be, in
some embodiments, defined and/or characterized by the presence or absence of specified

taxonomic groups and/or strains.
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{0077} Then, at least one further sample having an unknown state is obtained. For the at [east
one further sample, the method further includes: {a) detecting the presence of one or more
microorganism types;, {b} determining a number of each detected microorganism type; (c)
measuring unique first markers, and quantity thereof, each unique first marker being a marker of
a microorganism strain of a detected microorganism type; (d) determining the absolute cell count
of each microorganism strain from the number of each microorganism type and the number of
the unique first markers; (e} measuring at least one unique second marker for each
microorganism strain based on a specified threshold to determine an activity level for that
microorganism strain; and (f) filtering the absolute cell count of each microorganism strain by
the determined activity to provide a set of active microorganisms strains and their respective
absolute cell counts. The set of active microorganisms strains and their respective absolute cell
counts for the at least one further sample 1s compared to the baseline state to determine a state
associated with the at least one further sample, and the determined state associated with the at
least one further sample is displayed or output. While generally discussed as a singular state, it
should be understood that for some embodiments and applications, a baseline state or biostate
can refer to multiple states and/or biostates associated with a particular microbiome, and multiple
states can also be utilized in characterizing, identifying, and/or treating particular indications,

whether on an individual or herd level.

{0078] The method can further comprise selecting a plurality of active microorganism strains
based on the baseline state and the determuned state associated with the at least one further
sample, and combining the selected plurality of active microorganism strains with a carrier
medium to form a synthetic ensemble of active microorganisms configured to be introduced to
an environment assoctated with the at least one further sample and modify a state of the

environment associated with associated with the at least one further sample.

{0079] In one aspect of the disclosure, a method for identifying relationships between a
plurality of microorganism strains and one or more metadata and/or parameters 1s disclosed. As
illustrated in FIG. 1A, samples and/or sample data for at least two samples is received from at
least two sample sources 101, and for each sample, the presence of one or more microorganism
types s determined 103. The number {cell count} of each detected microorganism type of the one
or more microorganism types in each sample is determined 105, and a number of unique first

markers in each sample, and quantity thereof is determined 107, each unique first marker being a
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marker of a microorganism strain. The number of each microorganism type and the number of
the first markers is integrated to vield the absolute cell count of each microorganism strain
present in each sample 109, and an activity level for each microorganism strain in each sample 1s
determined 111 based on a measure of at least one unigue second marker for each
microorganism strain exceeding a specified threshold, a microorganism strain being identified as
active 1f the measure of at least one unique second marker for that strain exceeds the
corresponding threshold. The absolute cell count of each microorganism strain is then filtered by
the determined activity to provide a set or list of active microorganisms strains and their
respective absolute cell counts for each of the at least two samples 113. A network analysis of
the set or list of filtered absolute cell counts of active microorganisms strains for each of the at
least two samples with at least one measured metadata or additional active microorganism strain
is conducted 115, the network analysis including determining maximal information coefficient
scores between each active microorganisin strain and every other active microorganism strain
and deternuning maximal information coefficient scores between each active microorganism
strain and the at least one measured metadata or additional active microorganism strain. The
active miucroorganism strains can then be categorized based on function, predicted function
and/or chemistry 117, and a plurality of active microorganism strains identified and output based
on the categorization 119 In some embodiments, the method further comprises assembling an
active microorganism ensemble from the identified plurality of microorganism strains 121, the
microorganisin ensemble configured to, when applied to a target, alter a property corresponding
to the at least one measured metadata. The method can further comprise 1dentifving at least one
pathogen based on the output plurality of identified active microorganism strains (see Example 4
for additional detail}. In some embodiments, the plurality of active microorganism strains can be
utilized to assemble an active microorganism ensemble that 1s configured to, when applied to a
target, address the at least one identified pathogen and/or treat a symptom associated with the at

least one 1dentified pathogen.

{0080} In one aspect of the disclosure, a method for determining the absolute cell count of one
or more active microorganism strains in a sample or plurality of samples 1s provided, wherein the
one or more active microorganism strains are present in a microbial community in the sample.
The one or more microorganism strains is a subtaxon of one or more organism types (see method

1000 at FIG. I1B). For each sample, the presence of one or more microorganism types in the
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sample 1s detected {1001). The absolute number of each of the one or more organism types in
the sample is determined (1002). The number of unique first markers 1s measured along with the
quantity of each of the unique first markers {1003). As described herein, a unique first marker is
a marker of a unique microorganism strain. Activity is then assessed at the protein and/or RNA
level by measuring the level of expression of one or more unique second markers (1004). The
unique second marker can be the same or different as the first unique marker, and is a marker of
activity of an organism strain. Based on the level of expression of one or more of the unique
second markers, a determination is made which (if any) microorganism strains are active (1005).
A microorganism strain is considered active if 1t expresses the second unique marker at a
particular level, or above a threshold level (1003), for example, at least about 10%, at least about
20%, at least about 30% or at least about 40% above a threshold level (it is to be understood that
the wvarious thresholds can be determined based on the particular application and/or
uuplementation, for example, thresholds can vary by sample source(s), such as a particular
species, sample origin location, metadata of interest, environment, etc.). The absolute cell count
of the one or more active microorganism strains can be determined based upon the quantity of
the one or more first markers of the one or more active microorganism strains and the absolute

number of the organism types from which the one or more microorganism strains is a subtaxon.

{0081] Some embodiments of the disclosure can be configured for analyzing microbial
communities. As 1llustrated by FIG. 1C, data for two or more samples (and/or sample sets) are
obtained (1051), each sample including a heterogeneous microbial community, and a plurality of
microorganism types is detected in each sample (1053). An absolute number of cells of each
detected microorganism type of the plurality of microorgamism types in each sample 1s then
determined (1055), e g., via FACS or other methods as discussed herein. Unique first markers in
each sample, and quantity thereof, are measured {(1057), each unique first marker being a marker
of a microorganism strain of a detected microorganism tyvpe. A value (activity, concentration,
expression, etc.) of one or more untque second markers is measured (1059}, a unique second
marker indicative of activity (e.g., metabolic activity) of a particular microorganism strain of a
detected microorganism type, and the activity of each detected microorganism strain ts
determined {1061), based on the measured value of the one or more unique second markers (e.g.,
based on the value exceeding a specified set threshold). The respective ratios of each active

detected microorganism strain in each sample are determined (1063), e.g, based on the
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respective absolute cell counts, values, etc. Then each of the active detected microorganism
strains {or a subset thereof)} of the at least two samples are analvzed to identifv a biostate, such as
a baseline state, and/or relationships and the strengths thereof (1065} between and among each
active detected microorganism strain and the other active detected microorganism strains, and
between each active detected microorganism strain and at least one measured metadata. The
identified biostate and/or relationships are then displayed or otherwise output {(1067), e.g.. ona
graphical display/interface {e.g., FIG. 1D), and can be utilized for biostate management and/or
generation of a bioensemble (1069). In some embodiments, the display/output of relationships
can be limited such that only relationships that exceed a certain strength or weight are displayed
(1066a, 1066b).

{0082} Microbial ensembles according to the disclosure can be selected from sets, subsets,
and/or groupings of active, interrelated individual microbial species, or strains of a species. The
relationships and networks, as identified by methods of the disclosure, are grouped and/or linked
based on carrying out one or more a common functions, or can be described as participating in,
or leading to, or associated with, a recognizable parameter, such as a phenotypic trait of interest
(e.g. increased milk production in a rununant). In FIG. 1D, the Louvain community detection
method was used to identify groups associated with dairy cow-relevant metadata parameters.
Fach node represents a specific rumen microorganism strain or a metadata parameter. The links

between nodes represent significant relationships. Unconnected nodes are irrelevant
microoganisms. Each colored "bubble” represents a group detected by the Louvain analysis. This
grouping allows for prediction of the functionality of strains based on the groups they fall into.

{0083] Some embodiments of the disclosure are configured to leverage mutual information to
rank the importance of native microbial strains residing in the gastrointestinal tract of the animal
to specific animal traits. The maximal information coefficient (MIC) is calculated for all
microorganisms and the desired animal trait. Relationships are scored on a scale of ¢ to 1, with 1
representing a strong relationship between the microbial strain and animal trait and 0O
representing no relationship. A cut-off based on this score is used to define useful and non-useful
microorganisms with respect to the improvement of specific traits. FIGs. 1E and IF depict
examples of MIC score distributions for rumen microbial strains that share a relationship with

milk fat efficiency. Here, the point where the curve shifts from exponential to linear {(~0.45-0.5
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for bacterta, and ~0.3 for fungi) represenis the cut off between useful and non-useful
microorganism strains. FIGs. 1G and TH depict examples of MIC score distributions for rumen
microbial strains that share a relationship with dairy efficiency. The point where the curve shifts
from exponential to linear {~0.45-0.5 for bacteria, and ~0.25 for fungi) represents the cut off

between useful and non-useful microorganism strains.

{0084] As provided in FI(. 2, in another aspect of the disclosure, the absolute cel count of one
or more active microorganisms is determined in a plurality of samples, and the absolute cell
count is related to a metadata (environmental parameter) {2001-2008). A plurality of samples
are subjected to analysis for the absolute cell count of one or more active microorganism strains,
wherein the one or more active microorganism strains is considered active if an activity
measurement 1s at a threshold level or above a threshold level in at least one of the plurality of
samples {2001-2006). The absolute cell count of the one or more active microorganism strains is

then related to a metadata parameter of the particular implementation and/or application (2008).

{0085] In one embodiment, the plurality of samples is collected over time from the same
environmental source (e g., the same animal over a time course). In another embodiment, the
plurality of samples 1s from a plurality of environmental sources (e.g., different animals). In one
emmbodiment, the environmental parameter is the absolute cell count of a second active
microorganism strain. In a further embodiment, the absolute cell count values of the one or more
active microorganism strains 1s used to determine the co-occurrence of the one or more active
microorganism strains, with a second active microorganism strain of the microbial community.
In a further embodiment, a second environmental parameter 1s related to the absolute cell count
of the one or more active microorganism strains and/or the absolute cell count of the second

environmental strain.
{0086] Aspects of the disclosed embodiments are discussed throughout the disclosure.

