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(57) Abréegée/Abstract:

In alternative embodiments, the invention provides computational algorithms, computer programs, software and other methods,
systems and products of manufacture (e.g., computers, devices or apparatus) for identifying members of microbial communities,
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(57) Abrege(suite)/Abstract(continued):

thelr abundance and distribution from amplicon sequence data, and comparing microbial communities and consortia. In alternative
embodiments, the invention provides computer- implemented methods comprising a subset of, substantially all, or all of the steps
as set forth in the flow chart of Figure 1, Figure 3 or Figure 4. In alternative embodiments, the invention provides methods for

identification of consortia, optionally followed by construction of artificial microbial consortia from pure strains or enrichment
cultures.
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COMPOSITIONS AND METHODS FOR IDENTIFYING AND
COMPARING MEMBERS OF MICROBIAL COMMUNITIES BY
COMPUTATIONAL ANALYSIS OF AMPLICON SEQUENCES

ABSTRACT

In alternative embodiments, the invention provides computational algorithms,
computer programs, software and other methods, systems and products of manufacture (e.g.,
computers, devices or apparatus) for identifying members of microbial communities, their
abundance and distribution from amplicon sequence data, and comparing microbial
communities and consortia. In alternative embodiments, the invention provides computer-
implemented methods comprising a subset of, substantially all, or all of the steps as set forth
in the flow chart of Figure 1, Figure 3 or Figure 4. In alternative embodiments, the invention
provides methods for identification of consortia, optionally followed by construction of

artificial microbial consortia from pure strains or enrichment cultures.
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COMPOSITIONS AND METHODS FOR IDENTIFYING AND
COMPARING MEMBERS OF MICROBIAL COMMUNITIES BY
COMPUTATIONAL ANALYSIS OF AMPLICON SEQUENCES

FIELD OF THE INVENTION

This invention generally relates to microbial ecology, bioinformatics, computational
biology and microbiology. In alternative embodiments, the invention provides computational
algorithms, computer programs, software and other methods, systems and products of
manufacture (e.g., computers, devices or apparatus) for identifying members of microbial
communities, their abundance and distribution from amplicon sequence data, and comparing
microbial communities and consortia, In alternative embodiments, the invention provides
methods for 1dentification of consortia, optionally followed by construction of artificial

microbial consortia from pure strains or enrichment cultures.

BACKGROUND

One of the most important tasks 1n microbial ecology 1s 1dentification of community
members and their relative abundance. Presently, microbial communities are characterized
by sequencing PCR-amplified 16S rRNA molecules and analyzing the sequences
computationally. Several computational pipelines exist for such analysis, and they roughly
consist of removal of low-quality reads, clustering (the task of assigning a set of objects or
sequences 1nto groups, or clusters) and classification of cluster representatives.

The clustering step 1s considered to be essential. This 1s because each sequence 1s
considered a representative of a cell, and yet, the sequencing process 1s inherently erroneous,
and sequences with errors may be interpreted as novel organisms. Cumulatively these errors
ar¢ known to inflate estimations of community richness. Therefore clustering at 97% 1dentity
1s currently the common practice 1n the field.

However, clustering has many mherent drawbacks. Besides sequencing mistakes,
clustering absorbs genuine microbial diversity. The most common sequence in the cluster 18
used as a representative, while other sequences 1n the cluster are lost. Moreover, clusters are
inherently sensitive to the input data, are not stable with time and change each time new data
1s added. Therefore an analysis done with N samples needs to be re-clustered and therefore
re-done when N+1 sample 1s added. Because adding samples 1s a frequent operation,

avolding clustering could potentially save both researcher's and computers' time.

1
SUBSTITUTE SHEET (RULE 26)
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Analysis of community composition 1s only one step 1n interrogating a microbial
community. Isolation of cultures i1s another valuable technique. Isolates can be sequenced to
1identity the sequence corresponding to the reporter (amplicon) region. However, the fluid
nature of clusters means that the cluster to which the 1solate 1s assigned may shift with
regards to the number of members and distribution across samples, even for the previously
analyzed datasets.

Another drawback 1s that the current practice of assigning taxonomic classification to
representative sequences of the cluster requires re-classification after each clustering. This 18
a potentially computationally expensive procedure. Moreover, since representative sequences
in the clusters shift, taxonomy may not be consistent, further perplexing data analysis.

Sequencing technology changes every few months. The changes mostly reduce the
cost of sequence per base, or increase read length. As technology changes, new data from
longer amplicons 18 not directly comparable with legacy data. Current solutions include either
using lower-resolution old data or re-sequencing old samples. Either solution has problems:
first solution discards the higher resolution that new technology can provide while the second
requires extensive effort of sample collection which may not be available for older samples.

Identification of members of microbial communities 18 an important step towards
1identification of microbial consortia. Microbial consortia perform many important tasks in
nature, notably biodegradation of complex compounds. These consortia are typically studied
in a targeted fashion, when a task 1n hand 1s selected for interrogation, the organisms of
interest are 1dentified, and the interaction studied. This case-by-case strategy allows deep
understanding of some consortia, but does not present a sweeping view of variety of

consortia 1n nature.

SUMMARY
In alternative embodiments, this invention provides methods for the 1dentification of
microbial consortia based on the environmental distribution of microbes. The invention
provides computational algorithms, computer programs, software and other methods, systems
and products of manufacture (e.g., computers, devices or apparatus) for identifying members
of microbial communities, their abundance and distribution from amplicon sequence data,
and comparing microbial communities and consortia. In alternative embodiments, the

invention uses unique truncated reads, called “tags,” as representatives of organisms. Unique
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tags and their occurrences 1n samples are stored 1n a database.

The database may also link to other data types, such as tag classification, presence in
culture collections etc. Sequencing errors are removed by: (1) trimming the reads to
predefined region; (11) removing low-quality truncated reads; and (i11) setting a threshold for
tag minimum abundance to appear 1n the analysis. By avoiding clustering, the invention
allows consistency of member counts when samples are added or removed. Differences in
distribution of highly similar tags across samples can be used to 1dentify ecologically distinct
organisms.

In alternative embodiments, the methods use normalization for data size, and
representation of microbial abundances as fraction of the total microbial count 1n a sample. In
alternative embodiments, representation as fractions may be needed as sample sizes vary and
datasets are not readily comparable without a normalization.

In alternative embodiments the abundance data 1s transformed by a log-transtorm.
This transformation may be needed since there 1s a large natural range of the data and
because abundance counts are often reproducible only to the level of order of magnitude.
The log transtform therefore allows one to correct for inaccuracies of the sequencing
methodologies. Since log transtform 1s not possible for O values, those can be substituted for
arbitrary very small values.

In alternative embodiments, the invention provides computational methods for
1identification of community composition that use unique truncated amplicon sequences (tags)
to describe composition of microbial communities. In alternative embodiments, the methods
use a database to store unique tags and their distribution across sequenced samples. The
databases can be relational databases, a collection of computer files or any other form of
clectronic data storage. In alternative embodiments, the database 18 maintained produced
ancw for a particular analysis or can be maintained for consistency across analyses and
datasets.

In alternative embodiments, the database comprises unique tag sequences and their
distribution across samples, and also can include any other data structures. In alternative
embodiments, methods of the invention use direct mapping of tags to the database while not
using clustering as an essential part of data analysis. The tags can be derived from single
sequences, or from assembled or unassembled pair-end reads.

In alternative embodiments, the database may contain tags obtained with various
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sequencing technologies, covering different amplicon regions or different areas of the same
amplicon region. Various tags identifying the same group of organisms can be linked,
allowing comparison of tags obtained with various technologies of amplification, sequencing
or data processing.

In alternative embodiments, the methods use a threshold of minimal occurrence of
tags in a sample to reduce the number of analyzed tags and focus on more abundant tags.
The threshold can refer to a minimal occurrence in one of the samples 1n any of the samples
in the database or a combination of the methods above.

In alternative embodiments, the invention provides computer-implemented methods
comprising a subset of, substantially all, or all of the steps as set forth in the flow chart of
Figure 1, Figure 3 or Figure 4.

In alternative embodiments, the methods comprise usage of similarity of both tag
sequence and distribution across samples to 1dentify tags that represent the same or similar
oroups of organisms. Thus, methods of the invention can 1dentify distinct organisms with
highly similar tags based on having a distinct distribution across samples.

In alternative embodiments, the invention provides methods for the 1identification of
the composition or members of one or more microbial communities, or a group of microbes
with correlated environmental distributions, 1n a sample using (a plurality of) amplicon
sequences comprising:

(1) (a) providing (or given) a collection of, or plurality of, nucleic acid sequences
from the one or more microbial communities, or a group of microbes with
correlated environmental distributions, (herein referred to as “samples™)

wherein the samples optionally comprise of one or more Bacteria, Achaca, Eukaryotes
and/or Viruses,

and optionally sequences are derived from a cDNA, an RNA or a DNA ,

and optionally sequences are derived from a nucleic acid amplification (e.g., a
polymerase chain reaction (PCR) amplification) of a 16S, a 18S, a 23S or a 28S rRNA, or an
rDNA (or a DNA encoding an rRNA gene),

and optionally sequences are derived from a public or/and a private sequence database
or databases,

and optionally PCR amplification 1s achieved with a plurality of primer

oligonucleotides, wherein each primer optionally comprises ( contains, or 1s assigned ) a
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“barcode” or a sample-1dentifying short oligonucleotide sequence, or an equivalent thereof,

and optionally sequences are generated by a nucleic acid sequencer, or a high-
throughput sequencer, ¢.g., such as a 454™ Titanium or Illumina MISEQ™ sequencer,

and optionally sequences are associated with a quality score for each base, which
optionally can be expressed in a FASTA-like format, or a qual, a fastq or a Standard
Flowgram Format (SFF) format or an equivalent text-based format,

and optionally samples are sequenced simultancously, or on multiple instrument runs,

and optionally sequence technology 1s consistent or varied across samples,

and optionally sequences are unpaired or are pair-end, either assembled or not,

and optionally representing abundances as absolute counts or fraction of total

sequences obtained from a sample;

