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IDENTIFICATION AND MEASUREMENT OF RELATIVE POPULATIONS OF MICROORGANISMS WITH DIRECT DNA SEQUENCING

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] The present application is a continuation-in-part of U.S. Patent Application Ser. No.
12/276,037, filed Nov. 21, 2008, the entire disclosure of which is incorporated herein by
reference, which claimed the benefit of priority to U.S. Provisional Application Ser. No.
60/989,641, filed on Nov. 21, 2007, the entire disclosure of which is incorporated herein by

reference.

BACKGROUND

[0002] Field of Invention

[0003] This invention relates to a system and methods for the characterization of organisms
and more particularly, to the characterization of the identities and relative populations of
organisms in a sample. The characterization may be specific to the species and/or sub-species
and/or strain level and may rely on probabilistic methods that compare sequencing information
from metagenomic fragment reads to sequencing information of one or more genomic

databases.

[0004] Discussion of the Background

[0005] Current nucleic acid methods for identifying populations of organisms are specific only to
the genus level (16S rDNA) for bacteria, viruses, and other microbial organisms and do not
identify the populations down to the species, sub-species and strains of organisms within the
sample. Current techniques for detecting and identifying one or a small number of bacteria to
the genus, species and/or sub-species level rely on static methods, such as polymerase chain

reaction (PCR) and microchip arrays, to detect signatures of a pre-specified organism or
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plurality of pre-specified organisms. Current methods for detecting and identifying viruses
require specific nucleic acid tests and do not produce data on population diversity. Complete
sequencing of virus genomes has been used to demonstrate virus diversity. Conventional
methods generally employ laboratory culturing methods for bacteria, fungi and parasites and are

time consuming and expensive.

[0006] In none of these cases are relative populations able to be precisely determined nor are
any of these methods able to detect and identify simultaneously the organisms present in
microbial populations with respect to the specific taxa (genus, species, sub-species, and strain)
of bacteria, viruses, parasites, fungi, or nucleic acid fragments including plasmids and mobile
genomic components. In addition, given the rapid rate of genomic mutation, and growing
evidence of horizontal gene transfer, static methods that rely on predetermined signatures
produce false negative results if (a) mutation has occurred in the nucleic acid sequence of the
sample relative to the signature, (b) the target signature was horizontally transferred, or (c)

genomic near neighbors are present in the sample.

[0007] In the diagnosis of infectious disease, conventional microbiology still relies on time
consuming and laborious culturing methods and cumbersome tests for bacteria, viruses,
parasites, and fungi, and also on immunological and molecular nucleic acid tests. Additional
nucleic acid assays are generally used to determine the presence of specific bacteria, viruses or
unculturable bacteria. In a significant fraction of samples and up to 25% of all samples, no
identifiable causative agent specific to the symptoms of the patient is identified. Moreover, it is
generally assumed that an infectious disease is always caused by a single microbial agent or
plurality of the agent, collectively inducing the observed symptoms, when more than one or a

few cells of the agent are present.
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[0008] Background bacterial populations or microbiomes (bacteria), mycobiomes (fungi) and
viromes (viruses), at the species and strain levels cannot be rapidly or easily determined (i.e.,
within hours and with a single method or less) by current methods. However, determining the
cause of disease may require normalizing results to background populations, but current
methods lack the ability to do this. In food science, such relative comparisons to microbial
background, down to the sub-species and/or strain level, are required to determine the source

of food contamination and degree of pathogenicity.

[0009] For example, benign strains of Escherichia coli are abundant in nature, but such strains
can mutate, acquire genes encoding for pathogenesic properties and/or toxin production and
become toxigenic (e.g., E. coli O157:H7). Recently, six (6) new pathogenic strains of E. coli
non-0157 (0111, 0121, 026, 045, 0103 and O145) have been identified. These new
pathogenic strains of E. coli are much less known than E. coli O157 but are just as capable of
causing serious illness, including kidney failure, which is usually fatal. These new pathogenic
strains of E. coli are much harder to identify in a microbiome using conventional methods
because, although these new strains have been identified from their whole DNA genomes, tests
using conventional static methods technology and involving a genetic signature have not been

developed.

[0010] Given the frequency and propensity of genetic mutation in nature, it is probable that
additional pathogenic strains of E. coli and other bacteria will continue to develop and evolve
and, therefore, cause disease. Such continuing genetic mutation, a naturally occurring
phenomenon, requires a universal method to facilitate identification even when mutation has
occurred. Accordingly, there is a need in the art both for a universal method capable of
microbial identification at the species and strain levels and for a method that accounts for
biodiversity and mutation. Since DNA and RNA base pairs characterize all living organisms,

including microorganisms and nucleic acid fragments like plasmids, and direct DNA sequencing
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is the standard for DNA base-pair identification, there is a need in the art for universal genomic
identification at the sub-species and strain level using direct DNA and RNA sequencing of

metagenomic samples.

[0011] Moreover, monitoring populations of microorganisms in the environment (e.g., in the
water supply) and tracing them to infectious disease in patients (e.g., cholera) requires
specificity of identification to the sub-species and/or strain level to diagnose the disease and its
source. In addition, analysis of microbiomes in nature is required to understand antibiotic
resistance and to monitor and prevent epidemic outbreaks or pandemics. Since microorganims
are ubiquitous and many, if not most, exist both in environmentally friendly (non toxigenic
commensal) forms and also in forms that are a biothreat to humans (highly toxigenic and/or
invasive pathogen), they cannot be completely eradicated; the only way to minimize or prevent
infection is to minimize exposure to pathogenic forms of microbes when their concentrations are

high, and to identify and track specific pathogenic species and strains infecting patients.

[0012] Basic Local Alignment Search Tool (BLAST) analysis has become a ubiguitous method
of interrogating sequence data. Many data-search methods have been developed that are
based on improvements to BLAST. These include systems and methods for generating indexes
and fast searching of "approximate”, "fuzzy", or "homologous" (perfect-matching) matches for a
large quantity of data. The data are indexed to generate a search tree taxonomy. Once the
index is generated, a query can be provided to report hits within a certain neighborhood of the
guery. In BLAST, a local distance of a local sequence space is used to generate local search

tree branches.

[0013] However, there are limitations to using BLAST output E-values, which describe the
number of hits one can expect to see by chance when searching a database of a particular size

and are used to gauge the significance of a match, as criteria for data parsing. While this
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measurement is possible, the output is often skewed by both the database used for comparison
and the length of the match. Small regions of high similarity can generate an artificially low E-
value and negate the global level of similarity exhibited by the sequence. The value of the
BLAST score varies with the length of the nucleotide queried, and hence is not suitable alone

for comparative analysis using universal cutoffs.