{0087} The samples for use with the methods provided herein importantly can be of any type
that includes a microbial community. For example, samples for use with the methods provided
herein encompass without limitation, an animal sample {(e.2., mammal, reptile, bird), soil, air,
water {e.g., marine, freshwater, wastewater siudge), sediment, oil, plant, agricultural product,
plant, soil (e.g.. rhizosphere)}, food (e.g. cheese, beer, wine, bread), and extreme environmental

sample {e.g., acid nune drainage, hyvdrothermal systems). In the case of marine or freshwater
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samples, the sample can be from the surface of the body of water, or any depth of the body
water, e.g., a deep sea sample. The water sample, in one embodiment, is an ocean, river or lake

sample.

{0088] The animal sample in one embodiment is a body fluid. In another embodiment, the
animal sample is a tissue sample. Non-limiting animal samples include tooth, perspiration,
fingernail, skin, hair, feces, urine, semen, mucus, saliva, gastrointestinal tract. The animal
sample can be, for example, a human, primate, bovine, porcine, canine, feline, rodent {e.g.,
mouse or rat}, or bird sample. In one embodiment, the bird sample comprises a sample from one
or more chickens. In another embodiment, the sample i1s a human sample. The human
microbiome comprises the collection of microorganisms found on the surface and deep layers of
skin, in mammary glands, saliva, oral mucosa, conjunctiva and gastrointestinal tract. The
microorganisms found in the microbiome include bacteria, fungi, protozoa, viruses and archaea.
Different parts of the body exhibit varying diversity of microorganisms. The quantity and type
of microorganisms may signal a healthy or diseased state for an individual. The number of
bacteria taxa are in the thousands, and viruses may be as abundant. The bacterial composition
for a given site on a body varies from person to person, not only in type, but also in abundance or

quantity.

{0089} In another embodiment, the sample is a ruminal sample. Ruminants such as cattle rely
upon diverse microbial communities to digest their feed. These animals have evolved to use feed
with poor nutritive value by having a modified upper digestive tract {reticulorumen or rumen)
where feed is held while it 1s fermented by a community of anaerobic microbes. The rumen
rnicrobial community is very dense, with about 3 » 10 microbial cells per milliliter. Anaerobic
fermenting microbes dominate in the rumen. The rumen microbial community includes
members of all three domains of life: Bacteria, Archaea, and Eukarya. Ruminal fermentation
products are required by their respective hosts for body maintenance and growth, as well as mitk
production (van Houtert (1993). Anim. Feed Sci. Technol. 43, pp. 189-225; Bauman ef al.
(2011). Annu. Rev. Nutr. 31, pp. 299-319; each incorporated by reference m its entirety for all
purposes). Moreover, milk yield and composition has been reported to be associated with
ruminal microbial communities {Sandri ef @/, (2014). Animal &, pp. 572-579; Palmonan et a/.
(2010). 1. Dairy Sci. 93, pp. 279-287; each incorporated by reference in its entirety for all

purposes}). Ruminal samples, in one embodiment, are collected via the process described in
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Jewell er af. {2015). Appl. Environ. Microbiol. 81, pp. 4697-4710, incorporated by reference

herein 1n its entirety for all purposes.

{0090} In another embodiment, the sample is a soil sample {e.g., bulk soil or rhizosphere
sample). It has been estimated that 1 gram of soil contains tens of thousands of bacterial taxa,
and up to 1 billion bacteria cells as well as about 200 million fungal hyphae (Wagg ez af. (2010).
Proc Natl. Acad. Sci. USA 111, pp. 5266-5270, incorporated by reference in its entirety for all
purposes). Bacteria, actinomycetes, fungi, algae, protozoa and viruses are all found in soil. Soil
microorganism community diversity has been implicated in the structure and fertility of the soil
microenvironment, nutrient acquisition by plants, plant diversity and growth, as well as the
cycling of resources between above- and below-ground communities. Accordingly, assessing
the microbial contents of a soil sample over time and the co-occurrence of active microorganisms
(as well as the number of the active microorganisms) provides insight into microorganisms
associated with an environmental metadata parameter such as nutrient acquisition and/or plant

diversity.

{0091} The soil sample in one embodiment is a rhizosphere sample, 7.¢., the narrow region of
soil that 1s directly influenced by root secretions and associated soil microorganisms. The
rhizosphere 1s a densely populated area in which elevated microbial activities have been
observed and plant roots mteract with soil microorganisms through the exchange of nutrients and
growth factors (San Miguel e a/. (2014). Appl. Microbiol Biotechnol. DO 10.1007/s00253-
014-5545-6, incorporated by reference in its entirety for all purposes). As plants secrete many
compounds nto the rhizosphere, analysis of the organism types in the rhizosphere may be useful

in determining features of the plants which grow therein.

{0092] In another embodiment, the sample is a marine or freshwater sample. Ocean water
contains up to one nullion microorgamisms per milliliter and several thousand microbial types.
These numbers may be an order of magmitude higher m coastal waters with their higher
productivity and higher load of organic matter and nutrients. Marine microorganisms are crucial
for the functioning of marine ecosystems; maintaining the balance between produced and fixed
carbon dioxide; production of more than 50% of the oxygen on Earth through marine
phototrophic microorganisms such as Cyanobacteria, diatoms and pico- and nanophytoplankton;

providing novel bioactive compounds and metabolic pathways; ensuring a sustainable supply of
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seafood products by occupying the critical bottom trophic level in marine foodwebs. Organisms
found in the marine environment include viruses, bacteria, archaea and some eukarya. Marine
viruses may play a significant role in controlling populations of marine bacteria through viral
lysis. Marine bacteria are important as a food source for other small microorganisms as well as
being producers of organic matter. Archaea found throughout the water column in the ocean are

pelagic Archaea and their abundance rivals that of marine bacteria.

{0093} In another embodiment, the sample comprises a sample from an extreme environment,
i.e., an environment that harbors conditions that are detrimental to most life on Earth. Organisms
that thrive in extreme environments are called extremophiles. Though the domain Archaea
contains well-known examples of extremophiles, the domain bacteria can also have
representatives of these microorganisms. Extremophiles include: acidophiles which grow at pH
levels of 3 or below; alkaliphiles which grow at pH levels of © or above; anaerobes such as
Spinoloricus Cinzia which does not require oxygen for growth: cryptoendoliths which live in
microscopic spaces within rocks, fissures, aquifers and faults filled with groundwater in the deep
subsurface; halophiles which grow in about at least 0.2M concentration of salt;
hyperthermophiles which thrive at high temperatures (about 80-122 °C) such as found in
hydrothermal systems; hypoliths which live underneath rocks in cold deserts; lithoautotrophs
such as Nitrosomonas europaea which derive energy from reduced nuneral compounds like
pvrites and are active i geochemical cycling, metallotolerant organisms which tolerate high
levels of dissolved heavy metals such as copper, cadmium, arsenic and zing; oligotrophs which
grow in nutritionally limited environments; osmophiles which grow in environments with a high
sugar concentration; piezophiles (or barophiles) which thrive at high pressures such as found
deep in the ocean or underground; psychrophiles/cryophiles which survive, grow and/or
reproduce at temperatures of about -15 °C or lower; radioresistant organisms which are resistant
to high levels of ionizing radiation; thermophiles which thrive at temperatures between 45-122
°C; xerophiles which can grow 1n extremely drv conditions. Polyextremophiles are organisms
that qualify as extremophiles under more than one category and include thermoacidophiles
(prefer temperatures of 70-80 °C and pH between 2 and 3}. The Crenarchaeota group of Archaea

includes the thermoacidophiles.

{0094} The sample can include microorganisms from one or more domains. For example, in

one embodiment, the sample comprises a heterogeneous population of bacteria and/or fungi {also
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referred to herein as bacterial or fungal strains). Additional applications of teaching of the
disclosure include use in foods, especially fermented foods and microbial foods, e.g., breads,

cheese, wine, beer, kimchi, kombucha, chocolates, etc.

{0095} In the methods provided herein for determining the presence and absolute cell count of
one or more microorganisms in a sample, for example the absolute cell count of one or more
microorganisms in a plurality of samples collected from the same or different environments,
and/or over multiple time points, the one or more microorganisms can be of any tyvpe. For
example, the one or more microorganisms can be from the domain Bacteria, Archaea, Fukarya or
a combination thereof. Bacteria and Archaea are prokaryotic, having a very simple cell structure
with no internal organelles. Bacteria can be classified into gram positive/no outer membrane,
gram negative/outer membrane present and ungrouped phyla. Archaea constitute a domain or
kingdom of single-celled microorganisms. Although visually similar to bacteria, archaea possess
genes and several metabolic pathways that are more closely related to those of eukaryotes,
notably the enzymes involved in transcription and translation. Other aspects of archaeal
biochemistry are unique, such as the presence of ether lipids in their cell membranes. The
Archaea are divided into four recognized phyla: Thaumarchaeota, Aigarchaeota, Crenarchaeota

and Korarchaeots.

[0096] The domain of FEukarya comprises eukaryotic organisms, which are defined by
membrane-bound organelles, such as the nucleus. Protozoa are unicellular eukaryotic organisms.
All multicellular organisms are eukarvotes, including animals, plants and fungi. The eukaryotes
have been classified mto four kingdoms: Protista, Plantae, Fungt and Ammalia. However,
several alternative classifications exist.  Another classification divides Eukarya mto six
kingdoms: Excavata (various flagellate protozoa); amoebozoa (lobose amoeboids and slime
filamentous fungi); Opisthokonta (animals, fungi, choanoflagellates); Rhizaria (Foraminifera,
Radiolaria, and various other amoeboid protozoa); Chromalveolata (Stramenopiles {brown algae,
diatoms}, Haptophyta, Cryptophyta {or cryptomonads}, and Alveolata);
Archaeplastida/Primoplantae (I.and plants, green algae, red algae, and glaucophytes).