(b) processing the data described 1n step (a), and/or
processing the data described 1n step (a) after modification or constriction of the database
as described 1n step (¢),
as follows:
(1) optionally 1dentifying nucleotide sequences containing sample-identifying
barcodes and recording their correspondence to a particular sample, and then removing the
barcodes, and discarding sequences that do not contain correct barcodes or contain barcodes

that do not correspond to any samples,

(ii) cutting or truncating the nucleotide sequences, or “reads”™, of (a), and designating
the remaining region-specific nucleotide sequences as “tags™ (a tag 1s a processed or
truncated version of a read), and the remaining 1dentified nucleotide sequences, or “reads™ of
step (b)(i1), and keeping only predefined regions,

wherein optionally the cutting or truncating can be done by recognizing conserved
sequence patterns within the read (or database derived amplicon sequence) or by trimming
reads at a defined length, wherein reads that are shorter than the defined length or do not

match the pattern are discarded (they are not processed into a tag);

(ii) quality-filtering truncated reads by removing ambiguous truncated reads, and
optionally removing low-quality truncated reads, wherein a low quality read falls below a

quality threshold,
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wherein the quality-filtering of truncated reads optionally comprises examining
quality scores for each base in the truncated read and removing all reads that that do not pass
a quality threshold,

wherein quality threshold 1s optionally defined as a requirement for each truncated
read to have at least X% of bases possess a Q-score of at least Y, where X 15 90% of
nucleotide bases comprising the truncated read or higher and Y 18 Q-score of 20 or higher;
and

(iv) optionally taxonomically classifying the remaining tags, and optionally
generating a data output comprising a description of microbial communities as counts of

abundance of unique members of each community;

(v) importing the sequences and 1dentifiers of new tags into the database described 1n
1(b); and

(vi) importing the counts abundances of tags in samples 1nto the database described 1n
1(b),

and optionally log-transforming the abundances;

(¢) constricting (or modifying) a database comprising the unique tags of step (b), linked
to their abundances 1n samples;
wherein optionally the database 1s a Structured Query Language (SQL) database, a
collection of files or any other computer-readable record,
and optionally the database 1s consistently maintained across analyses and samples or
constructed anew for each analysis,
and optionally the database comprises (1includes) other data structures, such as
taxonomic assignment of tags, linking to 1solated strains, sample metadata or equivalents
thereof,
and optionally the database 1s populated (has data) or 1s empty, such as before the first
execution of stage (¢) (step 1(¢)),

and optionally the abundance of tags in samples 1s log-transformed; and

(d) exporting data of tag abundance of at least two samples from the database;
wherein a threshold 1s set for tags to appear in the analysis,

and optionally the threshold 1s set by requiring a sequence to be abundant at least
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X% 1n at least Y datasets,
and optionally X 1s 1% or less (but more than 0) and Y can be 1, or X 15 0.1% or
0.2% and Y can be 2 or more,
and/or the threshold 1s set by requiring a sequence to be abundant with absolute
count of at least X 1n at least Y datasets, wherein optionally X 1s any number between
2 and 100 and Y can be 1; or, X 1s any number between 1 and 100 and Y can be 2 or
more,
and optionally representing abundances as absolute counts or fraction of total
sequences obtained from a sample;
and optionally log-transforming the abundance data,
and optionally data export 1s a table in which samples are columns, tags are rows and
cells reflect abundances of the tag in the sample,
therecby 1dentifying the composition of microbial communities, or a group of microbes
with correlated environmental distributions,
wherein each tag 1s representative of a particular group of organisms, for example, a

microbial strain or a taxonomic group; or

(2) a process or method as set forth in Figure 1, Figure 3, or Figure 4; or, a
method for 1dentifying a community composition, a microbial consortium, or a group of
microbes with correlated environmental distributions, from amplicon sequences, or “reads”,
as set forth in Figure 3; or, a procedure for identitying and creating synthetic consortia, or a

oroup of microbes with correlated environmental distributions, as set forth in Figure 4.

In alternative embodiments, the environmental distribution 1s a distribution from any
environmental sample, such as for example, a production water, a formation water, a core
samples, a drill cutting, water, a sediment or a soil; or the environmental distribution 1s a
distribution from any environmental having a carbonaceous substrate, for example, including
a natural or a man-made subsurface organic matter-rich formation, such as landfills, surface
or subsurtface bioreactors, or a man-made subsurtace reservoir; or shale, coal, o1l sands,
bitumen, tar, o1l, sandstone and limestone with organic debris or other hydrocarbon rich
deposits or formations.

In alternative embodiments, the invention provides methods for identifying
ccologically distinct strains of organisms from sequence and ecological distribution data,

comprising:
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(1) (a) providing (or given) a set of tag abundances 1n samples derived from a
procedure of the invention,

(b) 1dentifying tags from (a) with high sequence similarity, wherein high sequence
similarity 18 greater than or equal to 95% and lower than 100%,

wherein optionally sequence similarity 1s calculated as editing distance between
sequences;

(¢) calculating correlation of tag distributions across samples, wherein ‘correlation’
can be computed by any method of measuring the distance or similarity including correlation
coefficient,

wherein optionally correlation 1s or comprises a Euclidean distance, a Pearson
correlation, a vector distance, a Chi square, a city block, an ordination method that optionally
comprises use of a PCA, a Bray-Curtis and/or a nonmetric multidimensional scaling (e.g., a
NMS or an NMDS);

and optionally the distance measure 18 dertved from using one tag as reference to
determine expected distribution of other tags and 1dentifying tags that have significant
deviation from the expected value 1n one or more samples; and

(d) identifying tags that have a lack of correlated distribution or high distance or low
similarity values as derived from ecologically distinct organisms, wherein ‘lack of correlated
distribution’ can be computed by any method, including when correlation coetficient (R
square) 18 0.06, 0.05, 0.04, 0.03 or 0.02 or lower, or when a significant deviation from the

expected abundance values 1s observed; or

(2) a process or method as set forth in Figure 1, Figure 3, or Figure 4; or, a method for
1dentifying a community composition, a microbial consortium, or a group of microbes with
correlated environmental distributions, from amplicon sequences, or “reads”, as set forth 1n
Figure 3; or, a procedure for identifying and creating synthetic consortia, or a group of

microbes with correlated environmental distributions, as set forth in Figure 4.

In alternative embodiments, the environmental distribution 1s a distribution from any
environmental sample, such as for example, a production water, a formation water, a core
samples, a drill cutting, water, a sediment or a soil; or the environmental distribution 1s a
distribution from any environmental having a carbonaceous substrate, for example, including
a natural or a man-made subsurface organic matter-rich formation, such as landfills, surface

or subsurtface bioreactors, or a man-made subsurtace reservoir; or shale, coal, o1l sands,
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bitumen, tar, o1l, sandstone and limestone with organic debris or other hydrocarbon rich
deposits or formations.

In alternative embodiments, the methods further comprises linking tags in the
database described 1in 1(b) 1n which tags are produced with variety of technologies and linked
within the database,

wherein alternative technologies includes variation of target genes, primers, amplicon
lengths, trimming region as described 1n (¢ (11)), or other methods and technologies involved
in amplicon sequencing, and

the linking can optionally be 1n a form of a database table, file or any other computer-
readable form.

In alternative embodiments, the invention provides methods for identifying a
microbial consortium, or a group of microbes with correlated environmental distributions,
comprising:

(1) (a) providing (given) a survey of abundances of microbes 1n two or more samples
(which can be environmental samples),

wherein abundances are optionally deduced from the number of copies of distinct
ogene sequences detected 1n each sample,

and the gene 1s optionally a 16S rRNA gene sequence,

and optionally abundances are represented as absolute counts or fraction of total;

and optionally log-transforming the abundance data;

and optionally the survey of abundances 1s derived from procedure of the invention;

(b) 1identitying distances or similarities of abundances in samples between pairs of
microbes, by comparing abundances of one microbe to another microbe in each sample using
distance or similarity metrics,

wherein distance or similarity metrics may optionally comprise: a Euclidean distance,
a Chi square, a correlation, a city block, an ordination method that optionally comprises use
of a principle components analysis, a Bray-Curtis and/or a nonmetric multidimensional
scaling (e.g., a NMS or a NMDS),

and optionally each sample may comprise of all available samples or any fraction of
samples;

(¢) repeating step (b) for at least one more pair of microbes; and

(d) storing the similarities obtained 1n step (b) and (¢), optionally 1n a form of matrix
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data structure in a digital format,

wherein matrix data structure 1s optionally stored 1n a computer memory, a drive, 1n a
file, a collection of files, or a database,

(e) performing either a network analysis, a cluster analysis or clustering on the
similarity matrix obtained in step (d),

wherein network analysis involves data representation 1n which microbes or tags are
designated as nodes of the network and similarities between tags or microbes obtained in
steps 4(b) and 4(c) are designated as edges of the network,

wherein optionally cluster analysis or clustering 1s a hierarchical clustering, an
identification of connected components, a connectivity-based clustering, a distribution-based
clustering, a density-based clustering, a single-linkage clustering, a Marcov clustering (MCL)
or a centroid clustering; and

(f) designating microbes that are connected in the network or assigned to the same
cluster as a consortium,

wherein 'microbes’ optionally comprise be all connected microbes 1n the network or

all microbes 1n the cluster or any fraction of thercof; or

(2) a process or method as set forth in Figure 1, Figure 3, or Figure 4; or, a method for
1dentifying a community composition, a microbial consortium, or a group of microbes with
correlated environmental distributions, from amplicon sequences, or “reads”, as set forth in
Figure 3; or, a procedure for identifying and creating synthetic consortia, or a group of

microbes with correlated environmental distributions, as set forth in Figure 4.

In alternative embodiments, the invention provides methods of making or creating a
synthetic microbial consortium, or a method for making or creating a synthetic microbial
consortium, or a group of microbes with correlated environmental distributions, wherein
microbes are 1identified by a method of the invention, and further comprising the step of
combining of corresponding microbial cultures, wherein microbial cultures comprise of pure

strains, enriched strains or any combination of thereof.