[0014] Previously, direct application of sequencing for rapid, multiplex diagnostics had not been
possible. Direct analysis of samples was considered too complex to interpret and selective
methods (e.g., culture) are employed to minimize the number of organisms (mostly to one type)
for analysis. The capability to detect all pathogens using a single platform has not been
possible. Biodefense, Force Protection, agriculture and global health will benefit from
sequence-based identification of all pathogens in a sample and pathogen profiling for medical

decision-making.

[0015] Pathogen identification techniques that do not necessarily rely on conventional culture
methods include immunological techniques, whereby molecules unique to the pathogen
(generally proteins) are detected using antibodies that specifically bind to the unique molecules,
and a variety of techniques that target specific DNA or RNA sequences, collectively know as
nucleic acid techniques (NAT) or molecular diagnostic techniques. Current immunological and
NAT methods are useful for recognizing a limited range of pathogens under highly specific

conditions, but each of these methods is subject to inadequacies.

[0016] Immunological techniques, or immunoassays, are known to suffer several critical
weaknesses that limit their effectiveness in medical diagnosis. These include the volume and
specificity of the reagents, cross-reactivity, and poor immunogenicity of some organisms,
among the shortcomings. For example, often it is difficult to produce antibodies that will react

specifically with the target pathogen without reacting to other pathogens (i.e., cross-reactivity).
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There are many pathogens that vary the molecules on their surfaces (e.g., Niesseria
gonorrheae), making it impossible to detect all members of a given target group. Many
immunoassay formats, such as rapid agglutination tests for Type A Strep, require large numbers
of organisms for detection. This makes early detection of infections difficult or requires culture

of the microorganisms prior to immunological detection.

[0017] Nucleic acid methods are much more specific than immunological methods because
they target genetic material of the pathogen. Almost all NAT methods require amplification of
the target nucleic acid by the Polymerase Chain Reaction (PCR). Limitations of PCR include: (a)
the library of DNA primers to recognize sequences on pathogen genomes is limited; (b)
mutants, strains, and engineered pathogens are not always readily detected if at all; (¢c) because
of the limited DNA primer libraries, there is little or no recognition redundancy to exclude false
positive or negative reactions; (d) primer/signature erosion occurs; and (e) unknown pathogens
cannot be recognized because recognition of any pathogen requires previous knowledge of the

nucleotide sequence of the particular pathogen’s genetic material.

[0018] Sequencing-based methods have been used for whole genome analysis, but not for
characterizing and identifying populations of microorganisms or as a predictive and forensic tool
for decision making. For example, methods for identifying species and subspecies in a
biological sample through selective amplification of segments of nucleic acid have been
developed. Such methods use a primer or code for a specific target region (usually a gene,
genes, or fragments of genes, including mitochondrial DNA) present in a minute fraction of all
the populations in a sample. The methods involve DNA extraction from a sample, amplification
of divergent segments of the target by PCR or an equivalent technique, using primers of regions
with high evolutionary conservation between species and subspecies, analysis of the amplified
segment by comparison of its size in base pairs with a pre-established standard of sizes and/or

analysis of the amplified segment by DNA sequence comparison of the resulting sequence with
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a subset of specific sequences of fractions of a group of species or subspecies queried on a

computer database.

[0019] These methods have been used for genetic analysis of a biological species employing a
sample (biological material) derived from single isolates or from samples containing dual or
heterogeneous mixtures. Amplification of a region of DNA of the sample, corresponding to a
pre-determined and narrow genome position(s), is done to determine the size in base-pairs
and/or the precise DNA sequence followed by mapping that region via taxonomic identification.
The mapping is done against a reference database of organisms of amplified regions containing
pre-established sizes and/or DNA sequences of the corresponding region of a plurality of

species and/or subspecies.

[0020] All of these methods have limited use when a sample comprises a mixture of organisms.
They can only confirm the presence of a pre-known or suspected organism, but they cannot
identify each of the organisms present in the sample and cannot identify to the species, sub-
species, and/or strain level. In addition, if a pre-known organism were present, but had
undergone mutation in the pre-specified sequence, such methods would indicate a false
negative. The natural processes of mutation, genetic deletions and alterations or engineered
mutations are all part the creation of biodiversity which cannot be detected or even addressed

with existing prior art methods.

[0021] Therefore, a mechanism is needed to identify simultaneously a plurality of organisms in
a given sample with a single test without having to use multiple probes and without prior
knowledge of organisms present in the sample. It also desirable to distinguish very similar or
interrelated species, sub-species and strains for medical, agricultural, and industrial

applications.
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[0022] There are many life-threatening circumstances in which it would be useful to analyze
and sequence the DNA and/or RNA in a sample, for example, in response to an act of
bioterrorism where a fatal pathogenic agent had been released into the environment. In the
past, such results have required involvement of many people, which demand too much time. As

a result, rapidity and accuracy may suffer.

[0023] A bioterrorist attack or an emerging epidemic, requires first responders, i.e. physicians in
the emergency room (their options or bed-side treatments), to make immediate decisions for
treatment, and food manufacturers, distributors, retailers, and public health personnel
throughout the country to identify rapidly, accurately, and reliably the pathogenic agents and
disease(s) they cause. Pathogenic agents can be transmitted in food, air, soil, water, and
animal, plant and human tissue and by clinical presentation in emergency rooms. Because the
agent(s) and/or potential disease(s) can be immediately life-threatening and/or highly
contagious, identification must be both rapid and accurate. If this is not possible, it represents a
significant weakness in infectious disease control, homeland security, and bioterrorism

response.

[0024] A method and system are needed to identify rapidly and accurately more than a single
organism (multiplexing) in a sample and indicate if a species, strain and/or substrain are present
employing genome comparison of nucleic acids present in the sample to nucleic acids present

in a reference genomic database.

[0025] Rapid advances in biological engineering have dramatically impacted the design and
capabilities of DNA sequencing tools, including high through-put sequencing, a method of
determining the order of bases in DNA, and mapping the genetic variation that reveals the
genetic underpinning of human disease. This approach is useful when sequencing many

different DNA templates with any number of primers. Despite these important advances in
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biological engineering, little progress has been made in building devices to quickly identify

sequence information and transfer data more efficiently and effectively.

[0026] Traditionally, DNA sequencing was accomplished by a dideoxy method, commonly
referred to as the Sanger method [Sanger et al, 1977], that used chain terminating inhibitors to

stop the extension of the DNA chain during DNA synthesis.

[0027] Methods for sequencing strategies continue to be developed. For example, it is possible
to build an array of DNA sequences (microarrays) and hybridize complementary sequences in a
process commonly referred to as sequencing-by-hybridization. Another technique considered
state-of-the-art employs primer extension, followed by cyclic addition of a single nucleotide, with
each cycle followed by detection of the incorporation event. The technique referred to as
sequencing-by-synthesis or pyrosequencing, including fluorescent in situ sequencing (FISSEQ),
is reiterative in practice and involves a serial process of repeated cycles of primer extension
while the target nucleotide sequence is sequenced. These sequencing methods cannot rapidly
identify an organism from the data of an isolate, and no tools currently exist for identifying a
mixture of organisms based on metagenomic data created by these sequencing methods.
Moreover, conventional methods and systems for identifying organisms in metagenomic

samples based on nucleotide data generated by sequencers do not exist.