[0097] Within the domain of Eukarya, fungi are microorgamisms that are predonunant in

microbial communities. Fungi mclude mucroorganisms such as yeasts and filamentous fung: as

well as the familiar mushrooms. Fungal cells have cell walls that contain glucans and chitin, a
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unigue feature of these organisms. The fung: form a single group of related organisms, named
the Fumycota that share a common ancestor. The kingdom Fungi has been estimated at 1.5
million to 5 miliion species, with about 3% of these having been formally classified. The cells of
most fungi grow as tubular, elongated, and filamentous structures called hyphae, which may
contain multiple nuclei. Some species grow as unicellular yeasts that reproduce by budding or
binary fission. The major phyla {(sometimes called divisions) of fungi have been classified
mainly on the basis of characteristics of their sexual reproductive structures. Currently, seven
phyla are proposed: Microsporidia, Chytridiomycota, Blastocladiomycota,

Neocallimastigomycota, Glomeromycota, Ascomycota, and Basidiomycota.

{0098} Microorganisms for detection and guantification by the methods described herein can
also be viruses. A virus is a small infectious agent that replicates only inside the living cells of
other organisms. Viruses can infect all types of life forms in the domains of Eukarya, Bacteria
and Archaea. Virus particles (known as virions) consist of two or three parts: (1} the genetic
material which can be either DNA or RNA; (i1) a protein coat that protects these genes; and in
some cases {111) an envelope of lipids that surrounds the protein coat when they are outside a cell.
Seven orders have been established for wviruses: the Caudovirales, Herpesvirales,
Ligamenvivales, Moononegavirales, Nidovirales, Picornavirales, and Tymovirales.  Viral
genomes may be single-stranded (ss) or doubie-stranded (ds), RNA or DNA, and may or may not
use reverse transcriptase {RT). In addition, ssRNA viruses may be either sense {+) or antisense
().  This classification places viruses into seven groups: I dsDNA viruses (such as
Adenoviruses, Herpesviruses, Poxviruses); II: (+) ssDNA viruses (such as Parvoviruses); III:
dsRNA viruses (such as Reoviruses); IV: (+)ssRNA viruses (such as Picornaviruses,
Togaviruses); V: {(—)ssRNA viruses (such as Orthomyxoviruses, Rhabdoviruses); VI: {(+)ssRNA-
RT viruses with DNA intermediate in life-cycle (such as Retroviruses); VII: dsDNA-RT viruses

(such as Hepadnaviruses).

{0099] Microorganisms for detection and guantification by the methods described herein can
also be viroids. Viroids are the smallest infectious pathogens known, consisting solely of short
strands of circular, single-stranded RINA without protein coats. They are mostly plant pathogens,
some of which are of economical importance. Viroid genomes are exiremely small in size,

ranging from about 246 to about 467 nucleobases.
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{00168} According to the methods provided herein, a sample is processed to detect the presence
of one or more microorganism types in the sample (FIG. 1B, 1001; FIG. 2, 2001). The absolute
number of one or more microorganism organism type in the sample is determined {FIG. 1B,
1002; FIG. 2, 2002). The determination of the presence of the one or more organism types and
the absolute number of at least one organism type can be conducted in parallel or serially. For
example, in the case of a sample comprising a microbital community comprising bacteria (i.¢.,
one microorganism type) and fungi {(i.e., a second microorganism type), the user in one
embodiment detects the presence of one or both of the organism types in the sample (FIG. 1B,
1001; FIG. 2, 2001). The user, in a further embodiment, determines the absolute number of at
least one organism type in the sample — in the case of this example, the number of bacteria, fungi

or combination thereof, in the sample (F1G. 1B, 1002; FIG. 2, 2002).

{00101} In one embodiment, the sample, or a portion thereof is subjected to flow cytometry
(FC) analysis to detect the presence and/or number of one or more microorganism types {FIG.
1B, 1001, 1002; FIG. 2, 2001, 2002). In one flow cytometer embodiment, individual microbial
cells pass through an illumination zone, at a rate of at least about 300 *s™!, or at least about 500
*s'' or at least about 1000 *s. However, it should be recognized that this rate can vary
depending on the type of instrument is employed. Detectors which are gated electronically
measure the magnitude of a pulse representing the extent of light scattered. The magnitudes of
these pulses are sorted electronically into “bins” or “channels,” permitting the display of
histograms of the number of cells possessing a certain quantitative property {e.g., cell staining
property, diameter, cell membrane) versus the channel number. Such analysis allows for the
determination of the number of cells in each “bin” which in embodiments described herein s an
“microorganisi type” bin, e.g., a bactena, fungi, nematode, protozoan, archaea, algae,

dinoflagellate, virus, viroid, etc.

{00102} In one embodiment, a sample is stained with one or more fluorescent dves wherein a
fluorescent dye is specific {o a particular microorganism type, to enable detection via a flow
cytometer or some other detection and gquantification method that harnesses fluorescence, such as
fluorescence microscopy. The method can provide quantification of the number of cells and/or
cell volume of a given organism type in a sample. In a further embodiment, as described herein,
flow cytometry 1s harnessed to determine the presence and quantity of a unique first marker

and/or unique second marker of the organism type, such as enzyme expression, cell surface
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protein expression, eic. Two- or three-variable histograms or contour plots of, for example, light
scattering versus fluorescence from a cell membrane stain {versus fluorescence from a protein
stain or DNA stain) can also be generated, and thus an impression may be gained of the
distribution of a variety of properties of interest among the cells in the population as a whole. A
number of displays of such multiparameter flow cytometric data are in common use and are

amenable for use with the methods described herein.

{00103} In one embodiment of processing the sample to detect the presence and number of one
or more microorganism types, a microscopy assay is employed (FIG. 1B, 1001, 1002). In one
embodiment, the microscopy 1s optical microscopy, where visible light and a system of lenses
are used to magnify images of small samples. Digital images can be captured by a charge-couple
device {CCD) camera. Other microscopic techniques include, but are not limited to, scanning
electron microscopy and transmission electron microscopy. Microorganism types are visualized

and quantified according to the aspects provided herein.

{00104} In another embodiment of the disclosure, in order to detect the presence and number of
one or more microorganism types, each sample, or a portion thereof is subjected to fluorescence
microscopy. Different fluorescent dyes can be used to directly stain cells in samples and to
quantify total cell counts using an epifluorescence microscope as well as flow cytometry,
described above. Useful dyes to quantify microorganisms include but are not limited to acridine
orange (AQ), 4,6-di-amino-2 phenylindole (DAPI} and S35-cyano-2,3 Dytolyl Tetrazolium
Chloride (CTC). Viable cells can be estimated by a viability staining method such as the
LIVE/DEAD® Bacterial Viability Kit (Bac-Light™) which contains two nucleic acid stains: the
green-fluorescent SYTO 9™ dye penetrates all membranes and the red-fluorescent propidium
iodide (PI) dye penetrates cells with damaged membranes. Therefore, cells with compromised
membranes will stain red, whereas cells with undamaged membranes will stain green.
Fluorescent in sitw hybridization (FISH) extends epifiuorescence microscopy, allowing for the
fast detection and enumeration of specific organisms. FISH uses fluorescent labelled
oligonucleotides probes (usually 15-25 basepairs} which bind specifically to organism DNA 1in
the sample, allowing the visualization of the cells using an epifluorescence or confocal laser
scanning microscope (CLSM). Catalyzed reporter deposition fluorescence iz situ hybridization
(CARD-FISH) improves upon the FISH method by using oligonucleotide probes labelled with a

horse radish peroxidase (HRP) to amplify the intensity of the signal obtained from the
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microorganisms being studied. FISH can be combined with other techniques to characterize
microorganism communities. One combined technique 1s high affinity peptide nucleic acid
(PNA)-FISH, where the probe has an enhanced capability to penetrate through the Extracellular
Polymeric Substance (EPS) matrix. Another example 1s LIVE/DEAD-FISH which combines the
cell viability kit with FISH and has been used to assess the efficiency of disinfection in drinking

water distribution systems.

{00105} In another embodiment, each sample, or a portion thereof is subjected to Raman micro-
spectroscopy in order to determine the presence of a microorganism type and the absolute
number of at least one microorganism type (FIG. 1B, 1001-1002; FIG. 2, 2001-2002). Raman
micro-spectroscopy is a non-destructive and label-free technology capable of detecting and
measuring a single cell Raman spectrum (SCRS). A typical SCRS provides an intrinsic
biochemical “fingerprint” of a single cell A SCRS contains rich information of the
biomolecules within it, including nucleic acids, proteins, carbohydrates and lipids, which enables
characterization of different cell species, physiological changes and cell phenotypes. Raman
microscopy examines the scattering of laser light by the chemical bonds of different cell
biomarkers. A SCRS is a sum of the spectra of all the biomolecules in one single cell, indicating
a cell’s phenotypic profile. Cellular phenotvpes, as a consequence of gene expression, usually
reflect genotypes. Thus, under identical growth conditions, different microorganism types give
distinct SCRS corresponding to differences in their genotypes and can thus be identified by their

Raman spectra.

{00106} In vyet another embodiment, the sample, or a portion thereof is subjected to
centrifugation in order to determine the presence of a microorgamism type and the number of at
least one microorganism type (FIG. 1B, 1001-1002; FIG. 2, 2001-2002). This process sedirnents
a heterogeneous mixture by using the centrifugal force created by a centrifuge. More dense
components of the mixture migrate away from the axis of the centrifuge, while less dense
components of the mixture migrate towards the axis. Centrifugation can allow fractionation of
samples into cytoplasmic, membrane and extracellular portions. It can also be used to determine
localization information for biological molecules of interest. Additionally, centrifugation can be
used to fractionate total microbial community DNA. Different prokaryotic groups differ in their
guanine-plus-cytosine {{+{'} content of DNA, so density-gradient centrifugation based on G+C

content 1s a method to differentiate organism types and the number of cells associated with each
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type. The technique generates a fractionated profile of the entire community DNA and indicates
abundance of DNA as a function of G+ content. The total community DNA is physically
separated into highly purified fractions, each representing a different G+C content that can be
analyzed by additional molecular technigues such as denaturing gradient gel electrophoresis
(DGGE)/amplified ribosomal DNA restriction analysis {ARDRA) (see discussion herein} to
assess total microbial community diversity and the presence/quantity of one or more

microorganism types.