In alternative embodiments, the invention provides methods for creating a synthetic
microbial consortium, comprising:

(1) (a) providing (given) a survey of abundances of microbes 1n two or more samples,

wherein abundances are optionally deduced from the number of copies of distinct

gene sequences detected 1n each sample,

10
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and the gene 1s optionally a 16S rRNA gene sequence,

and optionally abundances are represented as absolute counts or fraction of total;

and optionally log-transforming the abundance data;

and optionally the survey of abundances 1s derived from procedure of the invention;

(b) identifying distances or similarities of abundances in samples between pairs of
microbes, by comparing abundances of one microbe to another microbe 1n each sample using
distance or similarity metrics,

wherein distance or similarity metrics may optionally comprise: a Euclidean distance,
a Chi square, a correlation, a city block, an ordination method that optionally comprises use
of a principle components analysis, a Bray-Curtis and/or a nonmetric multidimensional
scaling (e.g., a NMS or a NMDS),

and optionally each sample may comprise of all available samples or any fraction of
samples;

(¢) repeating step (b) for at least one more pair of microbes;

(d) storing the similarities obtained 1n step (b) and (¢) 1n a form of matrix data
structure 1n a digital format,

wherein matrix data structure 1s optionally stored 1n a computer memory, a drive, 1n a
file, a collection of files, or a database,

thereby 1dentifying the microbial consortium, or the group of microbes with
correlated environmental distributions; and

(e) combining of corresponding microbial cultures,

wherein microbial cultures comprise of pure strains, enriched strains or any

combination of thereof; or

(2 a process or method as set forth in Figure 1, Figure 3, or Figure 4; or, a method for
1dentifying a community composition, a microbial consortium, or a group of microbes with
correlated environmental distributions, from amplicon sequences, or “reads”, as set forth 1n
Figure 3; or, a procedure for identifying and creating synthetic consortia, or a group of

microbes with correlated environmental distributions, as set forth in Figure 4.

In alternative embodiments, the environmental distribution 1s a distribution from any
environmental sample, such as for example, a production water, a formation water, a core
samples, a drill cutting, water, a sediment or a soil; or the environmental distribution 1s a

distribution from any environmental having a carbonaceous substrate, for example, including

11
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a natural or a man-made subsurface organic matter-rich formation, such as landfills, surface
or subsurtface bioreactors, or a man-made subsurtface reservoir; or shale, coal, o1l sands,
bitumen, tar, o1l, sandstone and limestone with organic debris or other hydrocarbon rich
deposits or formations.

In alternative embodiments, the invention provides computer-implemented
methods comprising a process, protocol, or method, or for implementing a process, protocol,
or method, of any process, protocol, or method of the invention, or a subset of any of any
process, protocol, or method of the invention.

In alternative embodiments, the mnvention provides a computer program product
for implementing any process, protocol, or method of the invention, or a subset of any of any
process, protocol, or method of the invention.

In alternative embodiments, the invention provides a computer program product
for processing data, the computer program product comprising: a computer-executable logic
contained on a computer-readable medium configured for causing the following computer-
executed step to occur: a computer-implemented method of the invention; or, a computer
program product of the invention. In alternative embodiments, the computer-executable logic
1s further configured to cause the following steps to occur: receiving data elements or
structures; and storing the data elements or structures 1n a memory,

and optionally further comprising a step of transmitting the identified structures, or
plurality or library of compounds having the desired property,

and optionally the transmitting 1s to an interactive user capable of interacting with
and/or modifying the computer program product or computer-executable logic, or the
composition or members of a microbial community in a sample as 1dentified by the method;
or, a microbial consortium or a group of microbes with a correlated environmental
distribution as made or identified in the method.

In alternative embodiments, the invention provides a Graphical User Interface (GUI)
computer program product comprising a representation of: the compositions or members of a
microbial community 1n a sample used or 1dentified 1in any process, protocol, or method of
the invention, or a subset of any of any process, protocol, or method of the invention; a
plurality of compositions or members of a microbial community 1n a sample as made or
1identified 1n a process, protocol, or method of the invention; or, a microbial consortium, or a

oroup of microbes with correlated environmental distributions, as made or identified in a

12
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process, protocol, or method of the invention, and optionally further comprising a step of
transmitting the representations to a user.

In alternative embodiments, the invention provides a computer system comprising a
processor and a data storage device, wherein said data storage device has stored thereon: (a) a
computer program product for implementing a computer-implemented method of the
invention; (b) a computer program product of the invention; (¢) a Graphical User Interface
(GUI) computer program product of the invention; or, (d) a combination thereof.

In alternative embodiments, the invention provides a non-transitory memory medium
comprising program instructions for running, processing and/or implementing: (a) a computer
program product for implementing a computer-implemented method of the invention; (b) a
computer program product of the invention; (¢) a Graphical User Interface (GUI) computer
program product of the invention; or, (d) a computer system of the invention; or (¢) a
combination thereof.

In alternative embodiments, the invention provides a computer-readable storage
medium comprising a set of or a plurality of computer-readable instructions that, when
executed by a processor of a computing device, cause the computing device to run, process
and/ or implement; or, a non-transitory computer readable medium having stored therein
instructions executable by a computing device to cause the computing device to perform
functions comprising: (a) a computer program product for implementing a computer-
implemented method of the invention; (b) a computer program product of the invention; (¢) a
Graphical User Interface (GUI) computer program product of the invention; (d) a computer
system of the mnvention; (¢) a non-transitory memory medium of the invention; or, (f) a
combination thereof.

In alternative embodiments, the invention provides computer program storage device,
embodied on a tangible computer readable medium, comprising: (a) a computer program
product for implementing a computer-implemented method of the invention; (b) a computer
program product of the invention; (¢) a Graphical User Interface (GUI) computer program
product of the invention; or, (d) a computer system of the invention; (¢) a non-transitory
memory medium of the invention; (f) a computer-readable storage medium of the invention;
or, (g) a combination thereof.

In alternative embodiments, the invention provides a computer or equivalent

clectronic system, comprising: a memory; and a processor operatively coupled to the
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memory, the processor adapted to execute program code stored 1n the memory to: run,
process and/ or implement: (a) a computer program product for implementing a computer-
implemented method of the invention; (b) a computer program product of the invention; (¢) a
Graphical User Interface (GUI) computer program product of the invention; or, (d) a
computer system of the invention; (¢) a non-transitory memory medium of the invention; (f) a
computer-readable storage medium of the invention; (g) a computer program storage device
of the invention; or (h) a combination thereof.

In alternative embodiments, the invention provides a system, comprising: a memory
configured to: store structures or values associated with a plurality of structures or data points
and/or a plurality of structures or data clements, and a processor adapted to execute program
code stored 1n the memory to: run, process and/ or implement: (a) a computer program
product for implementing a computer-implemented method of the invention; (b) a computer
program product of the invention; (¢) a Graphical User Interface (GUI) computer program
product of the invention; or, (d) a computer system of the invention; (¢) a non-transitory
memory medium of the invention; (f) a computer-readable storage medium of the invention;
(g) a computer program storage device of the invention; (h) a computer or equivalent
clectronic system of the invention; or, (1) a combination thereof.

In alternative embodiments, the invention provides microbial consortium, or groups
of microbes with correlated environmental distributions, made by a method, process or
protocol of the invention. In alternative embodiments, the invention provides a composition,
a fluid, a bioreactor, a mud, a reservoir or a product of manufacture comprising a synthetic

microbial consortium made by a method, process or protocol of the invention.

The details of one or more embodiments of the invention are set forth 1n the accompa-
nying drawings and the description below. Other features, objects, and advantages of the
invention will be apparent from the description and drawings, and from the claims.

All publications, patents, patent applications, GenBank sequences and ATCC

deposits, cited herein are hereby expressly incorporated by reference for all purposes.

BRIEF DESCRIPTION OF THE DRAWINGS

The following drawings are 1llustrative of aspects of the invention and are not meant

to limit the scope of the invention as encompassed by the claims.
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Figure 1 schematically 1llustrates an exemplary schema of a database core used to
practice the invention. Boxes represent major data types, lines represent connections
between them. Each block represents a group of tables, spreadsheets or files. Data for tags,
sequencing procedure, samples & metadata, 1solates, taxonomies and classification are
interlinked.

Figure 2 1llustrates a visualization of a microbial co-occurrence network, as described
in detail, below.

Figure 3 1llustrates an exemplary method, or procedure, of the invention,
schematically 1llustrating a procedure of 1dentifying a community composition from
amplicon sequences, or “reads”, as described in Procedures, below.

Figure 4 illustrates an exemplary method, or procedure, of the invention,
schematically 1llustrating a procedure of 1dentifying and creating synthetic consortia.
Community compositions of multiple samples are the input. A distance matrix for tags 1s
computed from the distribution of tags in the samples. Groups of microbes with related
distribution 1dentified manually or by clustering, and referred to as consortia. Corresponding
microbes are 1dentified 1n culture collections or enrichment cultures and synthetically

combined to form a synthetic consortium.

Like reference symbols 1n the various drawings indicate like elements.

DETAILED DESCRIPTION

In alternative embodiments, the invention provides methods, systems and products of
manufacture (e.g., computers, devices or apparatus) for identifying and comparing members
of microbial communities, microbial consortia or groups of microbes with correlated
environmental distributions, from amplicon sequence data, and 1dentifying members of a
microbial communication, a microbial consortium, or a group of microbes with correlated
environmental distributions, from analysis of amplicon sequences. In alternative
embodiments, the mnvention provides computational algorithms, computer programs and
other methods, systems and products of manufacture (e.g., computers, devices or apparatus)
for identifying members of microbial communities, their abundance and distribution from

amplicon sequence data, and comparing microbial communities and consortia.
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In alternative embodiments, the invention provides computational algorithmes,
computer programs, software and other methods, systems and products of manufacture (e.g.,
computers, devices or apparatus) for identifying members of a microbial community, a
microbial consortium, or a group of microbes with correlated environmental distributions,
their abundance and distribution from amplicon sequence data, and comparing microbial
communities and consortia. In alternative embodiments, the invention uses unique truncated
reads (termed tags) as representatives of organisms. Unique tags and their occurrences 1n
samples are stored 1n a database. The database may also link to other data types, such as tag
classification, presence 1n culture collections etc.