[0028] Despite these advances, there is a need for rapid genome identification methods and
systems, including multidirectional electronic communication of nucleic acid sequence data,
clinical data, therapeutic intervention, and tailored delivery of therapeutics to targeted
populations to streamline responses and speed diagnosis of infectious disease, conserve
valuable medical supplies, and contain bioterrorism, inadvertent release, and emerging
pathogenic epidemics. In addition, a mechanism is needed to identify simultaneously a plurality

of organisms in a given sample with a single test without having to use multiple probes, and it is
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desirable to distinguish very similar or interrelated species, sub-species and strains for medical,

agricultural, and industrial applications.

SUMMARY

[0029] The present invention relates to systems and methods capable of characterizing
populations of microorganisms within a sample. In some embodiments, the characterization
utilizes probabilistic matching to identify microbial genomes to which metagenomic fragments
extracted from the sample are related. The characterization may further include identification of
the microbial community of the sample to the species and/or sub-species and/or strain level with
their relative concentrations or abundance. In addition, the systems and methods may enable
rapid identification of organisms, including both pathogens and commensals in clinical, food,
water and environmental samples, and the identification may be achieved by comparison of
many (e.g., hundreds to millions) metagenomic fragments, which have been captured from a
sample and sequenced, to many (e.g., millions or billions) of archived sequence information of
genomes (i.e., reference genomic databases). Achieving accurate metagenomic
characterization at the high ends of these spectra, that is, comparing tens of millions of
metagenomic fragments to archived genomic databases comprising billions of nucleotides, is

previously undocumented in the literature.

[0030] In one aspect, the present invention provides a method of characterizing biological
material in a sample containing genetic material from a plurality of organisms. The method
comprises performing probabilistic methods that compare a plurality of metagenomic fragment
reads obtained from the sample with a plurality of genome reads from a reference database
containing genomic identities of organisms and produce probabilistic results. The method also

comprises determining the identities of organisms contained in the sample at least to the
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species level using the probabilistic results. The method steps are performed using a processor

and memory.

[0031] The method may comprise determining the identities of organisms contained in the
sample at least to the sub-species level using the probabilistic results. The method may also
comprise determining the identities of organisms contained in the sample at the strain level
using the probabilistic results. The method may further comprise characterizing the relative

populations of species and/or sub-species and/or strains of the identified organisms.

[0032] The method may comprise characterizing the relative populations of the identified
organisms by correlating probabilities of the probabilistic results to relative populations at the

species and/or sub-species and/or strain levels.

[0033] In one embodiment of the invention, the probabilistic results may be in the form of a
probability map of probabilities that species and/or sub-species and/or strains of organisms
contained within the reference database are present within the sample. The probability map
may enable correlation of the probabilities of the probability map with relative populations and/or
concentrations of organisms contained within the sample. The method may further comprise
compensating for machine error by using a number of statistically significant metagenomic
fragment reads large enough that machine errors are normalized. The machine error for which
the normalization compensates may comprise machine error of a sequencer used to generate
the plurality of metagenomic fragment reads, and the compensating may comprise using
enough metagenomic fragment reads that machine error of the sequencer is normalized to a

near-zero value.

[0034] The method may further comprise generating the plurality of metagenomic fragment
reads. The generating the plurality of metagenomic fragment reads may comprise sequencing

metagenomic fragments extracted from the sample. The method may further comprise
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extracting the metagenomic fragments from the sample.

[0035] In yet another embodiment of the invention, the method comprises accounting for
biodiversity. The accounting for biodiversity may comprise identifying: (a) mobile genetic
elements through lateral gene transfer, recombination, or plasmid or other mobilome insertion;
(b) insertions and deletions; and (c) identification and detection of near relation (e.g., cousin)

strains related by mutation, insertion, and/or deletion.

[0036] In an embodiment of the invention, the reference database contains the genomic
identities of one or more of the plurality of organisms contained in the sample. Each of the
plurality of metagenomic fragment reads may have a read length greater than or equal to 12
base pairs and less than or equal to 100 base pairs. However, metagenomic fragment reads
having a length longer than 100 base pairs may additionally, or alternatively, be used. The
probabilistic methods comprise, for each of the plurality of metagenomic fragment reads,
detecting and retaining causal correlations between the metagenomic fragment read and
genome reads from the reference database containing genomic identities of organisms; and
integrating the retained causal correlations by genomic strain and species to identify a set of
genomes of microorganisms contained in the sample. The probabilistic methods may further
comprise creating independent pattern sets of subset inclusion and subset exclusion from the
set of genomes, and, for each independent pattern set, pairing the set against target reads.
Each of the pairings may result in an independent estimate of concentration of the genome in
the set. The independent estimates may give a fine-grain estimate of genomic strain

concentrations even for closely related microbial communities.

[0037] In another embodiment of the invention, the probabilistic methods comprise probabilistic
matching. The probabilistic methods may comprise: primary filtering to determine what species

and strains from the reference database can be in the metagenomic sample; and secondary
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and tertiary filtering to eliminate both false negatives and false positives and to identify at strain

level what organisms are contained in the sample.

[0038] In one embodiment of the invention, the identified organisms include genomes of
bacteria, viruses, parasites, fungi and/or nucleic acid fragments including plasmids and mobile
genomic components. The identifying organisms contained within the sample may be capable
of identifying bacteria, viruses, parasites, fungi, and nucleic acid fragments including plasmids
and mobile genomic components contained within the sample. The plurality of metagenomic
fragment reads may be sequence reads of metagenomic fragments extracted from the sample.
The metagenomic fragments extracted from the sample are from genomic nucleic acid, protein
and/or a combination with metabolites extracted from the sample. Each of the metagenomic
fragments extracted from the sample may be a fragment of a nucleic acid sequence. Each of
the metagenomic fragments extracted from the sample may be a fragment of a deoxyribonucleic
acid (DNA) sequence. Each of the metagenomic fragments extracted from the sample may be
a ribonucleic acid (RNA) sequence. Each of the metagenomic fragments extracted from the

sample is a fragment of a plasmid or other unit nucleic acid sequence.

[0039] In yet another embodiment of the invention, the plurality of metagenomic fragment reads
are obtained from the sample by: collecting the sample, extracting metagenomic fragments from

the sample, and sequencing the metagenomic fragments.