{00107} Inanother embodiment, the sample, or a portion thereof is subjected to staining in order
to determine the presence of a microorganism type and the number of at least one microorganism
type (FIG. 1B, 1001-1002; FIG. 2, 2001-2002). Stains and dyes can be used to visualize
biological tissues, cells or organelles within cells. Staining can be used in conjunction with
microscopy, flow cytometry or gel electrophoresis to visualize or mark cells or biological
molecules that are unique to different microorganism types. n vivo staining is the process of
dyeing hving tissues, whereas in vifro staining involves dyeing cells or structures that have been
removed from their biological context. Examples of specific staining techniques for use with the
methods described herein include, but are not limited to: gram staining to determine gram status
of bacteria, endospore staining to identify the presence of endospores, Ziehi-Neelsen staining,
haematoxylin and eosin staining to examine thin sections of tissue, papanicolaou staining to
examine cell samples from various bodily secretions, periodic acid-Schiff staining of
carbohydrates, Masson’s trichome employing a three-color staining protocol to distingwish cells
from the surrounding connective tissue, Romanowsky stains {or common variants that include
Wright's stain, Jenner's stain, May-Grunwald stain, Leishman stain and Giemsa stain) to examine
blood or bone marrow samples, silver staining to reveal proteins and DNA, Sudan staining for
liptds and Conkhin's staining to detect true endospores. Common biological stains include
acridine orange for cell cycle determination; bismarck brown for acid mucins; carmine for
glycogen; carmine alum for nuclei; Coomassie blue for proteins; Cresyl violet for the acidic
components of the neuronal cytoplasm; Crystal violet for cell walls; DAPI for nuclei; eosin for
cytoplasmic matertal, cell membranes, some extracellular structures and red blood cells;
ethidium bromide for DNA; acid fuchsine for collagen, smooth muscle or mitochondria;
haematoxylin for nuclei; Hoechst stains for DNA; iodine for starch; malachite green for bacteria

in the Gimenez staining technique and for spores; methyl green for chromatin: methylene blue
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for animal cells; neutral red for Nissl substance; Nile blue for nuclei; Nile red for lipohilic
entities, osmium tetroxide for lipids; rhodamine 1s used in fluorescence microscopy; satranin for
nuclei. Stains are also used in transmission electron microscopy to enhance contrast and include
phosphotungstic actd, osmium tetroxide, ruthenium tetroxide, ammonium molybdate, cadmium
iodide, carbohydrazide, ferric chloride, hexamine, indium trichloride, lanthanum nitrate, lead
acetate, lead «citrate, lead(Il) nitrate, periodic acid, phosphomolybdic acid, potassium
terricyanide, potassium ferrocyanide, ruthenium red, silver nitrate, silver proteinate, sodium
chloroaurate, thallium nitrate, thiosemicarbazide, uranyl acetate, uranyl nitrate, and vanadyl

sulfate.

{00108} In another embodiment, the sample, or a portion thereof is subjected to mass
spectrometry {MS) in order to determine the presence of a microorganism type and the number
of at least one microorganism type (FIG. 1B, 1001-1002; FIG. 2, 2001-2002). MS, as discussed
below, can also be used to detect the presence and expression of one or more unique markers in a
sample (FIG. 1B, 1003-1004; FIG. 2, 2003-2004). MS 1s used for example, to detect the
presence and quantity of protein and/or peptide markers unique to microorganism types and
therefore to provide an assessment of the number of the respective microorganism type in the
sample. Quantification can be either with stable isotope labelling or label-free. De navo
sequencing of peptides can also occur directly from MS/MS spectra or sequence tagging
{produce a short tag that can be matched against a database). MS can also reveal post-
translational modifications of proteins and identity metabolites. MS can be used in conjunction
with chromatographic and other separation techniques (such as gas chromatography, liquid
chromatography, capillary electrophoresis, 1on mobility) to enhance mass resolution and

deterniination.

{60169} In another embodiment, the sample, or a portion thereof 1s subjected to lipid analysis in
order to determine the presence of a microorganism type and the number of at least one
microorganisin type {FIG. 1B, 1001-1002; FIG. 2, 2001-2002). Fatty acids are present in a
relatively constant proportion of the cell biomass, and signature fatty acids exist in microbial
cells that can difterentiate microorganism types within a community. In one embodiment, fatty
acids are extracted by saponification followed by derivatization to give the respective fatty acid

methyl esters (FAMESs), which are then analvzed by gas chromatography. The FAME profile in
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one embodiment s then compared to a reference FAME database to identify the fatty acids and

thetr corresponding microbial signatures by multivariate statistical analyses.

|00110} In the aspects of the methods provided herein, the number of unique first makers in the
sample, or portion thereof (e.2., sample aliquot) is measured, as well as the quantity of each of
the unique first markers (FiGG. 1B, 1003; FIG. 2, 2003). A unique marker is a marker of a
microorganism strain. It should be understood that depending on the unique marker being
probed for and measured, the entire sample need not be analyzed. For example, if the unique
marker is unique to bacterial strains, then the fungal portion of the sample need not be analyzed.
As described above, in some embodiments, measuring the absolute cell count of one or more
organism types in a sample comprises separating the sample by organism type, e.g., via flow

cytometry.

{00111} Any marker that is unigue to an organism strain can be employed herein. For example,
markers can include, but are not limited to, small subunit ribosomal RNA genes (16S/18S
rDNA), large subunit ribosomal RNA genes (23S/25S8/28S rDNA), intercalary 58S gene,
cytochrome ¢ oxidase, beta-tubulin, elongation factor, RNA polymerase and internal transcribed

spacer (ITS).

|00112] Ribosomal RNA genes (rDNA), especially the small subunit ribosomal RNA genes,
i.e., 185 rRNA genes (185 rDNA) in the case of eukaryotes and 168 rRNA (16S rDNA) in the
case of prokarvotes, have been the predominant target for the assessment of organism types and
strains in a microbial community. However, the large subunit ribosomal RNA genes, 28S
rDNAs, have been also targeted. rDNAs are suitable for taxonomic identification because: (1)
they are ubiquitous in all known organisms; (1) thev possess both conserved and variable
regions; (1) there is an exponentially expanding database of their sequences avatlable for
comparison. In community analysis of samples, the conserved regions serve as annealing sites
for the corresponding universal PCR and/or sequencing primers, whereas the variable regions
can be used for phylogenetic differentiation. In addition, the high copy number of rDNA 1n the

cells facilitates detection from environmental samples.

|00113] The internal transcribed spacer (ITS), located between the 18S rDNA and 288 rBNA,
has also been targeted. The ITS 1s transcribed but spliced away before assembly of the

ribosomes. The ITS region 1s composed of two highly variable spacers, ITST and ITS2, and the
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intercalary 5.885 gene. This rDNA operon occurs in multiple copies in genomes. Because the

ITS region does not code tor ribosome components, it is highly variable.

{00114} In one embodiment, the unigue RNA marker can be an mRINA marker, an siRNA

marker or a ribosomal RNA marker.

{00115} Protein-coding functional genes can also be used herein as a unique first marker. Such
markers include but are not limited to: the recombinase A gene tamily (bacterial RecA, archaea
RadA and RadB, eukaryotic RadS51 and Rad57, phage UvsX); RNA polvmerase  subunit
(RpoB) gene, which is responsible for transcription initiation and elongation; chaperonins.
Candidate marker genes have also been identified for bacteria plus archaea: ribosomal protein S2
(rpsB), ribosomal protein S1G (rpsJ), ribosomal protein L1 (rplA), translation elongation tactor
EF-2, translation initiation factor {F-2, metalloendopeptidase, ribosomal protein L22, tth signal
recognition particle protein, ribosomal protein Ld/Lle (rplD), ribosomal protein L2 (rpiB),
ribosomal protein S9 (rpsl), ribosomal protein L3 (rpiC), phenylalanyl-tRNA synthetase beta
subunit, ribosomal protein L14b/1.23e (rpIN), ribosomal protein S5, ribosomal protein S19
(rpsS), ribosomal protein S7, ribosomal protein L16/LI0OE (rpiP), ribosomal protein S13 (rpsM),
phenylalanyl-tRNA synthetase « subunit, ribosomal protein L15, ribosomal protein 1.25/1.23,
ribosomal protein L6 (rplF), ribosomal protein L1l (rplK), ribosomal protein LS (rplE),
ribosomal protein S12/823, ribosomal protein L29, ribosomal protein S3 (rpsC), ribosomal
protein S11 (rpsK), ribosomal protein L10, ribosomal protein $8, tRNA pseudouridine synthase
B, nibosomal protein L18P/LSE, ribosomal protein S1SP/S13e, Porphobilinogen deaminase,
ribosomal protein S$17, ribosomal protein 1.13 (rpIM), phosphoribosylformyiglycinamidine
cyclo-ligase (rpsE), ribonuclease HIT and ribosomal protein £.24. Other candidate marker genes
for bacteria include: transcription elongation protein NusA (nusA), rpoB DNA-directed RNA
polymerase subunit beta (rpoB), GTP-binding protein EngA, rpoC DNA-directed RNA
polymerase subunit beta’, priA primosome assembly protein, transcription-repair coupling factor,
CTP synthase (pyr(G), secY preprotein translocase subumit SecY, GTP-binding protein
Obg/CgtA, DNA polymerase 1, rpsF 308 ribosomal protein 86, poA DNA-directed RNA
poivmerase subunit alpha, peptide chain release factor 1, rplf 50S ribosomal protein L9,
polyribonucleotide nucleotidyltransferase, tsf elongation factor Ts (tsf), rplQ 508 ribosomal
protein £17, tRNA {guanine-N(1)-)-methyltransterase (rplS), rplY probable 508 ribosomal