In alternative embodiments, sequencing errors are 1lluminated by 1) trimming the
reads to predefined region (see Step 2 in the Procedure) 11) removing low-quality truncated
reads 111) setting a threshold for tag minimum abundance to appear in the analysis.

By avoiding clustering, this invention allows consistency of member counts when
samples are added or removed. Differences in abundance distribution of highly similar tags
across samples can be used to 1dentify ecologically distinct organisms.

In alternative embodiments, methods, or computer implemented methods, of the
Invention comprise:

Database:

A database containing data from previous experiments 1s maintained, ¢.g., as
1llustrated in Figure 1. The database must contain unique tags. Tags are unique nucleotide
sequences trimmed to the desired region as described 1n step 1 of the Procedure. The
database must contain records of tags occurrence across previously analyzed samples or
datasets. The database may contain taxonomic classifications of tags, links to 1solates or
culture collections that contain tag sequences 1n their genomes or any other data associated
with tags.

Input:

1) Sequencer output, comprising or containing reads and associated quality scores for an
amplified gene (e.g., a PCR-amplified gene), which optionally comprises or 1s a 16S, 188,
23S or 23S rDNA (DNA encoding ribosomal RNA).

2) A list of samples, and associated 'barcodes’. Barcodes are sample-1dentifying short
oligonucleotide sequences included within primer sequences which allow multiplexing

within a single run.
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Procedure:

1) Nucleotide sequences containing barcodes mentioned 1n the mput file are 1dentified,

2)

3)

and their correspondence to samples 1s recorded, and barcodes are removed.

Sequences that do not contain correct barcodes are discarded.

Reads are cut to keep only predefined regions. The resulting sequences are called
tags. In alternative embodiments, cutting can be done by recognizing patterns within
the read or by trimming reads at desired length.

For example, length trimming to length 250 would keep bases 1 to 250 and discard
other bases. Patterns can be recognized, for example, for any sequence longer than
120 base pairs (bp) recognizing the conserved patterns GGTAGTC (SEQ ID NO:1) at
5’ of the sequence and AATTGNCGGGG (SEQ ID NO:2) at 3” of the sequence,
allowing fewer than 2 mismatches, and resulting tag must be between 90 and 200 base
pairs long. Reads that are shorter than the defined length or do not match the pattern
arc discarded. Multiple rules or any combination of the rules to trim sequences can be

applied.

Low-quality truncated reads are removed. High-quality truncated reads can be
1dentitied as truncated reads in which at least X% of bases have at least Q-score of Y.
Multiple rules can be implemented. For example, only keep truncated reads that have
Q score of 20/25 for 100/90 percent bases, respectively, and remove truncated reads
with ambiguous nucleotides (such as *“N’). Truncated reads below this threshold are
considered low-quality and are removed. Other procedures for quality control can be
employed, e.g., procedures as described 1n: Sogin (2006) Proc. Natl. Acad. Sci.
U.S.A., vol. 103(32):12115-12120; P. H. Victor Kunin, “PyroTagger: A fast, accurate
pipeline for analysis of rRNA amplicon pyrosequence data.,” The Open Journal, vol.

1, no. 1.

4) New tags (that are not present 1n the previous version of the database) and counts of

tags 1n cach sample are entered into the Database. The tag counts can be real counts

(such as 5) or fractions of the total tags 1n the sample (such as 0.5% of total).
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5) New tags are taxonomically classified. There are multiple alternative procedures for
taxonomic classification which can be used to practice the invention, as described
c.g., 1n: Wu, et al. (2008) An Automated Phylogenetic Tree-Based Small Subunit
rRNA Taxonomy and Alignment Pipeline (STAP).PLoS ONE
5 3(7):€2566.d01:10.1371/ yjournal.pone.0002566, and references cited therein. One
exemplary procedure used to practice the invention 1s a transfer of annotation from

the closest sequence 1n a public database, ¢.g., such as a Genbank database.

6) At this stage the database contains the counts of community members reflected by tag

10 abundances, and the taxonomy of each tag. This information needs to be presented to
the human 1n a readable format or further computationally analyzed. Further analyses
can include distribution on tags across samples; 1identification of microbial consortia
across samples; 1dentification of procedure biases, etc. The human-readable format
may comprise a graph, a plot or a table or another form of presentation. For example,

15 human-readable format can be a table in which samples are columns, tags are rows
and cells reflect counts of the tag in the sample. A threshold 1s set for the sequence to
appear 1n the analysis. For example, sequences may be required to be abundant at
least X% 1n at least Y datasets; for example, at least 1% 1n at least 1 dataset. This
threshold (referred as X above) can be varied by the application, with around 1%

20 being the most useful. This procedure allows screening out rare mistakes and
insignificant community members while keeping most of the important community

members.

In alternative embodiments, the methods use normalization for data size, and
25  representation of microbial abundances as fraction of the total microbial count in a sample. In
alternative embodiments, representation as fractions may be needed as sample sizes vary and
datasets are not readily comparable without a normalization.
In alternative embodiments the abundance data 1s transformed by a log-transtorm.
This transformation may be needed since there 1s a large natural range of the data and
30  because abundance counts are often reproducible only to the level of order of magnitude.
The log transform therefore allows to correct for inaccuracies of the sequencing

methodologies. Since log transform 1s not possible for 0 values, those can be substituted with
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arbitrary very small values, for example, at 0.01%, or below 1% abundance or an absolute
count of 1.

In alternative embodiments, steps 1, 2 and 3 can be performed 1n any order or 1n
parallel. In alternative embodiments, Steps 1 and 5 are not essential, for example, 1n one
embodiment a protocol of the invention comprises Steps 2, 3, 4 and 6. Steps 4 and 5 can be
done 1n parallel or performed 1n any order.

In alternative embodiments, similar procedures are used when reads are pair-end
(overlapping or non-overlapping), with assembly of paired reads used whenever required,
such as sequencing with an Illumina nucleic acid sequencing platform, ¢.g., GENOME
ANALYZER IIX™ ora HISEQ SYSTEM™ (Illumina, San Diego, CA), or equivalent). In
this procedure a read pair (assembled or otherwise) will be used as a 'read’ 1n the procedure

described above.

Qutput:

The output 1s a description of microbial communities as counts of abundance of
unique members of each community. It 18 provided 1n a form of visualization (table of
abundances), and stored as database or collection of files that describe unique tags, their

distribution across samples as evidenced from sequencing.

Handling of sequencing mistakes

A distinctive feature of the invention 1s the representation of community members
with unique tags rather than clusters. This representation allows usage of the database and
does not require clustering. In alternative embodiments, the most important function of
clustering 1s considered to be absorbing sequencing mistakes 1nto a single representative
OTU sequence that accounts for all sequences within a defined distance metric (e.g. 0.03
percent). This invention rejects the current view that without clustering the noise will
obscure the signal and conclusions of community analysis will be incorrect.

This invention comprises use of the following safeguards to limit the influence of
sequencing mistakes:

1) Reads are trimmed. As reads tend to accumulate more errors near the (one or

both) ends, this step reduces potential errors (step 2 of the Procedure).

2) Truncated reads with high number of low-quality bases are removed from the

dataset (step 3 of the Procedure).
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3) Sequencing mistakes that pass the filter described 1n step (2) can be divided to
rar¢ and systematic. Rare mistakes in the sequencing process result in tags that have
negligible occurrence and removed by the method described 1n Procedure (6). Tags with
errors not removed by the Procedure (6) are considered to have systematic mistakes or
errors. Tags with systematic errors are expected to have correlated distribution with 1ts
'mother’, or 'correct' sequence, with the correct tag having much higher abundance and
high similarity (sequence 1dentity) to the tag with error. These traits of systematic errors

allow correction 1n data analysis and post-processing.

Data consistency

Prior to this Invention, each time a sample was added to a previously analyzed group
of samples, analysis (including clustering and taxonomic classification) had to be re-done.
Moreover, due to the nature of clustering, clusters are fluid 1n their nature and may add or
shed unique tags. As tags are added or removed from clusters, counts of cluster abundances
per sample may change. In alternative embodiments, this Invention, by usage of unique tags
guarantees consistency of tag counts when samples are added or removed.

Because of the fluid nature of the clusters, prior to this Invention, linking across data
types was a difficult procedure. In alternative embodiments, this Invention allows building a
database with links between data types. For example, tags can be linked to taxonomic
classifications, their distribution across samples, available 1solates 1n the strain collections
and other data with increased simplicity. This ability enhances operator’s ability to track data.

Sequencing technology changes every few months. The changes mostly reduce the
cost of sequence per base or/and increase read length. As technology changes, new data from
longer amplicons 1s not directly comparable with legacy data. Prior to the Invention one
solution was to discard advantages provided by higher resolution of newer technology and
use same regions as with previous technology for consistency. Alternatively, re-sequencing
of old samples was required, which mandated extensive effort of sample collection which
may not be available for older samples.

In alternative embodiments, the database may contain tags obtained with various
sequencing technologies, covering different amplicon regions or different areas of the same
amplicon region. Various tags identifying the same group of organisms can be linked,
allowing comparison of tags obtained with various technologies of amplification, sequencing

or data processing. For example, 1f previous technology allowed sequencing of v5 region of
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16S rRNA molecule and the new technology allowed sequencing of both v5 and v6 regions.
Therefore tags obtained with v5-only technology may be 1dentified as included 1n tags of v5
and v6 regions. If another sequence 1s available with v6-only region, the v5 and v6 sequences
can be linked through a sequence that contains both regions. To conclude, the Invention has

the ability to enable analysis of data obtained with different technology.

Identification of ecological divergence of highly similar strains

Prior to this invention, highly similar tags (e.g., tags with high sequence similarity)
were represented by a single cluster. When these tags represented ecologically different
organisms, the distinction of their ecological distribution was lost and only combined
distribution of all cluster members was reported. In alternative embodiments, this invention,
by tracing each tag, enables comparison of ecological distributions of highly related
sequences.