[0040] In another embodiment of the invention, the plurality of metagenomic fragment reads
that may be obtained from the sample are included in a metagenomic file. The method may
further comprise creating a list of reference words for each of the plurality of genome reads from
the reference database containing genomic identities of organisms, and creating a catalog of
lists of reference words. The method may further comprise creating a list of reference words for

each of the plurality of genome reads from the reference database containing genomic identities
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of organisms, and creating a catalog of lists of reference words. Each list of reference words
may be associated with one or more categories. Each of the one or more categories may be
associated with a genus, species or strain. The method may further comprise creating a list of
sample sequence words for each of the plurality of metagenomic fragment reads obtained from
the sample. The comparison of the plurality of metagenomic fragment reads obtained from the
sample with the plurality of genome reads from the reference database containing genomic
identities of organisms may comprise: for each of the sample sequence words of the list of
sample sequence words, comparing the sample sequence word to the reference words of each
of the lists of reference words, and identifying matches between the sample sequence word and
one or more of the reference words. The identified matches may be exact matches. The
identified matches may comprise inexact matches. The method may further comprise: for each
of the plurality of genome reads from the reference database, summing the number of matches
for the genome read, and comparing the sum of the number of matches for each of the plurality
of genome reads to the sums of the numbers of matches for each of the other of the plurality of
genome reads. The method may further comprise: for each of the plurality of genome reads
from the reference database, summing the number of unique matches for the genome read, and
comparing the sum of the number of unique matches for each of the plurality of genome reads
to the sums of the numbers of unique matches for each of the other of the plurality of genome
reads. A unique match may be a match of a sample sequence word to a reference word
contained in only one of the lists of reference words. The creating the list of reference words
comprises splitting a genome read from the reference database into words at a word boundary
character. The creating the list of reference words may comprise saving only words having a
length greater than or equal to a minimum word length. The minimum word length may be
equal to nineteen letters. The method may further comprise populating a hash table with the

reference words of each of the created lists of reference words.
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[0041] In another aspect, the present invention provides an apparatus for characterizing
biological material in a sample containing genetic material from a plurality of organisms. The
apparatus comprises a processor and memory, wherein the processor and memory are
configured to: perform probabilistic methods that compare a plurality of metagenomic fragment
reads obtained from the sample with a plurality of genome reads from a reference database
containing genomic identities of organisms and produce probabilistic results, and determine the
identities of organisms contained in the sample at least to the species level using the
probabilistic results. The processor and memory may also be configured to determine the
identities of organisms contained in the sample at least to the strain level using the probabilistic

results.

[0042] In yet another aspect, the present invention provides a computer-readable medium
containing instructions that, when executed by a computer, cause the computer to execute the
steps of: performing probabilistic methods that compare a plurality of metagenomic fragment
reads obtained from a sample containing genetic material from a plurality of organisms with a
plurality of genome reads from a reference database containing genomic identities of organisms
and produce probabilistic results; and determining the identities of organisms contained in the
sample at least to the species level using the probabilistic results. The instructions may also
cause the computer to execute the step of determining the identities of organisms contained in

the sample at least to the strain level using the probabilistic results.

[0043] In still another aspect, the present invention provides a method of characterizing
biological material in a sample. The method comprises: receiving sequencing information about
said biological material in said sample, and identifying a plurality of species of organisms
present in said biological material in said sample via probabilistic methods. The method steps
are performed using a processor and memory. The sequencing information may comprise a

plurality of sequences of nucleotide fragments from nucleic acid molecules extracted from said
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biological material in said sample, and the identifying may comprise comparing said plurality of
sequences of nucleotide fragments to nucleic acid sequences in a database. The probabilistic
methods may include one or more of perfect matching, subsequence uniqueness, pattern
matching, multiple sub-sequence matching within n length, inexact matching, seed and extend,
distance measurements and phylogenetic tree mapping. The identifying may comprise
detecting variations between strains, mutants and engineered organisms and characterizing
unknown organisms and polymorphisms. The method may comprise: extracting nucleotide
fragments from nucleic acid molecules from said biological material in said sample; and
generating a plurality of sequences of nucleotide fragments from nucleic acid molecules
extracted from said biological material in said sample, wherein said sequencing information

comprises said plurality of sequences of nucleotide fragments.

[0044] Another aspect of the present invention is a method of identifying a biological material at
the species and strain level in a sample, comprising: obtaining a sample comprising the
biological material, extracting one or more nucleic acid molecule(s) from the sample, generating
sequence information from the nucleic acid molecule(s) and probabilistic-based comparing the
sequence information to nucleic acid sequences in a database. ldentifying a biological material
includes, but not limited to, detecting and/or determining the genomes present in the sample,
nucleic acid sequence information contained within the sample, ability to determine the species
of the a biological material, ability to detect variations between strains, mutants and engineered
organisms and characterizing unknown organisms and polymorphisms. Biological material
includes, but not limited to, DNA, RNA and relevant genetic information of organisms or
pathogens associated with bacteria, viruses, fungi, parasites, plasmids and other nucleic acid

fragments.
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[0045] In one embodiment of the invention, the nucleotide fragment is compared to the nucleic
acid sequences in a database via probabilistic matching, including, but not limited to Bayesian

approach, Recursive Bayesian approach or Naive Bayesian approach.

[0046] Probabilistic approaches may use Bayesian likelihoods to consider two important factors
to reach an accurate conclusion: (i) P(t i /R) is the probability that an organism exhibiting test
pattern R belongs to taxon ti, and (ii) P(R/t i) is the probability that members of taxon t i will
exhibit test pattern R. The minimal pattern within a sliding window integrated into the tools will

assist investigators on “whether” and “how” organisms have been genetically modified.

[0047] Further variations encompassed within the systems and methods are described in the

detailed description of the invention below.

BRIEF DESCRIPTION OF THE DRAWINGS

[0048] The accompanying drawings, which are incorporated herein and form part of the
specification, illustrate various embodiments of the present invention. In the drawings, like

reference numbers indicate identical or functionally similar elements.

[0049] FIG. 1 is a schematic illustration of a disclosed system, which may be used for genomic

ID of metagenomic samples at the species and strain level.

[0050] FIG. 2 is a more detailed schematic illustration of the system of FIG. 1.

[0051] FIG. 3 is a schematic illustration of functional interaction between the interchangeable

cassette and other components in an embodiment of the system of FIG. 1.

[0052] FIG. 4 is a front perspective view of an embodiment of a handheld electronic sequencing
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device, which may be used for genomic ID of metagenomic samples at the species and strain

level.

[0053] FIG. 5 is a flow chart illustrating a process of operation of the system of FIG. 1.

[0054] FIG. 6 is a schematic illustration of the interaction of the system of FIG. 1 with various

entities potentially involved with the system.

[0055] FIG. 7 is a schematic illustration of functional interaction between a hand held electronic

sequencing device with the remote analysis center.

[0056] FIG. 8 is a schematic illustration of the overall architecture of the probabilistic software

module.