protein £25, DNA repair protein RadA, glucose-inhibited division protein A, ribosome-binding
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factor A, DNA mismatch repair protein Mutl, smpB SsrA-binding protein {smpBj), N-
acetylglucosaminyl transferase, S-adenosyl-methyltransferase MraW, UDP-N-
acetvimuramovlalanine--D-glutamate ligase, rplS 50S ribosomal protein L19, rplT 508
ribosomal protein L20 {rplT), ruvA Holliday junction DNA helicase, ruvB Holliday junction
DNA helicase B, serS seryl-tRNA synthetase, rplU 508 ribosomal protein L21, rpsR 308
ribosomal protein §18, DNA mismatch repair protein MutS, rpsT 308 ribosomal protein S20,
DNA repair protein RecN. frr ribosome recycling factor (frr), recombination protein RecR,
protein of unknown function UPF0054, miaA tRNA 1sopentenyltransferase, GTP-binding protein
YchF, chromosomal replication initiator protein DnaA. dephospho-CoA kinase, 168 rRNA
processing protein RimM, ATP-cone domain protein, 1-deoxy-D-xylulose 35-phosphate
reductoisomerase, 2C-methyl-D-erythritol 2.4-cyclodiphosphate synthase, fatty
acid/phospholipid synthesis protein PisX, tRNA(lle)-lysidine synthetase, dnaG DNA primase
(dnaG), ruvC Holliday junction resolvase, rpsP 30S ribosomal protein S16, Recombinase A
recA. ribotlavin biosynthesis protein RibF, glvcyl-tRNA synthetase beta subunit, trmU tRNA (8-
methylaminomethyl-2-thiouridvlate)-methvltransferase, rpmf 530S ribosomal protein .35, hemE
uroporphyrinogen decarboxylase, Rod shape-determining protein, rpmA 30S ribosomal protein
L27 (rpmA), peptidyl-tRNA hydrolase, translation initiation factor IF-3 (infC), UDP-N-
acetylmuramyl-tripeptide synthetase, rpmF SOS ribosomal protein 1.32, rpIl. SOS ribosomal
protein L7/1.12 (rpIL), leuS leucyl-tRNA synthetase, igA NAD-dependent DNA ligase, cell
division protein FtsA, GTP-binding protein TypA, ATP-dependent Clp protease, ATP-binding
suburit  ClpX, DNA  replication and repair protein RecF and  UDP-N-

acetylenolpyruvoylglucosamine reductase.

{00116} Phospholipid fatty acids (PLFAs) can also be used as unique first markers according to
the methods described herein. Because PLLFAs are rapidly synthesized during microbial growth,
are not found 1n storage molecules and degrade rapidiy during cell death, 1t provides an accurate
census of the current living communtty. All cells contain fatty acids (FAs) that can be extracted
and esterified to form fatty acid methyl esters (FAMEs). When the FAMEs are analyzed using
gas chromatography-—-mass spectrometry, the resulting profile constitutes a ‘fingerprint” of the
microorganisms in the sample. The chemical compositions of membranes for organisms in the
domains Bacteria and Eukarva are comprised of fatiy actds linked to the glycerol by an ester-

type bond (phospholipid fatty acids (PLFAs)). In contrast, the membrane liptds of Archaea are
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composed of long and branched hydrocarbons that are joined to glycerol by an ether-type bond
{phospholipid ether hipids (PLELs)). This s one of the most widely used non-genetic criteria to
distinguish the three domains. In this context, the phospholipids derived from microbial cell
membranes, characterized by different acyl chains, are excellent signature molecules, because

such lipid structural diversity can be linked to specific microbial taxa.

{00117} As provided herein, in order to determine whether an organism strain is active, the level
of expression of one or more unique second markers, which can be the same or different as the
first marker, 1s measured (FIG. 1B, 1004; FIG. 2, 2004). Unique first markers are described
above. The unique second marker is a marker of microorganism activity. For example, in one
embodiment, the mRNA or protein expression of any of the first markers described above is

considered a unique second marker for the purposes of this disclosure.

{00118} In one embodiment, if the level of expression of the second marker is above a threshold
level {¢.g., a control level) or at a threshold level, the microorganism is considered to be active
(FIG. 1B, 1005; FIG. 2, 2005). Activity i1s determined in one embodiment, if the level of
expression of the second marker is altered by at least about 5%, at least about 10%, at least about
15%, at least about 20%, at least about 25%, or at least about 30%, as compared to a threshold

level, which in some embodiments, 1s a control level.

{00119] Second unmque markers are measured, in one embodiment, at the protein, RNA or

metabolite level. A unique second marker is the same or different as the first unique marker.

{00120} As provided above, a number of unique first markers and unque second markers can be
detected according to the methods described herein. Moreover, the detection and quantification
of a unique first marker can be carried out according to methods known to those of ordinary skill

in the art in hight of the disclosure (FIG. 1B, 1003-1004, FIG. 2, 2003-2004).

{00121} Nucleic acid sequencing (e.g., gDNA, ¢DNA, rRNA, mRNA) in one embodiment is
used to determine absolute cell count of a unique first marker and/or unique second marker.
Sequencing platforms include, but are not limited to, Sanger sequencing and high-throughput
sequencing methods available from Roche/454 Life Sciences, Illumina/Solexa, Pacific
Biosciences, fon Torrent and Nanopore. The sequencing can be amplicon sequencing of

particular BNA or RNA sequences or whole metagenome/transcriptome shotgun sequencing.
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|00122] Traditional Sanger sequencing {Sanger et al. (1977) DNA sequencing with chain-
terminating inhibitors. Proc Natl. Acad. Sci. USA, 74, pp. 54635467, incorporated by reference
herein 1in 1ts entirety} relies on the selective incorporation of chain-terminating
dideoxynucleotides by DNA polymerase during in vitro DN A replication and is amenable for use

with the methods described herein.

{00123} In another embodiment, the sample, or a portion thereof 1s subjected to extraction of
nucleic acids, amplification of DNA of interest (such as the rRNA gene) with suitable primers
and the construction of clone libraries using sequencing vectors. Selected clones are then
sequenced by Sanger sequencing and the nucleotide sequence of the DNA of interest is retrieved,

allowing calculation of the number of unique microorganism strains in a sample.

|00124] 454 pyrosequencing from Roche/454 Life Sciences yields long reads and can be
harnessed in the methods described herein (Margulies er al. (2005} Nature, 437, pp. 376-380;
U.S. Patents Nos. 6,274,320, 6,258,568; 6,210,891, each of which is herein incorporated in its
entirety for all purposes). Nucleic acid to be sequenced (e.g., amplicons or nebulized
genomic/metagenomic DNA) have specific adapters affixed on either end by PCR or by ligation.
The DNA with adapters 1s fixed to tiny beads {ideally, one bead will have one DNA fragment)
that are suspended in a water-in-oil emulsion. An emulsion PCR step 1s then performed to make
multiple copies of each DNA fragment, resulting in a set of beads in which each bead contains
many cloned copies of the same DNA fragment. Each bead is then placed into a well of a fiber-
optic chip that also contains enzymes necessary for the sequencing-by-synthesis reactions. The
addition of bases (such as A, C, G, or T} trigger pyrophosphate release, which produces flashes
of light that are recorded to infer the sequence of the DNA fragments in each well. About 1
muflion reads per run with reads up to 1,000 bases in length can be achieved. Paired-end
sequencing can be done, which produces pairs of reads, each of which begins at one end of a
given DNA fragment. A molecular barcode can be created and placed between the adapter
sequence and the sequence of interest in mulitiplex reactions, allowing each sequence to be

assigned to a sample bioinformatically.

|06128} Tllumina/Solexa sequencing produces average read lengths of about 25 basepairs {(bp) to
about 300 bp (Bennett e a/. (2005) Pharmacogenomics, 6:373-382; Lange ez a/. (2014). BMC
Genomics 15, p. 63; Fadrosh ez al. (2014) Microbiome 2, p. 6; Caporaso ef al. {2012) ISME ], 6,
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p. 1621-1624; Bentley et al. {2008} Accurate whole human genome sequencing using reversible
terminator chemistry. Nature, 456:53--59). This sequencing technology is also sequencing-by-
synthesis but employs reversible dye terminators and a flow cell with a field of oligos attached.
DNA fragments to be sequenced have specific adapters on either end and are washed over a flow
cell filled with specific oligonucleotides that hybridize to the ends of the fragments. Each
fragment is then replicated to make a cluster of identical fragments. Reversible dye-terminator
nucleotides are then washed over the flow cell and given time to attach. The excess nucleotides
are washed away, the flow cell 1s imaged, and the reversible terminators can be removed so that
the process can repeat and nucleotides can continue to be added in subsequent cycles. Paired-
end reads that are 300 bases in length each can be achieved. An fllumina platform can produce 4
billion fragments in a paired-end fashion with 125 bases for each read in a single run. Barcodes

can also be used for sample multiplexing, but indexing primers are used.

{00126] The SOLID (Sequencing by Oligonucleotide Ligation and Detection, Life
Technologies) process is a “sequencing-by-ligation” approach, and can be used with the methods
described herein for detecting the presence and quantity of a first marker and/or a second marker
(FIG. 1B, 1003-1004; FIG. 2, 2003-2004) (Peckham et a/. SOL1ID™ Sequencing and 2-Base
Encoding. San Diego, CA: American Society of Human Genetics, 2007; Mitra et al. (2013)
Analysis of the intestinal microbiota using SOLiD 16S rRNA g¢ene sequencing and SOLiD
shotgun sequencing. BMC Genomics, 14(Suppl S): 816; Mardis (2008) Next-generation DNA
sequencing methods. Annu Rev Genomics Hum Genet, 9:387-402; each incorporated by
reference herein in its entirety). A library of DNA fragments is prepared from the sample to be
sequenced, and are used to prepare clonal bead populations, where only one species of fragment
will be present on the surface of each magnetic bead. The fragments attached to the magnetic
beads will have a universal P1 adapter sequence so that the starting sequence of every fragment
is both known and identical. Primers hybridize to the Pl adapter sequence within the lhibrary
template. A set of four fluorescently labelled di-base probes compete for ligation to the
sequencing primer. Specificity of the di-base probe is achieved by interrogating every 1st and
2nd base in each ligation reaction. Multiple cycles of ligation, detection and cleavage are
performed with the number of cvcles determining the eventual read length. The SOLiD platform
can produce up to 3 billion reads per run with reads that are 75 bases long. Paired-end

sequencing is available and can be used herein, but with the second read in the pair being only 35
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bases fong. Multiplexing of samples is possible through a system akin to the one used by

{llumina, with a separate indexing run.