The mnvention’s ability to track highly similar tags across environments provides a
tool to distinguish between sequencing errors and genuinely distinct organisms. Highly
similar tags may represent highly related strains or be variants within the same genome.
Similar tag distributions across samples (high correlation) can be the result of variants within
a genome, related strains with a similar ecological distributions or sequencing error. In
contrast, highly divergent tags distributions across samples (as signified by low correlation),
can only be derived from related strains with distinct ecological distribution. Therefore, 1n
alternative embodiments, distribution of sequences across samples 1s used to identify
ccologically relevant variants of similar organisms. The 'correlation’ 18 any form of
calculation that 1identifies similarity or distance and may optionally be Euclidean distance,
Pearson correlation, vector distances, Chi square, city block, ordination methods that
optionally comprise use of PCA, Bray-Curtis, and nonmetric multidimensional scaling (NMS
or NMDS).

Tags that have high sequence similarity but do not significantly correlate can be
1identified as representing distinct organisms with distinct environmental distribution.
However, 1n some cases tags representing distinct organisms may have correlated
distributions. These can be 1dentified using a slightly different procedure. One of the tags
can be designated as a reference, and 1ts distribution used to predict the distribution of a
correlated tag. A significant deviation from the expected occurrence of the correlated tag in

one or more samples can be used as an indication that the tag represents a distinct organism.
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The significance of the deviation will be established depending on the precise method chosen
and there 1s a vast volume of literature describing evaluation of the significance of
predictions depending on the methodology used.

In alternative embodiments, this invention allows utilizing additional information
brought by longer tags. Prior to the invention, tags were clustered. For example, tags 100
base pairs (bp) long that had 1 difference were included 1n 99% clusters, as well as tags of
200 bp that had 2 differences. In alternative embodiments, this Invention uses unique tags,
thereby allowing differentiating between more ecological variants as sequence length
INCreases.

Figure 2 1llustrates a visualization of microbial co-occurrence network. This figure
was derived as following: counts of microbial abundances were derived from a database that
contains more than a thousand unique samples and more than 2.74 million of unique 16S
rRNA tags. Only natural uncultured samples were selected for this analysis. Only tags with
cumulative abundance over 100 1n all samples were selected. The abundances were log-
transformed. Abundances of all microbes co-occurring in more than 5 samples were
compared, microbes that do not co-occur were discarded. Only counts of 10 or more were
considered as presence 1n the sample, lower abundance was discarded. Tags that had Pearson
correlation over 0.3 were considered. The correlation matrix was clustered with MCL
program using inflation value 1.1. The results represented on a network 1n which nodes are
tags and edges are correlations. Visualization 1s performed with a BIOLAYOUT™ program
(Biotechnology and Biological Sciences Research Council (BBSRC), Swindon, UK). Due to
space limitations, only a fraction of the entire network 1s shown. Microbial consortia are

readily 1dentified as groups of closely connected nodes on the graph.

Identification of microbial consortia

In alternative embodiments, the invention provides methods for the identification of
microbial consortia, or groups of microbes with correlated environmental distributions.
Microbial consortia perform many important tasks in nature, notably biodegradation of
complex compounds. These consortia are typically studied 1n a targeted fashion, when a task
in hand 1s selected for interrogation, the organisms of interest are identified, and the
interaction studied. This case-by-case strategy allows deep understanding of some consortia,
but does not present a sweeping view of variety of consortia 1n nature.

Identification of consortia 1s a reverse problem from identifying organisms with
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similar sequences but diverse ecological distributions. In contrast, consortia often have
evolutionary divergent organisms, with diverse sequences that have very similar
environmental distribution. Those organisms would be interacting in nature, and those
interactions can be 1n a form of consortia or other form of co-existence.

Microbes can have various types of interactions. For example, two microbes can be
entirely mutually dependent. These microbes would also always co-occur 1n the same
samples. A strong linear correlation of abundances of these two microbes would be expected.
However, this type of interaction 1s reported relatively infrequently 1n the literature and 1s
expected to be only a fraction of all microbial interactions. Previous analysis of sequences
co-submitted to Ribosomal Database Project identified a limited group of organisms that are
expected to correlate 1n this way.

In most cases microbes would not be absolutely dependent on each other, but would
form transient interaction to participate in a consortium that performs some function. These
microbes would not be always appearing together 1n nature. However, 1f they do participate
1n some process, for the samples where the process takes place they may be correlated.
Theretore a weak(er) correlation 1s expected for transient consortia-formers.

Another form of correlation 1s anti-correlation. That 1s, 1n the same type of sample
abundances of one organism 1s reduced when another organism 1s present. This interaction
can be potentially observed when the organisms are mutually exclusive because of
competition, or because environmental conditions that favor one organism and suppress
another.

In alternative embodiments, the choice of samples for correlation analysis can be
flexible. In one embodiment, an option 1s to choose all samples 1n the database. Another
option 1s limit the samples by some characteristic. Those characteristics could be project,
sample type or source, selecting only cultivation-free or cultured samples or any combination
of those. Samples that are too similar to be informative can optionally be excluded.

In alternative embodiments, for identification of consortia, a data set or a database of
microbial abundances 1n samples 1s required. This database can be built using a method of
the invention, for example, using an rRNA, or by gene sequencing, or by any other method
known 1n art. Abundance counts for cach sequence 1n the database are then compared to
abundance counts of other sequences 1n the selected choice of samples. In alternative

embodiments, the sequences for which abundance counts are compared are all sequences 1n
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the database, or comprise a subsection of sequences, for example, including only abundant
sequences, or only significantly different sequences, or any other subset of sequences 1n the
database. The microbial abundances 1in the database may be represented as absolute counts or
as fraction of the total. The abundances may further be log-transformed, for example, to
better accommodate range of data and/or to correct for quantitative inaccuracies.

In alternative embodiments, the similarities of distributions of each two sequences are
compared using distance metrics. These distance metrics can include either or any
combination of Euclidean distance, Pearson correlation, vector distances, Chi square, city
block, or ordination methods that optionally comprise use of Principal Component Analysis
(PCA), Bray-Curtis ordination or Bray—Curtis dissimilarity, and nonmetric multidimensional
scaling (NMS or NMDS). The most important part 1s that these metrics output a numerical
value of distance or similarity between the two microbes or tags. An appropriate distance or
similarity threshold can be used for designating similar tags, which for similarity must be
orcater than O.

In alternative embodiments, the similarities between tags are stored 1n a matrix data
structure 1n a computer, 1in form of file, database, in computer memory, or on a disk or a
drive,

In alternative embodiments, the similarity matrix 1s visualized as a network. In this
network each node can be a microbe or a tag, and each edge 1s a similarity between them. In
alternative embodiments, this network would already present consortia 1n a form of
connected components on the graph. Areas on a graph sharing more connections are co-
occurring microbes, that can be 1dentified as consortia.

In alternative embodiments, the network may be too large and cumbersome to
visualize and analyze. This 1s particularly true in the absence of sequence-based clustering.
This form of clustering absorbs similar sequences, reducing the size of the data available for
examination. In the absence of sequence-based clustering, the resolution 1s higher, which 1s
matched by the increase 1n the size of the data. The number of components may become too
large to ecasily examine, and the number of potential pairwise comparisons grows as a square
of number of microbes (or tags) examined. Therefore, in this embodiment, reduction of the
data to manageable size 1s desired.

In alternative embodiments, to facilitate the analysis, clustering based on

environmental distribution (as opposed to sequence-based clustering) 1s used. Clustering 1s a
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computational technique of 1dentifying of grouping a set of objects 1n such a way that objects
in the same group (called cluster) are more similar (1n some sense or another) to each other
than to those 1n other groups (clusters). In this application, the objects are microbes or tags
and similarity 18 based on environmental distribution. There are many algorithms in the art
that perform clustering. In alternative embodiments, the invention comprises use of
hierarchical clustering, identification of connected components, connectivity-based
clustering, distribution-based clustering, density-based clustering, single-linkage clustering,
Marcov clustering (MCL) and/or centroid clustering among others. In alternative
embodiments, this clustering 1dentifies groups of microbes with similar environmental
distributions. Microbes that make up these clusters can be interpreted as consortia-formers.
In alternative embodiments, methods invention allow a reduction of complexity of
interactions that a researcher examines from all microbes 1n all the tested samples down to
microbes that are members of a single distribution-based cluster or a group of clusters. In
alternative embodiments, the role of those microbes within a suspected consortium could be
subsequently tested in a lab, where those microbes can be artificially assembled from a
culture collection. This assembled community can be then assayed for performing a function

of the suspected consortium, and a group of organisms required for this task 1dentified.

Constructing synthetic consortia

Microorganisms rarely occur in nature as a single species. In the vast majority of
cases they interact with other microorganisms that are present in the same environment, 1.¢.,
they have the same environmental distribution. Some of those interactions are of competition,
while other interactions involve cooperation; or an interaction may involve competition in
one aspect and cooperation 1n another. This invention defines organisms that tend to co-occur
as a consortium and describes a procedure for identification of members of consortia and
construction of synthetic consortia.

Examples of a consortium's function of interest include, for example, synthesizing or
degrading a compound of interest (for example, a methanol-utilizing methanogenesis, or
“methylotrophic™, conversion); maintaining the health of a host organism, ¢.g., a human, or
causing a host's disecase; forming a mutually beneficial interaction with a plant, fungus or an
animal; disease prevention; preservation and/or fermentation of foodstufts (for example, as
an ingredient 1n a probiotic), improving qualities of water or soil; biodegradation of

pollutants and pollution remediation; etc.
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The bioinformatic identification of consortia above can be used to assemble a
synthetic consortium. Most microbiology labs have access to strain collections in which pure
strains are kept or grown 1n 1solation from other microbes. Those strains can be 1dentified by
16S rDNA sequencing, genome sequencing, or other methods (such as phenotypic methods,
recerving strains from a trusted source, etc). Sometimes the strains cannot be purified to a
desired axenic state and kept as enrichment cultures.