[0057] FIG. 9 shows the percentage of unique sequences as a function of read length.

[0058] FIG. 10 is a summary of principle steps of sequencing.

[0059] FIG. 11 is a schematic illustration of an instrument capable of characterizing populations

of microorganisms in a sample according to one embodiment of the present invention.

[0060] FIG. 12 is top-level flowchart illustrating a process that may be performed to characterize

populations of microorganisms in a sample.

[0061] FIG. 13 is a flowchart illustrating a process that may be performed to identify genomes of

microorganisms contained within a sample.

[0062] FIG. 14 is a flowchart illustrating an embodiment of a substance cataloging process.

[0063] FIG. 15 is a flowchart illustrating an embodiment of an unknown sample parsing and

identification process.
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[0064] FIG. 16 is a flowchart illustrating an embodiment of a word finding process.

[0065] FIGS. 17A-17E illustrate the relative population measurements of 16S compared to the

direct DNA sequencing with genomic identification of the present invention.

[0066] FIG. 18 illustrates a comparison of relative observed concentration and actual

concentration in a sample with relative number of reads.

[0067] FIG. 19 illustrates an example of the system and method of the present invention applied
to measuring populations of the microbiome at the species level for a patient with Crohn’s

Disease.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS
[0068] Embodiments of the systems and methods for the characterization of populations of

microorganisms in a sample are described herein with reference to the figures.

[0069] The methods and systems described in the current invention may use the shortest
unique sequence information, which in a mixture of nucleic acids in an uncharacterized sample
have the minimal unique length (n) with respect to the entire sequence information generated or
collected. In addition to unique length sequences, non-unique may also be compared. The
probability of identification of a genome increases with multiple matches. Some genomes will
have longer minimal unique sequences than other genomes. The matching method of short
length (n) sequences may continue in parallel with sequence information generation or
collection. The comparisons occur as fast as (real-time) subsequent longer sequences are
generated or collected. This results in considerable decision space reduction because the
calculations are made early in terms of sequence information generation/collection. The
probabilistic matching may include, but not limited to, perfect matching, subsequence

unigueness, pattern matching, multiple sub-sequence matching within n length, inexact
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matching, seed and extend, distance measurements and phylogenetic tree mapping. It may
provide an automated pipeline to match the sequence information as fast as it is generated or in
real-time. The sequencing instrument can continue to collect longer and more strings of
sequence information in parallel with the comparison. Subsequent sequence information can
also be compared and may increase the confidence of a genome or species identification in the
sample. The method does not need to wait for sequence information assembly of the short

reads into larger contigs.

[0070] In some embodiments, the system and methods may provide nucleic acid intake,
isolation and separation, DNA sequencing, database networking, information processing, data
storage, data display, and electronic communication to speed the delivery of relevant data to
enable diagnosis or identification of organisms with applications for pathogenic outbreak and
appropriate responses. In these embodiments, the system may include a portable sequencing
device that electronically transmits data to a database for identification of organisms related to
the determination of the sequence of nucleic acids and other polymeric or chain type molecules

and probabilistic data matching.

[0071] FIGS. 1 and 2 illustrate an embodiment of a system 100 that includes a sequencing
device 105, which may be a portable handheld electronic sequencing device. The sequencing
device 105 may be configured to be readily held and used by a user (U), and may be capable of

communicating via a communication network 110 with many other potentially relevant entities.

[0072] The device may be configured to receive a subject sample (SS) and an environment
sample (ES), respectively. The subject sample (such as blood, saliva, etc), can include the
subject's DNA as well as DNA of any organisms (pathogenic or otherwise) in the subject. The
environment sample (ES) can include, but not limited to, organisms in their natural state in the

environment (including food, air, water, soil, tissue). Both samples (SS, ES) may be affected by
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naturally occurring infection, an act of bioterrorism or by an emerging epidemic. Both samples
(SS, ES) may be simultaneously collected via a tube or swab and may be received in a solution
or solid (as a bead) on a membrane or slide, plate, capillary, or channel. The samples (SS, ES)
may then be sequenced simultaneously. Circumstance specific situations may require the
analysis of a sample composed of a mixture of the samples (SS, ES). A first responder can be
contacted once a probabilistic match is identified and/or during real-time data collection and
data interpretation. As time progresses an increasing percentage of the sequence can be

identified.

[0073] The sequencing device 105 may include the following functional components, as
illustrated in FIG. 3, which enable the device 105 to analyze a subject sample (SS) and an

environment sample (ES), communicate the resulting analysis to a communication network 110.

[0074] Sample receivers 120 and 122 may be coupled to a DNA Extraction and Isolation Block
130, which then deliver the samples to Block 130 via a flow system. Block 130 extracts DNA
from the samples and isolates it so that it may be further processed and analyzed. This can be
accomplished by use of a reagent template (i.e. a strand of DNA that serves as a pattern for the
synthesis of a complementary strand of nucleic acid), which may be delivered combined with
the samples 120, 122 using known fluidic transport technology. The nucleic acids in the
samples 120, 122 are separated by the Extraction and Isolation Block 130, yielding a stream of
nucleotide fragments or unamplified single molecules. An embodiment could include the use of

amplification methods.

[0075] An interchangeable cassette 140 may be removeably coupled to sequencing device 105
and block 130. The cassette 140 can receive the stream of molecules from block 130 and can

sequence the DNA and produce DNA sequence data.
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[0076] The interchangeable cassette 140 can be coupled to, and provide the DNA sequence
data to the processor 160, where the probabilistic matching is accomplished. An embodiment
could include performance of 16 GB of data transferred at a rate of 1 Mb/sec. A sequencing
cassette 140 is preferred to obtain the sequence information. Different cassettes representing
different sequencing methods may be interchanged. The sequence information may be
compared via probabilistic matching. Ultra-fast matching algorithms and pre-generated
weighted signature databases may compare the de novo sequence data to stored sequence

data.

[0077] The processor 160 can be, for example, an application-specific integrated circuit
designed to achieve one or more specific functions or enable one or more specific devices or
applications. The processor 160 can control all of the other functional elements of sequencing
device 105. For example, the processor 160 can send/receive the DNA sequence data to be
stored in a data store (memory) 170. The data store 170 can also include any suitable types or

forms of memory for storing data in a form retrievable by the processor 160.

[0078] The sequencing device 105 can further include a communication component 180 to
which the processor 160 can send data retrieved from the data store 170. The communication
component 180 can include any suitable technology for communicating with the communication

network 110, such as wired, wireless, satellite, etc.

[0079] The sequencing device 105 can include a user input module 150, which the user (U) can
provide input to the device 105. This can include any suitable input technology such as buttons,
touch pad, etc. Finally the sequencing device 105 can include a user output module 152 which

can include a display for visual output and/or an audio output device.