{00127} The lon Torrent system, like 454 sequencing, is amenable for use with the methods
described herein for detecting the presence and quantity of a first marker and/or a second marker
(FIG. 1B, 1003-1004; FIG. 2, 2003-2004). It uses a plate of microwells containing beads to
which DNA fragments are attached. It differs from all of the other systems, however, in the
manner in which base incorporation is detected. When a base 1s added to a growing DNA strand,
a proton is released, which slightly alters the surrounding pH. Microdetectors sensitive to pH are
associated with the wells on the plate, and they record when these changes occur. The different
bases (A, C, G, T) are washed sequentially through the wells, allowing the sequence from each
well to be inferred. The lon Proton platform can produce up to 50 million reads per run that have
read lengths of 200 bases. The Personal Genome Machine platform has longer reads at 400
bases. Bidirectional sequencing is available. Multiplexing is possible through the standard in-

line molecular barcode sequencing,.

{00128} Pacific Biosciences (PacBio) SMRT sequencing uses a single-molecule, real-time
sequencing approach and in one embodiment, i1s used with the methods described herein for
detecting the presence and quantity of a first marker and/or a second marker (FIG. 1B, 1003-
1004; FIG. 2, 2003-2004). The PacBio sequencing system involves no amplification step,
setting 1t apart from the other major next-generation sequencing systems. In one embodiment,
the sequencing is performed on a chip containing many zero-mode waveguide (ZMW) detectors.
DNA polymerases are attached to the ZMW detectors and phospholinked dye-labeled nucleotide
incorporation s traged in real time as DNA strands are synthesized. The PacBio system yields
very long read lengths {averaging around 4,600 bases) and a very high number of reads per run
(about 47,000). The typical “paired-end” approach 1s not used with PacBio, since reads are
typically long enough that fragments, through CCS, can be covered multiple times without
having to sequence from each end independently. Multiplexing with PacBio does not involve an

independent read, but rather follows the standard “in-line” barcoding model.

{00129} In one embodiment, where the first unique marker 15 the ITS genomic region,
autormnated ribosomal intergenic spacer analysis {ARISA} is used in one embodiment to

determine the number and i1dentity of microorganism strains in a sample (FIG. 1B, 1003, FIG. 2,
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2003} (Ranjard et al. (2003). Environmental Microbiology 5, pp. 1111-1120, incorporated by
reference 1n its entirety for all purposes}. The ['TS region has significant heterogeneity in both
length and nucleotide sequence. The use of a fluorescence-labeled forward primer and an
automatic DNA sequencer permits high resolution of separation and high throughput. The

inclusion of an internal standard in each sample provides accuracy in sizing general fragments.

{80130} In another embodiment, fragment length polvmorphism (RFLP) of PCR-amplified
rDNA fragments, otherwise known as amplified ribosomal DNA restriction analysis (ARDRA),
1s used to characterize unique first markers and the quantity of the same in samples (FIG. 1B,
1003, FIG. 2, 2003) (for additional detail, see Massol-Deya er al. (1995). Mol. Microb. Ecol.
Manual. 3.3.2, pp. 1-18, the entirety of which i1s herein incorporated by reference for all
purposes). rDNA fragments are generated by PCR using general primers, digested with
restriction enzymes, electrophoresed in agarose or acrylamide gels, and stained with ethidium

bromide or silver nitrate.

{00131} One fingerprinting technique used in detecting the presence and relative quantities of a
unique first marker is single-stranded-conformation polymorphism (SSCP) (see Lee ef al.
(1996). App! Environ Microbiol 62, pp. 3112-3120; Scheinert ¢r al. (1996). J. Microbiol.
Methods 26, pp. 103-117; Schwieger and Tebbe (1998). Appl. Environ. Microbiol 64, pp. 4870-
4876, each of which 1s incorporated by reference herein in its entirety). In this technique, DNA
fragments such as PCR products obtained with primers specific for the 16S rRNA gene, are
denatured and directly electrophoresed on a non-denaturing gel. Separation 1s based on
differences 1n size and 1n the folded conformation of single-stranded DNA, which influences the
electrophoretic mobility. Reannealing of DNA strands during electrophoresis can be prevented
by a number of strategies, including the use of one phosphorylated primer in the PCR followed
by specific digestion of the phosphorylated strands with lambda exonuclease and the use of one
biotinylated primer to perform magnetic separation of one single strand after denaturation. To
assess the identity of the predonunant populations in a given microbial community, in one
embodiment, bands are excised and sequenced, or SSCP-patterns can be hybridized with specific
probes. Electrophoretic conditions, such as gel matrix, temperature, and addition of glycerol to

the gel, can influence the separation.
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{00132} In addition to sequencing based methods, other methods for quantifying expression
{e.g., gene, protein expression) of a second marker are amenable for use with the methods
provided herein for determining the level of expression of one or more second markers (FIG. 1B,
1004; FIG. 2, 2004). For example, quantitative RT-PCR, microarray analysis, linear
amplification techniques such as nucleic acid sequence based amplification (NASBA) are all
amenable for use with the methods described herein, and can be carried out according to methods

known to those of ordinary skill in the art in light of this disclosure.

{00133} In another embodiment, the sample, or a portion thereof is subjected to a quantitative
polvmerase chain reaction (PCR) for detecting the presence and quantity of a first marker and/or
a second marker (FIG. 1B, 1003-1004; FIG. 2, 2003-2004). Specific microorganism strains
activity 1s measured by reverse transcription of transcribed ribosomal and/or messenger RNA

(rRNA and mRNA} into complementary DNA (cDNA), followed by PCR (RT-PCR).

{00134} In another embodiment, the sample, or a portion thereof is subjected to PCR-based
fingerprinting techniques to detect the presence and quantity of a first marker and/or a second
marker (FIG. 1B, 1003-1004; FIG. 2, 2003-2004). PCR products can be separated by
electrophoresis based on the nucleotide composition. Sequence variation among the ditterent
DNA molecules influences the melting behavior, and therefore molecules with different
sequences will stop migrating at ditferent positions in the gel. Thus electrophoretic profiles can
be defined by the position and the relative intensity of different bands or peaks and can be
translated to numerical data for calculation of diversity indices. Bands can also be excised from
the gel and subsequently sequenced to reveal the phylogenetic affiliation of the community
members. Electrophoresis methods can include, but are not limited to: denaturing gradient gel
electrophoresis (DGGE), temperature gradient gel electrophoresis (TGGE), single-stranded-
conformation polymorphism (SSCP), restriction fragment length polymorphism analysis (RFLP)
or amplified ribosomal DNA restriction analysis {ARDRA), terminal restriction fragment length
polymorphism analysis (T-RFLP), automated ribosomal intergenic spacer analysis (ARISA),
randomly amphified polymorphic BNA (RAPD), DNA amplification fingerprinting {BAF) and
Bb-PEG electrophorests.

{00135} In another embodiment, the sample, or a portion thereof is subjected to a chip-based

platform such as microarray or microfiuidics to determine the quantity of a unique first marker
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and/or presence/quantity of a unique second marker (FIG. 1B, 1003-1004, F1G. 2, 2003-2004).
The PCR products are amplified from total DNA in the sample and directly hybridized to known
molecular probes affixed to microarrays. After the fluorescently labeled PCR amplicons are
hybridized to the probes, positive signals are scored by the use of confocal laser scanning
microscopy. The microarray technique allows samples to be rapidly evaluated with replication,
which 1s a significant advantage in microbial community analyses. The hybridization signal
intensity on microarrays can be directly proportional to the quantity of the target organism. The
universal high-density 16S microarray (e.g., PHYLOCHIP) contains about 30,000 probes of
16SrRNA gene targeted to several cultured microbial species and “candidate divisions”. These
probes target all 121 demarcated prokaryotic orders and allow simultaneous detection of 8,741
bacterial and archaeal taxa. Another microarray in use for profiling microbial communities is the
Functional Gene Array (FGA). Unlike PHYLOCHPs, FGAs are designed prumarily to detect
specific metabolic groups of bacteria. Thus, FGA not only reveal the community structure, but
they also shed light on the in situ community metabolic potential FGA contain probes from
genes with known biological functions, so they are useful in hnking microbial community
composition to ecosystem functions. An FGA termed GEOGCHIP contains >24,000 probes from
all known metabolic genes involved in various biogeochemical, ecological, and environmental

processes such as ammonia oxidation, methane oxidation, and nitrogen fixation.

{00136] A protein expression assay, in one embodiment, 1s used with the methods described
herein for determining the level of expression of one or more second markers (FIG. 1B, 1004,
FIG. 2, 2004). For example, in one embodiment, mass spectrometry or an immunoassay such as
an enzyme-linked immunosorbant assay (ELISA) 1s utilized to quantify the level of expression of

one or more untque second markers, wherein the one or more unique second markers 1s a protein.

{00137} In one embodiment, the sample, or a portion thereof is subjected to Bromodeoxyuridine
(Brdl)) incorporation to determine the level of a second unique marker (FIG. 1B, 1004; FIG. 2,
2004). BrdU, a synthetic nucleoside analog of thymuidine, can be incorporated into newly
synthesized DNA of replicating cells. Antibodies specific for BRAU can then be used for
detection of the base analog. Thus BrdU incorporation identifies cells that are actively
replicating their DNA, a measure of activity of a microorganism according to one embodiment of
the methods described herein. BrdU incorporation can be used in combination with FISH to

provide the identity and activity of targeted cells.
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{00138} In one embodiment, the sample, or a portion thereof 1s subjected to
microautoradiography (MAR) combined with FISH to determine the level of a second unigue
marker (FIG. 1B, 1004; FIG. 2, 2004). MAR-FISH 1s based on the incorporation of radioactive
substrate into cells, detection of the active cells using autoradiography and identification of the
cells using FISH. The detection and identification of active cells at single-cell resolution is
performed with a microscope. MAR-FISH provides information on total cells, probe targeted
cells and the percentage of cells that incorporate a given radiolabelled substance. The method
provides an assessment of the in sifu function of targeted microorganisms and is an effective
approach to study the in vivo physiology of microorganisms. A technique developed for
quantification of cell-specific substrate uptake in combination with MAR-FISH is known as

quantitative MAR (QMAR).