In alternative embodiments, the consortia 1dentified by bioinformatics methods
described 1n this Invention can synthetically constructed. The corresponding strains or
enrichment cultures can be cross-referenced. This cross-reference can be done by 16S rDNA
sequencing (when the culture has a sequence 1dentical to the tag), or by classification to the
same taxonomic group (such as species). When an exact match between a microbe 1dentified
by the bioinformatic methods described in this Invention can't be found within the culture
collection, 1t can be substituted with a closely related organism. The closely related organism
can be an organism of the same species or genus, or have 95% or more 1dentity of tag or
rRNA sequence.

The microbes 1dentified as present in the consortium can be mixed together artificially
in a laboratory, creating a synthetic consortium. The synthetic consortium can then be tested
to perform the desired task of interest, such as synthetical or degrading a compound of

interest.

Environmental Distributions

In alternative embodiments, the invention comprises methods for identifying and/or
making microbial consortium or a group of microbes having a correlated environmental
distribution, and microbial consortiums or a group of microbes made by these methods. In
alternative embodiments, the environmental distribution 1s a distribution from any
environmental sample, such as for example, a production water, a formation water, a core
samples, a drill cutting, water, a sediment or a soi1l. In alternative embodiments, the
environmental distribution 1s a distribution from any environmental having a carbonaceous
substrate, for example, including a natural or a man-made subsurface organic matter-rich
formation, such as landfills, surtace or subsurtace bioreactors, or a man-made subsurtace
reservolr; or shale, coal, o1l sands, bitumen, tar, o1l, sandstone and limestone with organic

debris or other hydrocarbon rich deposits or formations, ¢.g., via the methylotrophic pathway.
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Some portions of the detailed description that follows are presented 1n terms of
algorithms and symbolic representations of operations on data bits within a computer
memory. These algorithmic descriptions and representations are the means used by those
skilled 1n the data processing arts to most effectively convey the substance of their work to
others skilled 1n the art. An algorithm 1s here, and generally, conceived to be a selt-
consistent sequence of steps leading to a result. The steps are those requiring physical
manipulations of physical quantities. Usually, though not necessarily, these quantities take
the form of electrical or magnetic signals capable of being stored, transferred, combined,
compared, and otherwise manipulated. It has proven convenient at times, principally for
reasons of common usage, to refer to these signals as bits, values, elements, symbols,
characters, terms, numbers, or the like.

[t should be borne in mind, however, that all of these and similar terms are to be
associated with the appropriate physical quantities and are merely convenient labels applied
to these quantities. Unless specifically stated otherwise as apparent from this description, it
1s appreciated that throughout the description, discussions utilizing terms such as
"processing”, "computing”, "calculating”, "determining”, "displaying"” or the like, refer to the
actions and processes of a computer system, or similar electronic computing device that
manipulates and transforms data represented as physical (e.g., electronic) quantities within
the computer system's registers and memories into other data stmilarly represented as
physical quantities within the computer system memories or registers or other such

information storage, transmission, or display devices.

In alternative embodiments, the invention provides products of manufacture, or
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apparatus, for performing the operations of the invention. These products of manufacture, or
apparatus, may be specially constructed for the required purposes, or they may comprise a
ogeneral-purpose computer selectively activated or reconfigured by a computer program
stored 1n the computer. Such a computer program may be stored 1n a computer readable
storage medium, such as, but not limited to, any type of disk including floppy disks, optical
disks, CD-ROMs, and magnetic-optical disks, read-only memories (ROMs), random access
memories (RAMs), EPROMs, EEPROMSs, magnetic or optical cards, or any type of media
suitable for storing electronic instructions.

The algorithms and displays presented herein are not inherently related to any
particular computer or other apparatus. Various general-purpose systems may be used with
programs 1n accordance with the teachings herein, or 1t may prove convenient to construct a
more specialized apparatus to perform the method steps. The structure for a variety of these
systems will appear from the description below. In addition, the present invention 1s not
described with reference to any particular programming language. In alternative
embodiments, a varicty of programming languages are used to implement the embodiments
of the invention as described herein.

In alternative embodiments, a machine-readable medium includes any mechanism for
storing or transmitting information in a form readable by a machine (e.g., a computer). For
example, a machine-readable medium includes a machine-readable storage medium (e.g.,
read only memory ("ROM"), random access memory ("RAM"), magnetic disk storage media,
optical storage media, flash memory devices, etc.), a machine-readable transmission medium
(electrical, optical, acoustical or other form of propagated signals (e.g., carrier waves,
infrared signals, digital signals, etc.)), etc.

In this description, numerous details are set forth. It will be apparent, however, to one
skilled 1n the art, that the present invention may be practiced without these specific details.

In alternative embodiments, “complementarity” can be defined as a percent 1dentity,
or a percent sequence 1dentity e.g., 1n alternative embodiments, two nucleic acid strands are
30%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%,
96%, 97%, 98%, 99%, or more, or completely (100%) 1dentical, or 80%, 81%, 82%, 83%,
34%, 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99%,
or more, or completely complementary. The more complementary two strands, the more

likely the resulting code 1s to encode a particular protein, or in the case of the present
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invention, more complementary two amplicon sequences, the higher degree of certainty that
two members (from which the amplicon sequences are derived) belong to the same microbial

community.

Computer Systems and Data Storage Devices

In alternative embodiments, the methods of the invention, in whole or 1n part,
necessarily require implementation using a machine, computer system or equivalent, within
which a set of instructions for causing the computer or machine to perform any one or more
of the protocols or methodologies of the invention may be executed. In alternative
embodiments, the machine may be connected (e.g., networked) to other machines, ¢.g.,1n a
Local Area Network (LAN), an intranet, an extranet, or the Internet, or any equivalents
therecof. The machine may operate 1n the capacity of a server or a client machine 1n a client-
server network environment, or as a peer machine in a peer-to-peer (or distributed) network
environment. The machine may be a personal computer (PC), a tablet PC, a set-top box
(STB), a Personal Digital Assistant (PDA), a cellular telephone, a web appliance, a server, a
network router, switch or bridge, or any machine capable of executing a set of instructions
(sequential or otherwise) that specify actions to be taken by that machine. The term
"machine" shall also be taken to include any collection of machines, computers or products of
manufacture that individually or jointly execute a set (or multiple sets) of 1nstructions to
perform any one or more of the methodologies of the invention.

In alternative embodiments, an exemplary computer system of the invention
comprises a processing device (processor), a main memory (e.g., read-only memory (ROM),
flash memory, dynamic random access memory (DRAM) such as synchronous DRAM
(SDRAM) or Rambus DRAM (RDRAM), etc.), a static memory (¢.g., flash memory, static
random access memory (SRAM), etc.), and a data storage device, which communicate with
cach other via a bus.

In alternative embodiments, a processor represents one or more general-purpose
processing devices such as a microprocessor, central processing unit, or the like. More
particularly, the processor may be a complex instruction set computing (CISC)
microprocessor, reduced mstruction set computing (RISC) microprocessor, very long
instruction word (VLIW) microprocessor, or a processor implementing other instruction sets
or processors implementing a combination of instruction sets. The processor may also be one

or more special-purpose processing devices such as an application specific integrated circuit
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(ASIC), a field programmable gate array (FPGA), a digital signal processor (DSP), network
processor, or the like. In alternative embodiments the processor 1s configured to execute the
instructions (e.g., processing logic) for performing the operations and steps discussed herein.

In alternative embodiments the computer system further comprises a network
interface device. The computer system also may include a video display unit (e.g., a liquid
crystal display (LCD) or a cathode ray tube (CRT)), an alphanumeric input device (e.g., a
keyboard), a cursor control device (e.g., a mouse), and a signal generation device (e.g., a
speaker).

In alternative embodiments, the data storage device (e.g., drive unit) comprises a
computer-readable storage medium on which 1s stored one or more sets of instructions (e.g.,
software) embodying any one or more of the protocols, methodologies or functions of this
invention. The instructions may also reside, completely or at least partially, within the main
memory and/or within the processor during execution thercof by the computer system, the
main memory and the processor also constituting machine-accessible storage media. The
instructions may further be transmitted or received over a network via the network interface
device.

In alternative embodiments the computer-readable storage medium 18 used to store
data structure sets that define user identifying states and user preferences that define user
profiles. Data structure sets and user profiles may also be stored in other sections of
computer system, such as static memory.

In alternative embodiments, while the computer-readable storage medium 1n an
exemplary embodiment 1s a single medium, the term "machine-accessible storage medium”
can be taken to include a single medium or multiple media (e.g., a centralized or distributed
database, and/or associated caches and servers) that store the one or more sets of istructions.
In alternative embodiments the term "machine-accessible storage medium” can also be taken
to include any medium that 1s capable of storing, encoding or carrying a set of instructions
for execution by the machine and that cause the machine to perform any one or more of the
methodologies of the present invention. In alternative embodiments the term "machine-
accessible storage medium" shall accordingly be taken to include, but not be Iimited to, solid-
statec memories, and optical and magnetic media.

In alternative embodiments, information and signals are represented using any

technology and/or technique known 1n the art. For example, data, instructions, commands,
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information, signals, bits, symbols, and chips used to practice the compositions (devices,
computers) and methods of the invention can be represented by voltages, currents,
clectromagnetic waves, magnetic fields or particles, optical fields or particles, or any
combination thereof.

In alternative embodiments, the various 1llustrative logical blocks, modules, circuits,
and algorithm steps used to describe exemplary embodiments of the invention can be
implemented as electronic hardware, computer software, or combinations of both. To clearly
1llustrate this interchangeability of hardware and software, various 1llustrative components,
blocks, modules, circuits, and steps have been described above generally 1in terms of their
functionality. Whether such functionality 1s implemented as hardware or software depends
upon the particular application and design constraints imposed on the overall system. Skilled
artisans may implement the described functionality in varying ways for each particular
application, but such implementation decisions should not be interpreted as causing a

departure from the scope of the present invention.