[0080] The sequencing device 105 can also include a Global Positioning System (GPS)

receiver 102, which can receive positioning data and proceed the data to the processor 160,
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and a power supply 104 (i.e. battery, plug-in-adapter) for supplying electrical or other types of

energy to an output load or group of loads of the sequencing device 105.

[0081] The interchangeable cassette 140 is illustrated schematically in more detail in FIG. 3.
The cassette 140 may be removeably coupled to sequencing device 105 and block 130 and
includes a state of the art sequencing method (i.e. high throughput sequencing). Wet chemistry
or solid state based system may be built on deck via a cassette exchangeable “plug & play”
fashion. The cassette 140 can receive the stream of molecules from block 130 and can
sequence the DNA via the sequencing method and can produce DNA sequence data.
Embodiments include methods based on, but not limited to, Sequencing-by-synthesis,
Sequencing-by-ligation, Single-molecule-sequencing and Pyrosequencing. A yet another
embodiment of includes a source for electric field 142 and applies the electric field 142 to the
stream of molecules to effect electrophoresis of the DNA within the stream. The cassette
includes a light source 144 for emitting a fluorescent light 144 through the DNA stream. The
cassette further includes a biomedical sensor (detector) 146 for detecting the fluorescent light
emission and for detecting/determining the DNA sequence of the sample stream. In addition to
fluorescent light, the biomedical sensor is capable of detecting light at all wavelengths

appropriate for labeled moieties for sequencing.

[0082] The fluorescent detection comprises measurement of the signal of a labeled moiety of at
least one of the one or more nucleotides or nucleotide analogs. Sequencing using fluorescent
nucleotides typically involves photobleaching the fluorescent label after detecting an added
nucleotide. Embodiments can include bead-based fluorescent, FRET, infrared labels,
pyrophosphatase, ligase methods including labeled nucleotides or polymerase or use of cyclic
reversible terminators. Embodiments can include direct methods of nanopores or optical
waveguide including immobilized single molecules or in solution. Photobleaching methods

include a reduced signal intensity, which builds with each addition of a fluorescently labeled
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nucleotide to the primer strand. By reducing the signal intensity, longer DNA templates are

optionally sequenced.

[0083] Photobleaching includes applying a light pulse to the nucleic acid primer into which a
fluorescent nucleotide has been incorporated. The light pulse typically comprises a wavelength
equal to the wavelength of light absorbed by the fluorescent nucleotide of interest. The pulse is
applied for about 50 seconds or less, about 20 seconds or less, about 10 seconds or less, about
5 seconds or less, about 2 seconds or less, about 1 seconds or less, or about 0. The pulse
destroys the fluorescence of the fluorescently labeled nucleotides and/or the fluorescently
labeled primer or nucleic acid, or it reduces it to an acceptable level, e.g., a background level, or

a level low enough to prevent signal buildup over several cycles.

[0084] The sensor (detector) 146 optionally monitors at least one signal from the nucleic acid
template. The sensor (detector) 146 optionally includes or is operationally linked to a computer
including software for converting detector signal information into sequencing result information,
e.g., concentration of a nucleotide, identity of a nucleotide, sequence of the template nucleotide,
etc. In addition, sample signals are optionally calibrated, for example, by calibrating the

microfluidic system by monitoring a signal from a known source.

[0085] As shown in FIG. 2, the sequencing device 105 can communicate via a communication
network 110 with a variety of entities that may be relevant to notify in the event of a bioterrorist
act or an epidemic outbreak. These entities can include a First Responder (i.e. Laboratory

Response Network (i.e. Reference Labs, Seminal Labs, National Labs), GenBank®, Center for
Disease Control (CDC), physicians, public health personnel, medical records, census data, law

enforcement, food manufacturers, food distributors, and food retailers.

[0086] One example embodiment of the sequencing device 105 discussed above is now

described with reference to FIG. 4 illustrating an anterior view of the device. The device is a
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portable handheld sequencing device and is illustrated in comparison with the size of coins C.
The device 105 is approximately 11 inches in length and easily transportable. (In FIG. 4, coins
are shown for scale.) Two ports 153, 154 are located on a side of the device and represent
sample receivers 120, 122. Port 153 is for receiving a subject sample (SS) or an environment
sample (ES) to be analyzed and sequenced. Port 154 is for sequencing control (SC). The two
different ports are designed to determine if a subject sample (SS) or environment sample (ES)
contains materials that result in sequencing failure, should sequencing failure occur, or function
in a CLIA capacity. The device 105 includes a user input module 150, which the user (U) can
provide input to the device 105. In this particular embodiment, the user input module 150 is in
the form of a touch pad, however, any suitable technology can be used. The touch pad includes
buttons 150 a for visual display, 150 b , 150 ¢ for recording data, 150 d for real-time data
transmission and receiving, and 150 e for power control for activating or deactivating the device.
Alternatively, the key pad can be incorporated into the display screen and all functions can be
controlled by liquid crystal interface. Suitable techniques are described in US Patent Pub. No.
application 2007/0263163, the entire disclosure of which is hereby incorporated by reference.
This can be by Bluetooth-enabled device pairing or similar approaches. The functions include
digit keys, labeled with letters of the alphabet, such as common place on telephone keypads,
such as a delete key, space key, escape key, print key, enter key, up/down, left/right, additional
characters and any others desired by the user. The device further includes a user output
module 152, in the form of a visual display, for displaying information for the user (U). An audio
output device can also be provided if desired as illustrated at 157 a and 157 b. Finally, the
sequencing device 105 includes light emitting diodes 155 and 156 to indicate the transmission
or receiving of data. The function of the keys/buttons are to control all aspects of sample
sequencing, data transmission and probabilistic matching and interface controls, including but
not limited to on/off, send, navigation key, soft keys, clear, and LCD display functions and

visualization tools with genome rank calculated by algorithms to list the confidence of matches.
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An embodiment includes an internet based system where multiple users may simultaneously

transmit/receive data to/from a hierarchical network search engine.

[0087] FIG. 5 is a flow chart illustrating a process of operation of the system 100 of an
embodiment of the system 100 as described above. As shown in FIG. 5, a process of the
device's operation includes at 200 receiving collected subject samples (SS) and environment
sample (ES) in sample receivers 120, 122. At 202, the samples proceed to the DNA Extraction
and Isolation Block 130 where the sample is analyzed and the DNA is extracted from the
samples and isolated. At 203, the interchangeable cassette 140 receives the isolated DNA from
block 130 and sequences the DNA. Depending on the cassette and if needed, with the
application of an electric field 142 and of a fluorescent light 144, a biomedical sensor 146 within
the cassette 140 detects/determines the DNA sequence of the sample stream. At 204, the
sequenced data is processed and stored in a data store 170. At 205, the sequenced data is
compared via probabilistic matching and genome identification is accomplished. The process is
reiterative in nature. Resultant information may be transmitted via a communication network
110. GPS (global positioning system) data may optionally be transmitted as well at step 205. At
206, the device electronically receives data from matching. At 207, the device visually displays
the data electronically received from matching via a user output module 152. If further analysis
is require, at 208, the sequenced data is electronically transmitted to data interpretation entities

(i.e. Public Health Personnel, Medical Records, etc.) via the communication network.