{00139} In one embodiment, the sample, or a portion thereof is subjected to stable isotope
Raman spectroscopy combined with FISH {(Raman-FISH) to determine the level of a second
unique marker (FIG. 1B, 1004; FIG. 2, 2004). This technique combines stable isotope probing,
Raman spectroscopy and FISH to link metabolic processes with particular organisms. The
proportion of stable isotope incorporation by cells affects the light scatter, resulting in
measurable peak shifts tor labelled cellular components, including protein and mRNA
components. Raman spectroscopy can be used to identity whether a cell synthesizes compounds
mcluding, but not himited to: o1l (such as alkanes), hipids (such as triacylglycerols (TAG)),
specific proteins (such as heme proteins, metalloproteins), cvtochrome (such as P450,
cytochrome ¢), chlorophyll, chromophores (such as pigments for light harvesting carotenoids and
rhodopsins), organic polymers (such as polyhydroxyalkanoates (PHA), polvhvdroxybutyrate
(PHB)), hopanoids, steroids, starch, sulfide, sulfate and secondary metabolites (such as vitamin

B12).

{00140} In one embodiment, the sample, or a portion thereof 15 subjected to DNA/RNA stable
1sotope probing (SIP) to determune the level of a second unique marker (FIG. 1B, 1004, FIG. 2,
2004). SIP enables determination of the microbial diversity associated with specific metabolic
pathways and has been generally applied to study microorganisms involved in the utilization of
carbon and nitrogen compounds. The substrate of interest is labelled with stable isotopes (such

as ’C or °N) and added to the sample. Only microorganisms able to metabolize the substrate

will incorporate it into their cells. Subsequently, PC-DNA and "N-DNA can be isolated by
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density gradient centrifugation and used for metagenomic analysis. RNA-based SIP can be a

responsive biomarker for use in SIP studies, since RNA itself 1s a reflection of cellular activity.

|00141] In one embodiment, the sample, or a portion thereof is subjected to isotope array to
determine the level of a second unique marker (FIG. 1B, 1004; FIG. 2, 2004). Isotope arrays
allow for functional and phylogenetic screening of active microbial communities in a high-
throughput fashion. The technique uses a combination of SIP for monitoring the substrate
uptake profiles and microarray technology for determining the taxonomic identities of active
microbial communities. Samples are incubated with a '*C-labeled substrate, which during the
course of growth becomes incorporated into microbial biomass. The *C-labeled rRNA is
separated from unlabeled rRNA and then labeled with fluorochromes. Fluorescent labeled rRNA
1s hybridized to a phylogenetic microarray followed by scanning for radicactive and fluorescent
signals. The technique thus allows simultaneous study of microbial community composition and
specific substrate consumption by metabolically active microorganisms of complex microbial

conunuinities.

|00142} In one embodiment, the sample, or a portion thereof is subjected to a metabolomics
assay to determine the level of a second unique marker (FIG. 1B, 1004; FIG 2, 2004).
Metabolomics studies the metabolome which represents the collection of all metabolites, the end
products of cellular processes, in a biological cell, tissue, organ or organism. This methodology
can be used to monitor the presence of microorganisms and/or microbial mediated processes
since it allows associating specific metabolite profiles with different microorganisms. Profiles of
mtracellular and extracellular metabolites associated with microbial activity can be obtamned
using techniques such as gas chromatography-mass spectrometry (GC-MS). The complex
mixture of a metabolomic sample can be separated by such techniques as gas chromatography,
high performance liquid chromatography and capillary electrophoresis. Detection of metabolites
can be by mass spectrometry, nuclear magnetic resonance {(NMR) spectroscopy, 1on-mobility
spectrometry, electrochemical detection (coupled to HPLC) and radiolabel {when combined with

thin-layer chromatography).

|00143] According to the embodiments described herein, the presence and respective number of
one or more active microorganism strains in a sample are determined (FIG. 1B, 1006; FIG. 2,

2006). For example, strain identity information obtained from assayving the number and presence
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of first markers i1s analyzed to determine how many occurrences of a unique first marker are
present, thereby representing a unique microorganism strain {e.g., by counting the number of
sequence reads in a sequencing assay). This value can be represented in one embodiment as a
perceniage of total sequence reads of the first maker to give a percentage of unique
microorganism strains of a particular microorganism type. In a further embodiment, this
percentage i1s multiplied by the number of microorganism types {obtained at step 1002 or 2002,
see FIG. 1B and FIG. 2) to give the absolute cell count of the one or more microorganism strains

in a sample and a given volume.

{00144} The one or more microorganism strains are considered active, as described above, if the
level of second unique marker expression is at a threshold level, higher than a threshold value,
e.g., higher than at least about 5%, at least about 10%, at least about 20% or at least about 30%

over a control level.

{00145} In another aspect of the disclosure, a method for determining the absolute cell count of
one or more microorganism strains is determined in a plurality of samples (FIG. 2, see in
particular, 2007). For a microorganism strain to be classified as active, it need only be active in
one of the samples. The samples can be taken over multiple time points from the same source, or

can be from ditferent environmental sources (e.g., different animals).

{00146] The absolute cell count values over samples are used in one embodiment to relate the
one or more active microorganisin strains, with an environmental parameter (FIG. 2, 2008). In
one embodiment, the environmental parameter is the presence of a second active microorganism
strain. Relating the one or more active microorganism strains to the environmental parameter, in
one embodiment, is carried out by determining the co-occurrence of the strain and parameter by

network analysts and/or graph theory.

{00147} In one embodiment, determining the co-occurrence of one or more active
microorganism strains with an environmental parameter comprises a network and/or cluster
analysis method to measure connectivity of strains or a strain with an environmental parameter
within a network, wherein the network is a collection of two or more samples that share a
common or similar environmental parameter. Examples of measurement of independence are
provided and discussed herein, and additional details can be understood by configuring the

teachings and methods of: Blomqgvist "On a measure of dependence between two random
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vaniables" The Annals of Mathematical Statistics (1950); 593-600; Hollander et al

"Nonparametric statistical methods - Wiley series in probability and statistics Texts and
references section" {1999); and/or Blum et al. "IDhstribution free tests of independence based on
the sample distribution function" The Annals of Mathematical Statistics (1961): 485-498; the
entirety of each of the aforementioned publications being herein expressly incorporated by
reference for all purposes.

{00148} In another embodiment, correlation methods including Pearson correlation, Spearman
correlation, Kendall correlation, Canonical Correlation Analysis, Likelihood ratio tests (e.g.. by

adapting the teachings and methods detailed in Wilks, S.S. “On the Independence of k Sets of

Normally Distributed Statistical Variables” Econometrica, Vol. 3, No. 3, July 1935, pp 309-326,
the entirety of which is herein expressly incorporated by reference for all purposes), and
canonical correlation analysis are used establish connectivity between variables. Multivariate
extensions of these methods, Maximal correlation (see, e.g.. Alfréd Rényi “"On measures of
dependence" Acta mathematica hungarica 10.3-4 (1959): 441-451, herein expressly mncorporated
by reference in 1ts entirety), or both (MAC) can be used when appropriate, depending on the
number of variables being compared. Some embodiments utilize Maximal Correlation Analysis

and/or other multivariate correlation measures configured for discovering multi-dimensional

patterns (for example, by adapting the methods and teachings of "Multivariate Maximal

Correlation Analysis,” Nguyen et al, Proceedings of the 31st International Conference on

Machine Learnming, Beijing, China, 2014, which 1s herein expressly incorporated by reference in

its entirety for all purposes). In some embodiments, network metrics and analysis, such as
discussed by Farine et al, in "Constructing, Conducting and Interpreting Amimal Social Network
Analysis” Journal of Animal Ecology, 2015, 84, pp. 1144-1163. do01:10.1111/1365-2656.12418
(the entirety of which s herein expressly incorporated by reference for all purposes) can be
utifized and configured for the disclosure.

{00149} TIn some embodiments, network analysis comprises nonparametric approaches (e.g., by

adapting the teaching and methods detailed in Taskinen et al. "Multivariate nonparametric tests
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of independence.” Journal of the American Statistical Association 100.471 (2005): 916-925; and

(Gneser et al. "A Nonparametric Test of Independence Between Two Vectors.” Journal of the
American Statistical Association, Vol. 92, No. 438, June, 1977, pp 561-567; entirety of each of
being herein expressly incorporated by reference tor all purposes), including mutual information

Maximal Information Coefficient, Maximal Information Entropy (MIE: e g.. by adapting the

teachings and methods of Zhang Ya-hong et al "Detecting Multivariable Correlation with

Maximal Information Entropy[J]}" Journal of Electronics & Information Technology, 2015-01

(37(1): 123-129), the entirety of which is herein expressly incorporated by reference for all

purposes). Kernel Canonical Correlation Analysis (KCCA; e.g., by adapting the teachings and
methods detailed in Bach et al. "Kernel Independent Component Analysis” Journal of Machine

Learning Research 3 (2002) 1-48, the entirety of which is herein expressly incorporated by
reference for all purposes), Alternating Conditional Expectation or backfitting algorithms (ACE;

e.g, by adapting the teaching and methods detailed in Breiman et al. "Estimating Optimal

Transtormations for Multiple Regression and Correlation: Rejoinder.” Journal of the American
Statistical Association 80, no. 391 (1985): 614-19, do01:10.2307/2288477, the entirety of which is

herein expressly incorporated by reference for all purposes}, Distance correlation measure {dcor;

e.g., by adapting the teaching and methods detailed in Szekely et al. "Measuring and Testing

Dependence by Correlation of Distances” The Annals of Statistics, 2007, Vol. 35, No. 6, 2769-