Modifications of this invention will occur readily to those of ordinary skill in the art
in view of these teachings. The description of the invention herein 1s 1llustrative and not
restrictive. This invention 1s to be limited only by the following claims, which include all
such embodiments and modifications when viewed 1in conjunction with the above
specification and accompanying drawings. The scope of the invention should, therefore, be
determined not with reference to the above description, but instead should be determined

with reference to the appended claims along with their full scope of equivalents.
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WHAT IS CLAIMED IS:

1. A method for the 1dentification of the composition or members of one or more
microbial communities, or a group of microbes with correlated environmental distributions,
in a sample using (a plurality of) amplicon sequences comprising:

(3) (a) providing (or given) a collection of, or plurality of, nucleic acid sequences
from the one or more microbial communities, or a group of microbes with
correlated environmental distributions, (herein referred to as “samples™)

wherein the samples optionally comprise of one or more Bacteria, Achaeca, Eukaryotes
and/or Viruses,

and optionally sequences are derived from a cDNA, an RNA or a DNA,

and optionally sequences are derived from a nucleic acid amplification (e.g., a
polymerase chain reaction (PCR) amplification) of a 16S, a 18S, a 23S or a 28S rRNA, or an
rDNA (or a DNA encoding an rRNA gene),

and optionally sequences are derived from a public or/and a private sequence database
or databases,

and optionally PCR amplification 1s achieved with a plurality of primer
oligonucleotides, wherein each primer optionally comprises ( contains, or 1s assigned ) a
“barcode” or a sample-identifying short oligonucleotide sequence, or an equivalent thereof,

and optionally sequences are generated by a nucleic acid sequencer, or a high-
throughput sequencer, e.g., such as a 454™ Titanium or Illumina MISEQ™ sequencer,

and optionally sequences are associated with a quality score for each base, which
optionally can be expressed in a FASTA-like format, or a qual, a fastq or a Standard
Flowgram Format (SFF) format or an equivalent text-based format,

and optionally samples are sequenced simultancously, or on multiple instrument runs,

and optionally sequence technology 1s consistent or varied across samples,

and optionally sequences are unpaired or are pair-end, either assembled or not,

and optionally representing abundances as absolute counts or fraction of total

sequences obtained from a sample;
(b) processing the data described 1n step (a), and/or

processing the data described 1n step (a) after modification or constriction of the database

as described 1n step (¢),
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as follows:

(1) optionally 1dentifying nucleotide sequences containing sample-identifying
barcodes and recording their correspondence to a particular sample, and then removing the
barcodes, and discarding sequences that do not contain correct barcodes or contain barcodes
that do not correspond to any samples,

(ii) cutting or truncating the nucleotide sequences, or “reads”™, of (a), and designating
the remaining region-specific nucleotide sequences as “tags” (a tag 1s a processed or
truncated version of a read), and the remaining 1dentified nucleotide sequences, or “reads™ of
step (b)(1), and keeping only predefined regions,

wherein optionally the cutting or truncating can be done by recognizing conserved
sequence patterns within the read (or database derived amplicon sequence) or by trimming
reads at a defined length, wherein reads that are shorter than the defined length or do not

match the pattern are discarded (they are not processed into a tag);

(iii) quality-filtering truncated reads by removing ambiguous truncated reads, and
optionally removing low-quality truncated reads, wherein a low quality read falls below a

quality threshold,

wherein the quality-filtering of truncated reads optionally comprises examining
quality scores for each base 1n the truncated read and removing all reads that that do not pass
a quality threshold,

wherein quality threshold 1s optionally defined as a requirement for each truncated
read to have at least X% of bases possess a Q-score of at least Y, where X 1s 90% of
nucleotide bases comprising the truncated read or higher and Y 1s Q-score of 20 or higher;
and

(iv) optionally taxonomically classifying the remaining tags, and optionally
generating a data output comprising a description of microbial communities as counts of
abundance of unique members of each community;

(v) importing the sequences and 1dentifiers of new tags into the database described 1n

1(b); and

(vi) importing the counts abundances of tags in samples into the database described 1n

1(b),

and optionally log-transforming the abundances;
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(¢) constricting (or modifying) a database comprising the unique tags of step (b), linked
to their abundances 1 samples;
wherein optionally the database 1s a Structured Query Language (SQL) database, a
collection of files or any other computer-readable record,
5 and optionally the database 1s consistently maintained across analyses and samples or
constructed anew for each analysis,
and optionally the database comprises (includes) other data structures, such as
taxonomic assignment of tags, linking to 1solated strains, sample metadata or equivalents
thereof,
10 and optionally the database 1s populated (has data) or 1s empty, such as before the first
execution of stage (¢) (step 1(¢)),

and optionally the abundance of tags in samples 1s log-transformed; and

(d) exporting data of tag abundance of at least two samples from the database;
15 wherein a threshold 1s set for tags to appear in the analysis,
and optionally the threshold 1s set by requiring a sequence to be abundant at least
X% 1n at least Y datasets,
and optionally X 1s 1% or less (but more than 0) and Y can be 1, or X 15 0.1% or
0.2% and Y can be 2 or more,
20 and/or the threshold 1s set by requiring a sequence to be abundant with absolute
count of at least X 1n at least Y datasets, wherein optionally X 18 any number between
2 and 100 and Y can be 1; or, X 1s any number between 1 and 100 and Y can be 2 or
more,
and optionally representing abundances as absolute counts or fraction of total
25 sequences obtained from a sample;
and optionally log-transforming the abundance data,
and optionally data export 18 a table 1n which samples are columns, tags are rows and
cells reflect abundances of the tag in the sample,
therecby 1dentifying the composition of microbial communities or a group of microbes
30  with correlated environmental distributions,
wherein each tag 1s representative of a particular group of organisms, or a group of

microbes with correlated environmental distributions, for example, a microbial strain or a
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taxonomic group; or

(4) a process or method as set forth 1n Figure 1, Figure 3, or Figure 4; or, a
method for 1dentifying a community composition, a microbial consortium, or a group of
microbes with correlated environmental distributions, from amplicon sequences, or “reads”,
as set forth in Figure 3; or, a procedure for identifying and creating synthetic consortia, or a

group of microbes with correlated environmental distributions, as set forth in Figure 4;

wherein optionally the environmental distribution 1s a distribution from any
environmental sample, such as for example, a production water, a formation water, a core
samples, a drill cutting, water, a sediment or a soil; or the environmental distribution 1s a
distribution from any environmental having a carbonaceous substrate, for example, including
a natural or a man-made subsurface organic matter-rich formation, such as landfills, surface
or subsurface bioreactors, or a man-made subsurface reservoir; or shale, coal, o1l sands,
bitumen, tar, oil, sandstone and limestone with organic debris or other hydrocarbon rich

deposits or formations.

2. A method for identifying ecologically distinct strains of organisms from
sequence and ecological distribution data, comprising:

(1) (a) providing (or given) a set of tag abundances 1n samples derived from
procedure described in claim 1,

(b) 1dentifying tags from (a) with high sequence similarity, wherein high sequence
similarity 18 greater than or equal to 95% and lower than 100%,

wherein optionally sequence similarity 1s calculated as editing distance between
sequences;

(¢) calculating correlation of tag distributions across samples, wherein ‘correlation’
can be computed by any method of measuring the distance or similarity including correlation
coefficient,

wherein optionally correlation 1s or comprises a Euclidean distance, a Pearson
correlation, a vector distance, a Chi square, a city block, an ordination method that optionally
comprises use of a PCA, a Bray-Curtis and/or a nonmetric multidimensional scaling (¢.g., a
NMS or an NMDS);

and optionally the distance measure 18 derived from using one tag as reference to

determine expected distribution of other tags and 1dentifying tags that have significant
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deviation from the expected value 1in one or more samples; and

(d) identifying tags that have a lack of correlated distribution or high distance or low
similarity values as derived from ecologically distinct organisms, wherein ‘lack of correlated
distribution’ can be computed by any method, including when correlation coetficient (R
square) 1s 0.06, 0.05, 0.04, 0.03 or 0.02 or lower, or when a significant deviation from the

expected abundance values 1s observed; or

(2) a process or method as set forth in Figure 1, Figure 3, or Figure 4; or, a method for
1dentifying a community composition, a microbial consortium, or a group of microbes with
correlated environmental distributions, from amplicon sequences, or “reads”, as set forth in
Figure 3; or, a procedure for identifying and creating synthetic consortia, or a group of

microbes with correlated environmental distributions, as set forth in Figure 4;

wherein optionally the environmental distribution 1s a distribution from any
environmental sample, such as for example, a production water, a formation water, a core
samples, a drill cutting, water, a sediment or a soil; or the environmental distribution 1s a
distribution from any environmental having a carbonaceous substrate, for example, including
a natural or a man-made subsurface organic matter-rich formation, such as landfills, surface
or subsurface bioreactors, or a man-made subsurface reservoir; or shale, coal, o1l sands,
bitumen, tar, o1l, sandstone and limestone with organic debris or other hydrocarbon rich

deposits or formations.