[0088] A multi-method research approach may enhance the rapid response to an incident and
integrate primary care with organism detection. A triangulate response may be utilized, which
involves quantitative instrument data from the DNA sequencing to converge with qualitative
critical care. An infrastructure of observational checklists and audits of DNA sequencing data
collected in the field across multiple locations may used to compare the appearance of an

organism, e.g., bio-threat between locations. Inferential statistical analysis of the genomic data
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may be combined with medical observations to develop categories of priorities. Information
collected and shared between databases of medical centers and genomic centers may enable
triangulation of an incident, the magnitude of the incident, and the delivery of the correct

intervention to the affected people at the appropriate time.

[0089] FIG. 6 illustrates the interaction between the system 100 and various potential resources
entities. The device 105 is configured to interact with these resource entities via a wireless or
wired communication network. Device 105 can transmit triangulated sequenced data
information (310) illustrating the “Sample Data”, the “Patient Data”, and “Treatment
Intervention.” Device 105 can transmit and receive DNA sequence data to and from sequence
matching resources 320, which include GenBank® and a laboratory response network including

Sentinel Labs, Reference Labs, and National Labs.

[0090] Each of the laboratories has specific roles. Sentinel laboratories (hospital and other
community clinical labs) are responsible for ruling out or referring critical agents that they
encounter to nearby LRN reference laboratories. Reference laboratories (state and local public
health laboratories where Biological Safety Level 3 (BSL-3) practices are observed) perform
confirmatory testing (rule in). National laboratories (BSL-4) maintain a capacity capable of

handling viral agents such as Ebola and variola major and perform definitive characterization.

[0091] System 100 can further transmit and receive data to and from Data Interpretation
Resources 330 including law enforcement entities, public health personnel, medical records,
and census data. Finally, the device 105 can transmit and receive data to and from a first
responder 320 which include doctors or physicians in an emergency room. The system 100
overall is configured to communicate with the Center for Disease Control (CDC) 340 to provide

pertinent information to the proper personnel.
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[0092] FIG. 7 is a schematic illustration of functional interaction between a hand held electronic
sequencing device with the remote analysis center. The device 105 may include a base calling
unit 103 for processing sequencing received by the interchangeable cassette 140. Such
sequences and SNP sites are individually weighted according to its probability found in each
species. These weights can be calculated either theoretically (by simulation) or experimentally.
The device also includes a probabilistic matching processor 109 coupled to the base calling unit
103. The probabilistic matching may be performed in real time or as fast as the sequence base
calling or sequence data collection. The probabilistic matching processor 109, using a Bayesian
approach, can receive resultant sequence and quality data, and can calculate the probabilities
for each sequencing-read while considering sequencing quality scores generated by the base
calling unit 103. The probabilistic matching processor 109 can use a database generated and
optimized prior to its use for the identification of pathogens. An alert system 107 is coupled to
the probabilistic matching processor 109 and can gather information from the probabilistic

matching processor 109 (on site) and display the best matched organism(s) in real-time.

[0093] The alert system 107 is configured to access patient data, i.e. the medical diagnosis or
risk assessment for a patient particularly data from point of care diagnostic tests or assays,
including immunoassays, electrocardiograms, X-rays and other such tests, and provide an
indication of a medical condition or risk or absence thereof. The alert system can include
software and technologies for reading or evaluating the test data and for converting the data into
diagnostic or risk assessment information. Depending on the genome identity of the bio-agent
and the medical data about the patient, an effective “Treatment Intervention” can be
administered. The treatment can be based on the effective mitigation or neutralization of the
bio-agent and/or its secondary effects and based on the patient history if there are any contra-
indications. The alert system can be based on the degree and number of occurrences. The

number of occurrences can be based on the genomic identification of the bio-agent. A value
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can be pronounced when the result is within or exceeds a threshold as determined by
government agencies, such as the CDC or DoD or Homeland Security. The alert system is
configured to enable clinicians to use the functionality of genomic identification data with patient
data. The communication permits rapid flow of information and accurate decision making for

actions by first responders or other clinical systems.

[0094] The device 105 further includes a data compressor 106 coupled to the base calling unit
103, configured to receive the resultant sequence and quality data for compression. The data
store 170 is coupled to the compressor 106 and can receive and store the sequence and quality

data.

[0095] The sequencing device 105 interacts with a remote analysis center 400, which can
receive electronically transferred data from the communication component 180 of the
sequencing device 105 via a wired and/or wireless communication method. The remote
analysis center 400 contains a large sequence database including all of nucleotide and amino
acid sequences and SNP data available to date. This database also contains associated
epidemiological and therapeutic information (e.g. antibiotic resistance). The remote analysis
center 400 further includes a data store 401. The data store 401 can receive decompressed
sequence data information via electronic transmission from the communication component 180
of the sequencing device 105. A genome assembly 402 is coupled to the data store 401 and
can and assemble the decompressed sequence data. Obvious contaminant DNA, such as

human DNA, can be filtered prior to further analysis.

[0096] The remote analysis center 400 further includes a processor 403 equipped with
probabilistic matching technology and homology search algorithms, which can be employed to
analyze assembled sequence data to obtain the probabilities of the presence of target

pathogens 403 a, community structure 403 b, epidemiological and therapeutic information 403
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¢. Genome sequence data of target pathogens are compared with those of genomes of non-
pathogens including human and metagenome to identify nucleotide sequences and single
nucleotide polymorphic (SNP) sites, which only occur in target organisms. The analysis at the
remote analysis center 400 is carried out on the fly during data transfer from the sequencing
device 105. The remote analysis center 400 can further include a communication unit 404 from
which the analysis results are electronically transferred back to the alert system 107 within the

sequencing device 105 as well as other authorities (e.g. DHS, CDC etc.).