2794, doi:10.1214/009053607000000505, the entirety of which 1s herein expressly incorporated

by reference for all purposes), Brownian distance covariance (dcov; eg., by adapting the
teaching and methods detailed in Szekely et al. “Brownian Distance Covariance” The Annals of

Applied Statistics, 2009, Vol. 3, No. 4, 1236-1265, Do01:10.1214/09-A0AS312, the entirety of
which is herein expressly incorporated by reference for all purposes), Hilbert-Schmidt

Independence Criterion {HSCI / CHSI; e.g., by adapting the teachings and methods detailed in

Gretton et al. “A Kernal Two-Sample Test” Journal of Machine Learning Research 13 (2012)

723-773, and Poczos et al. “Copula-based Kernel Dependency Measures” Carnegie Mellow

University, Research Showcase@CMU, Proceedings of the 29th International Conference on
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Machine Learning, each of which 1s herein expressly incorporated by reference in their entireties

for all purposes), Randomized Dependence Coefficient (RDC; e.g., by adapting the teaching and

,,,,,

Neural Information Processing Systems {2013), the entirety of which 1s herein expressly
incorporated by reference for all purposes) to establish connectivity between variables. In some
emnbodiments, one or more of these methods can be coupled to bagging or boosting methods, or k

nearest neighbor estimators {e.g., by adapting the teaching and methods detailed in: Breiman,

"Arcing Classifiers” The Annals of Statistics, 1998, Vol. 26, No. 3, 801-849; Liu, "Modified
Bagging of Maximal Information Coefficient for Genome-wide Identification” Int. J. Data
Mining and Bioinformatics, Vol. 14, No. 3, 2016, pp. 229-257; and/or Gao et al. "Efficient

Estimation of Mutual Information for Strongly Dependent Variables” Proceedings of the 18th

International Conference on Artificial Intelligence and Statistics (AISTATS), 2015, San Diego,
CA, IMLR: W&CP Volume 38; each of which 1s herein expressly incorporated by reference in

its entirety for all purposes).

{00156} Tn some embodiments, the network analysis comprises node-level analysis, including
degree, strength, betweenness centrality, eigenvector centrality, page rank, and reach. In another
embodiment, the network analysis comprises network level metrics, including density,
homophily or assortativity, transitivity, linkage analysis, modularity analysis, robustness
measures, betweenness measures, connectivity measures, transitivity measures, centrality

measures or a combination thereof. In others embodiments, species community rules (see, e.g.,

Connor et al. “The Assembly of Species Communities: Chance or Competition?” Ecology, Vol.

60, No. 6 (Dec.. 1979), pp. 1132-1140, the entirety of which 1s herein incorporated by reference

for all purposes) are applied to the network, which can include leveraging Gambit of the Group
assumptions {e.g., by applying the methods and teachings of Franks et al. “Sampling Animal
Association Networks with the Gambit of the Group” Behav Ecol Sociobiol (2010} 64:493,

do1:10.1007/x00265-0098-0865-8, the entirety of which 1s herein expressly incorporated by

reference for all purposes) In some embodiments, eigenvectors/modularity matrix analysis
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methods can be used, e.g., by configuring the teachings and methods as discussed by Mark EJ
Newman in "Finding community structure in networks using the eigenvectors of matrices"
Physical Review E 74.3 (2006} 036104, the entirety of which is herein expressly incorporated

by reference for all purposes.

{00151} In some embodiments, time-aggregated networks or time-ordered networks are utilized.
in another embodiment, the cluster analysis method comprises building or constructing an
observation matrix, connectivity model, subspace model, distribution model, density model. or a
centroid model, using community detection in graphs, and/or using community detection
algorithms such as, by way of non-limiting example, the Louvain, Bron-Kerbosch, Girvan-

Newman, Clauset-Newman-Moore, Pons-Latapy, and Wakita-Tsurumt algorithms.

{00152} In some embodiments, the cluster analysis method is a heuristic method based on
modularity optimization. In a further embodiment, the cluster analysis method is the Louvain
method (see, e.g., the method described by Blondel et al. (2008) Fast unfolding of communities
in large networks. Journal of Statistical Mechanics: Theory and Experiment, Volume 2008,
October 2008, incorporated by reference herein in its entirety for all purposes, and which can be

adapted for use in the methods disclosed herein).

{00153} In other embodiments, the network analysis comprises predictive modeling of network
through link muning and prediction, collective classitication, link-based clustering, hierarchical
cluster analysis, relational similarity, or a combination thereof. In another emmbodiment. the
network analysis comprises differential equation based modeling of populations. In another

emnbodiment, the network analysis comprises Lotka-Volterra modeling.

{00154} Tn some embodiments, relating the one or more active microorganism strains to an
environmental parameter (e.g., determining the co-occurrence) in the sample comprises creating
matrices populated with linkages denoting environmental parameter and microorganism strain

associations.

00T

{00158} Tn some embodiments, the multiple sample data obtained at step 2007 {e.g.. over two or
more samples which can be collected at two or more time points where each time point
corresponds to an individual sample} is compiled. In a further embodiment, the number of cells
of each of the one or more microorganism strains in each sample 1s stored 1in an association

matrix {which can be in some embodiments, a quantity matrix). In one embodiment, the
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association matrix 1s used to identify associations between active microorganism strains in a
specific time point sample using rule mining approaches weighted with association (e.g.,

quantity) data. Filters are applied in one embodiment to remove insignificant rufes.

{00156} In some embodiments, the absolute cell count of one or more, or two or more active
microorganism strains is related to one or more environmental parameters (FIG. 2, 2008}, e.g,
via co-occurrence determination. Environmental parameters can be selected depending on the
sample(s) to be analyzed and are not restricted by the methods described herein. The
environmental parameter can be a parameter of the sample itself, e.g., pH, temperature, amount
of protein in the sample. Alternatively, the environmental parameter is a parameter that affects a
change in the identity of a microbial community (i.e., where the “identity” of a microbial
community 1s characterized by the type of microorganism strains and/or number of particular
migroorganism strains in a community), or is affected by a change in the identity of a microbual
community. For example, an environmental parameter in one embodiment, is the food intake of
an amimal or the amount of milk (or the protein or fat content of the milk) produced by a
lactating ruminant. In one embodiment, the environmental parameter is the presence, activity
and/or quantity of a second microorganism strain in the microbial community, present in the
same sample. In some embodiments described herein, an environmental parameter is referred to

as a metadata parameter, and vice-versa.

{00187} Other examples of metadata parameters include but are not hmited to genetic
information from the host from which the sample was obtained (e.g, DNA mutation
mformation), sample pH, sample temperature, expression of a particular protein or mRNA,
nutrient conditions (e.g., level and/or identity of one or more nutrients) of the surrounding
environment/ecosystem), susceptibility or resistance to disease, onset or progression of disease,
susceptibility or resistance of the sample to toxins, efficacy of xenobiotic compounds

(pharmaceutical drugs), biosynthesis of natural products, or a combination thereof.

{00158} TFor example, according to one embodiment, microorganism strain number changes are
calculated over multiple samples according to the method of FIG. 2 (i.e., at 2001-2007). Strain
number changes of one or more active strains over time 1s compiled (e.g., one or more strains
that have imtially been identified as active according to step 2006), and the directionality of

change is noted (i.e., negative values denoting decreases, positive values denoting increases).



WO 2018/126033 PCT/US2017/068753

The number of cells over time is represented as a network, with microorganism strains
representing nodes and the quantity weighted rules representing edges. Markov chains and
random walks are leveraged to determine connectivity between nodes and to define clusters.
Clusters 1n one embodiment are filtered using metadata in order to identify clusters associated

with desirable metadata (FIG. 2, 2008).

{00139] In a further embodiment, microorganism strains are ranked according to importance by
integrating cell number changes over time and strains present in target clusters, with the highest

changes in cell number ranking the highest.

{00160} Network and/or cluster analysis method in one embodiment, is used to measure
connectivity of the one or more strains within a network, wherein the network is a collection of
two or more samples that share a common or similar environmental parameter. In one
embodiment, network analysis comprises linkage analysis, modularity analysis, robustness
measures, betweenness measures, connectivity measures, transitivity measures, centrality
measures or a combination thereof.  In another embodiment, network analysis comprises
predictive modeling of network through link mining and prediction, social network theory,
collective classification, link-based clustering, relational similarity, or a combination thereof. In
another embodiment, network analysis comprises mutual information, maximal information
coefficient calculations, or other nonparametric methods between variables to establish
connectivity. In another embodiment, network analysis comprises differential equation based
modeling of populations. In yet another embodiment, network analysis comprises P.otka-

Volterra modeling.

{00161} Cluster analysis method comprises building a connectivity model, subspace model,

distribution model, density model, or a centroid model.

{00162} Network and cluster based analysis, for example, to carry out method step 2008 of FIG.
2, can be carried out via a processor, component and/or module. As used herein, a component
and/or module can be, for example, any assembly, instructions and/or set of operatively-coupled
electrical components, and can include, for example, a memory, a processor, electrical traces,

optical connectors, software {executing 1n hardware} and/or the like.

{00163] FIG. 3A 1s a schematic diagram that illustrates a nmucrobe analysis, screening and

selection platform and systemn 300, according to an embodiment. A platform according to the

87

S



WO 2018/126033 PCT/US2017/068753

disclosure can include systems and processes to determine multi-dimensional interspecies
interactions and dependencies within natural microbial communities, and an example is
described with respect to FIG. 3A. FIG. 3A 1s an architectural diagram, and therefore certain
aspects are omitted {o improve the clarity of the description, though these aspects should be

apparent to one of skill when viewed in the context of the disclosure.

{00164} As shown in FIG. 3A, the microbe screening and selection platform and system 300 can
include one or more processors 310, a database 319, a memory 320, a communications interface
390, an input/output interface configured to interact with user input devices 396 and peripheral
devices 397 {including but not limited to data collection and analysis device, such as FACs,
selection/incubation/formulation devices, and/or additional databases/data sources, remote data
collection devices {e.g., devices that can collect metadata environment<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>