3. The method of claim 1, further comprising linking tags 1n the database
described 1n 1(b) 1n which tags are produced with variety of technologies and linked within
the database,

wherein alternative technologies includes variation of target genes, primers, amplicon
lengths, trimming region as described 1n (¢ (11)), or other methods and technologies involved
in amplicon sequencing, and

the linking can optionally be 1n a form of a database table, file or any other computer-

readable form.
4, A method for identifying a microbial consortium, or a group of microbes with

correlated environmental distributions, comprising:

(1) (a) providing (given) a survey of abundances of microbes 1n two or more samples,
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wherein abundances are optionally deduced from the number of copies of distinct
ogene sequences detected 1n each sample,

and the gene 1s optionally a 16S rRNA gene sequence,

and optionally abundances are represented as absolute counts or fraction of total;

and optionally log-transforming the abundance data;

and optionally the survey of abundances 1s derived from procedure described 1n claim

(b) 1dentitying distances or similarities of abundances in samples between pairs of
microbes, by comparing abundances of one microbe to another microbe in each sample using
distance or similarity metrics,

wherein distance or similarity metrics may optionally comprise: a Euclidean distance,
a Chi1 square, a correlation, a city block, an ordination method that optionally comprises use
of a principle components analysis, a Bray-Curtis and/or a nonmetric multidimensional
scaling (e.g., a NMS or a NMDS),

and optionally each sample may comprise of all available samples or any fraction of
samples;

(¢) repeating step (b) for at least one more pair of microbes; and

(d) storing the similarities obtained 1n step (b) and (¢), optionally 1n a form of matrix
data structure in a digital format,

wherein matrix data structure 1s optionally stored 1n a computer memory, a drive, 1n a

file, a collection of files, or a database,

(e) performing either a network analysis, a cluster analysis or clustering on the
similarity matrix obtained in step (d),

wherein network analysis involves data representation 1n which microbes or tags are
designated as nodes of the network and similarities between tags or microbes obtained in
steps 4(b) and 4(c) are designated as edges of the network,

wherein optionally cluster analysis or clustering 1s a hierarchical clustering, an
1dentification of connected components, a connectivity-based clustering, a distribution-based
clustering, a density-based clustering, a single-linkage clustering, a Marcov clustering (MCL)

or a centroid clustering; and
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(f) designating microbes that are connected 1n the network or assigned to the same
cluster as a consortium,
wherein 'microbes’ optionally comprise be all connected microbes 1n the network or

all microbes 1n the cluster or any fraction of thercof; or

(2) a process or method as set forth in Figure 1, Figure 3, or Figure 4; or, a method for
identifying a community composition, a microbial consortium, or a group of microbes with
correlated environmental distributions, from amplicon sequences, or “reads”, as set forth 1n
Figure 3; or, a procedure for identifying and creating synthetic consortia, or a group of

microbes with correlated environmental distributions, as set forth in Figure 4;

wherein optionally the environmental distribution 1s a distribution from any
environmental sample, such as for example, a production water, a formation water, a core
samples, a drill cutting, water, a sediment or a soil; or the environmental distribution 18 a
distribution from any environmental having a carbonaceous substrate, for example, including
a natural or a man-made subsurface organic matter-rich formation, such as landfills, surface
or subsurface bioreactors, or a man-made subsurtace reservoir; or shale, coal, o1l sands,
bitumen, tar, o1l, sandstone and limestone with organic debris or other hydrocarbon rich

deposits or formations.

5. A method of making or creating a synthetic microbial consortium, or a group
of microbes with correlated environmental distributions, wherein microbes are 1dentified by a
method of claim 4, and further comprising the step of combining of corresponding microbial
cultures,

wherein microbial cultures comprise of pure strains, enriched strains or any

combination of thereof;

wherein optionally the environmental distribution 1s a distribution from any
environmental sample, such as for example, a production water, a formation water, a core
samples, a drill cutting, water, a sediment or a soil; or the environmental distribution 1s a
distribution from any environmental having a carbonaceous substrate, for example, including
a natural or a man-made subsurface organic matter-rich formation, such as landfills, surface
or subsurface bioreactors, or a man-made subsurtace reservoir; or shale, coal, o1l sands,
bitumen, tar, o1l, sandstone and limestone with organic debris or other hydrocarbon rich

deposits or formations.

38



10

15

20

25

30

CA 02840459 2013-12-03
WO 2014/005094 PCT/US2013/048719

0. A method for making or creating a synthetic microbial consortium, or a group
of microbes with correlated environmental distributions, comprising:

(1) (a) providing (given) a survey of abundances of microbes 1n two or more samples,

wherein abundances are optionally deduced from the number of copies of distinct
ogene sequences detected 1n each sample,

and the gene 1s optionally a 16S rRNA gene sequence,

and optionally abundances are represented as absolute counts or fraction of total;

and optionally log-transforming the abundance data;

and optionally the survey of abundances 1s derived from procedure described 1n claim

(b) 1identitying distances or similarities of abundances in samples between pairs of
microbes, by comparing abundances of one microbe to another microbe in each sample using
distance or similarity metrics,

wherein distance or similarity metrics may optionally comprise: a Euclidean distance,
a Chi1 square, a correlation, a city block, an ordination method that optionally comprises use
of a principle components analysis, a Bray-Curtis and/or a nonmetric multidimensional
scaling (e.g., a NMS or a NMDS),

and optionally each sample may comprise of all available samples or any fraction of
samples;

(¢) repeating step (b) for at least one more pair of microbes;

(d) storing the similarities obtained 1n step (b) and (¢) 1n a form of matrix data
structure 1n a digital format,

wherein matrix data structure 1s optionally stored 1n a computer memory, a drive, 1n a
file, a collection of files, or a database,

thereby 1dentifying the microbial consortium, or the group of microbes with
correlated environmental distributions; and

(e) combining of corresponding microbial cultures,

wherein microbial cultures comprise of pure strains, enriched strains or any

combination of thereof; or

(2) ) a process or method as set forth 1in Figure 1, Figure 3, or Figure 4; or, a method

for identifying a community composition, a microbial consortium, or a group of microbes
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with correlated environmental distributions, from amplicon sequences, or “reads”, as set forth
in Figure 3; or, a procedure for identifying and creating synthetic consortia, or a group of

microbes with correlated environmental distributions, as set forth in Figure 4.

wherein optionally the environmental distribution 1s a distribution from any
environmental sample, such as for example, a production water, a formation water, a core
samples, a drill cutting, water, a sediment or a soil; or the environmental distribution 1s a
distribution from any environmental having a carbonaceous substrate, for example, including
a natural or a man-made subsurface organic matter-rich formation, such as landfills, surface
or subsurface bioreactors, or a man-made subsurface reservoir; or shale, coal, o1l sands,
bitumen, tar, oil, sandstone and limestone with organic debris or other hydrocarbon rich

deposits or formations.

7. A computer-implemented method comprising a method, or for implementing a

method, of any of claims 1 to 6, or a subset of any of the methods of claims 1 to 6.

3. A computer program product for implementing the methods of any of claims 1

to 6, or a subset of any of the methods of claims 1 to 6.

9. A computer program product for processing data, the computer program
product comprising:

a computer-executable logic contained on a computer-readable medium configured
for causing the following computer-executed step to occur:

the computer-implemented method of claim 7; or, the computer program product of

claim &.

10.  The computer program product of claim 8 or 9, wherein the computer-
executable logic 1s further configured to cause the following steps to occur: receiving data
clements or structures; and storing the data elements or structures in a memory,

and optionally further comprising a step of transmitting the identified structures, or
plurality or library of compounds having the desired property,

and optionally the transmitting 1s to an interactive user capable of interacting with

and/or modifying the computer program product or computer-executable logic, or the
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composition or members of a microbial community 1in a sample as 1dentified by the method;
or, a microbial consortium or a group of microbes with a correlated environmental

distribution as made or 1dentified in the method.

11. A Graphical User Interface (GUI) computer program product comprising a
representation of: the compositions or members of a microbial community 1n a sample used
or 1dentified 1n a method of any of claims 1 to 6; a plurality of compositions or members of a
microbial community 1n a sample as made or i1dentified 1n a method of any of claims 1 to 6;
or, a microbial consortium, or a group of microbes with correlated environmental
distributions, as made or 1dentified 1n a method of any of claims 1 to 6,

and optionally further comprising a step of transmitting the representations to a user.

12. A computer system comprising a processor and a data storage device, wherein
said data storage device has stored thereon: (a) a computer program product for implementing
a computer-implemented method of claim 7; (b) a computer program product of any of
claims 8 to 10; (¢) a Graphical User Interface (GUI) computer program product of claim 11;

or, (d) a combination thereof.

13. A non-transitory memory medium comprising program instructions for
running, processing and/or implementing: (a) a computer program product for implementing
a computer-implemented method of claim 7; (b) a computer program product of any of
claims 8 to 10; (¢) a Graphical User Interface (GUI) computer program product of claim 11;

or, (d) a computer system of claim 12; or (¢) a combination thereof.

14. A computer-readable storage medium comprising a set of or a plurality of
computer-readable instructions that, when executed by a processor of a computing device,
cause the computing device to run, process and/ or implement; or, a non-transitory computer
readable medium having stored therein instructions executable by a computing device to
cause the computing device to perform functions comprising: (a) a computer program
product for implementing a computer-implemented method of claim 7; (b) a computer

program product of any of claims & to 10; (¢) a Graphical User Intertace (GUI) computer
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program product of claim 11; or, (d) a computer system of claim 12; (¢) a non-transitory

memory medium, of claim 13; or (f) a combination thereof.

15. A computer program storage device, embodied on a tangible computer
readable medium, comprising: (a) a computer program product for implementing a computer-
implemented method of claim 7; (b) a computer program product of any of claims 8 to 10; (¢)
a Graphical User Interface (GUI) computer program product of claim 11; (d) a computer
system of claim 12; (¢) a non-transitory memory medium, of claim 13; (¢) a computer-

readable storage medium of claim 14; or, (f) a combination thereof.

16. A computer or equivalent electronic system, comprising: a memory; and a
processor operatively coupled to the memory, the processor adapted to execute program code
stored 1n the memory to: run, process and/ or implement: (a) a computer program product for
implementing a computer-implemented method of claim 7; (b) a computer program product
of any of claims 8 to 10; (¢) a Graphical User Intertace (GUI) computer program product of
claam 11; (d) a computer system of claim 12; (¢) a non-transitory memory medium of claim
13; (f) a computer-readable storage medium of claim 14; (g) a computer program storage
device of claim 15; (h) a computer or equivalent electronic system of claim 16; or, (1) any

combination thereof.

17. A system, comprising: a memory configured to: store structures or values
associated with a plurality of structures or data points and/or a plurality of structures or data
clements, and a processor adapted to execute program code stored in the memory to: run,
process and/ or implement(a) a computer program product for implementing a computer-
implemented method of claim 7; (b) a computer program product of any of claims &8 to 10; (¢)
a Graphical User Interface (GUI) computer program product of claim 11; (d) a computer
system of claim 12; (¢) a computer-readable storage medium of claim 14; (1) a computer
program storage device of claim 15; (g) a computer or equivalent electronic system of claim

16; or, (h) any combination thereof.

18. A microbial consortium, or a group of microbes with correlated environmental

distributions, made by the method of claim 4.
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19. A synthetic microbial consortium made by the method of claim 5 or claim 6.

20. A composition, a fluid, a bioreactor, a mud, a reservoir or a product of
manufacture comprising a synthetic microbial consorttum made by the method of claim 5 or

claim 6.
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