[0097] Probabilistic Classification: The present invention may provide database engines,
database design, filtering techniques and the use of probability theory as Extended Logic. The
instant methods and system may utilize the probability theory principles to make plausible
reasoning (decisions) on data produced by nucleic acid sequencing. Using the probability
theory approach, the system described herein may analyze data as soon as it reaches a
minimal number of nucleotides in length (n), and calculating the probability of the n-mer, further
each subsequent increase in length (n+base pair(s)) is used to calculate the probability of a
sequence match. The calculation of each n-mer and subsequent longer n-mers may be further
processed to recalculate the probabilities of all increasing lengths to identify the presence of
genome(s). As the unit length increases, multiple sub-units, within the n-mer are compared for
pattern recognition, which further increases the probability of a match. Such method, including
other Bayesian methods, provides for eliminating matches and identifying a significant number
of biological samples comprising with a very short nucleotide fragment or read without having to
complete full genome sequencing or assembling the genome. As such assigning the likelihood
of the match to existing organisms and move on to the next nucleic acid sequence read to
further improve the likelihood of the match. The system described herein increases speed,
reduces reagent consumption, enables miniaturization, and significantly reduces the amount of

time required to identify the organism.
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[0098] In order to build probabilistic classifiers to make a decision on short nucleic acid
sequences, a variety of approaches to first filter and later classify the incoming sequencing data
can be utilized. In the instant case, the formalism of Bayesian networks is utilized. A Bayesian
network is a directed, acyclic graph that compactly represents a probability distribution. In such
a graph, each random variable is denoted by a node (for example, in a phylogenetic tree of an
organism). A directed edge between two nodes indicates a probabilistic dependency from the
variable denoted by the parent node to that of the child. Consequently, the structure of the
network denotes the assumption that each node in the network is conditionally independent of
its non-descendants given its parents. To describe a probability distribution satisfying these
assumptions, each node in the network is associated with a conditional probability table, which
specifies the distribution over any given possible assignment of values to its parents. In this
case a Bayesian classifier is a Bayesian network applied to a classification task of calculating
the probability of each nucleotide provided by any sequencing system. At each decision point
the Bayesian classifier can be combined with a version of shortest path graph algorithm such as

Dijkstra's or Floyd's.

[0099] The current system may implement a system of Bayesian classifiers (for example, Naive
Bayesian classifier, Bayesian classifier and Recursive Bayesian estimation classifier) and fuse
the resulting data in the decisions database. After the data is fused, each classifier may be fed

a new set of results with updated probabilities.

[0100] FIG. 8 shows a schematic illustration of the overall architecture of the probabilistic

software module.

[0101] DNA Sequencing Fragment: Any sequencing method can be used to generate the
sequence fragment information. The module, 160 in FIG. 2 or 109 in FIG. 7 is responsible for

processing data incoming from Sequencing module in the interchangeable cassette. The data
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is encapsulated with sequencing data as well as information above start and stop of the
sequence, sequence ID, DNA chain ID. The module formats the data and passes it to the
taxonomy filter module. The formatting includes addition of the system data and alignment in

chunks.

[0102] DNA Sequencing module has 2 interfaces. It is connected to DNA Prep module and to

taxonomy Filter.

[0103] |. DNA Prep Interface: Several commercially available methods to accomplish sample
preparation can be integrated via microfluidics techniques. Typical sample preparation is
solution based and includes cell lysis and inhibitor removal. The nucleic acids are recovered or
extracted and concentrated. Embodiments of the lysis include detergent/enzymes, mechanical,
microwave, pressure, and/or ultrasonic methods. Embodiments of extraction include solid phase

affinity and/or size exclusion.

[0104] Il. Taxonomy Filter: Taxonomy filter has two main tasks: (i) Filter out as many organisms
as possible to limit the classifier module to a smaller decision space, and (ii) Help determine the

structure of the Bayesian network, which involves the use of machine learning techniques.

[0105] Phylogenetic tree filter: This sub-module of taxonomy filter interfaces with “Decisions
Database” to learn the results of the previous round of analysis. If no results are found the
module passes the new data to classification module. If the results are found the taxonomy
filter adjusts classifier data to limit the possible decision space. For example if the prior data
indicates that this is a virus DNA sequence that is being looked at, the decision space for the
classifier will be shrunk to viral data only. This can be done by modifying the data Bayesian

classifiers collected while operating.

[0106] Machine Learning: Machine learning algorithms are organized into a taxonomy, based

on the desired outcome of the algorithm. (i) Supervised learning—in which the algorithm
-32-



WO 2012/103189 PCT/US2012/022513

generates a function that maps inputs to desired outputs. One standard formulation of the
supervised learning task is the classification problem: the learner is required to learn (to
approximate) the behavior of a function which maps a vector [X1, X2, ... XN ] into one of several
classes by looking at several input-output examples of the function. (ii) Semi-supervised
learning—which combines both labeled and unlabeled examples to generate an appropriate
function or classifier. (iii) Reinforcement learning—in which the algorithm learns a policy of how
to act given an observation of the world. Every action has some impact in the environment, and
the environment provides feedback that guides the learning algorithm. (iv) Transduction—
predicts new outputs based on training inputs, training outputs, and test inputs which are
available while training. (v) Learning to learn—in which the algorithm learns its own inductive

bias based on previous experience.

[0107] Taxonomy Cache Module: The module caches taxonomy information produced by
taxonomy filter. It can act as an interface between taxonomy filter and taxonomy database
which holds all of the information in SQL database. Taxonomy cache is implemented as in-
memory database with micro-second response timing. Queries to the SQL database are
handled in a separate thread from the rest of the sub-module. Cache information includes the
network graph created by the taxonomy filter module. The graph contains the whole taxonomy
as the system starts analysis. DNA sequence analysis reduces the taxonomy graph with
taxonomy cache implementing the reductions in data size and the removal of the appropriate

data sets.

[0108] Classifier Selector: The instant system can utilize multiple classification techniques
executing in parallel. Classifier selector can act as data arbiter between different classification
algorithms. Classifier selector can reads information from the Decisions Database and push
such information to the classification modules with every DNA sequencing unit received for

analysis from DNA Sequencing Module. Taxonomy filter acts as data pass through for the DNA
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sequencing data.

[0109] Recursive Bayesian Classifier: Recursive Bayesian classifier is a probabilistic approach
for estimating an unknown probability density function recursively over time using incoming
measurements and a mathematical process model. The module receives data from classifier
selector and from the Decisions Database where prior decisions are stored. The data setis
retrieved from the databases and prior decision identification placed in local memory of the
module where the filtering occurs. The classifier takes DNA sequence and tries to match it with
or without existing signatures, barcodes, etc., from the taxonomy database by quickly filtering
out families of organisms that do not match. The algorithm works by calculating the probabilities
of multiple beliefs and adjusting beliefs based on the incoming data. Algorithms used in this
module may include Sequential Monte Carlo methods and sampling importance resampling.
Hidden Markov Model, Ensemble Kalman filter and other particle filters may also be used

together with Bayesian update technique.

[0110] Naive Bayesian Classifier: Simple probabilistic classifier based on the application of the
Bayes' theorem. The classifier makes all decisions based on the pre-determined rule-set which
is provided as user input at start-up. The module can be re-initialized with a new rule set while it
is executing analysis. New rules set can come from the user or it can be a product of the rules

fusion of The Results Fusions module.

[0111] Bayesian Network Classifier: Bayesian Network Classifier implements a Bayesian
network (or a belief network) as a probabilistic graphical model that represents a set of variables

and their probabilistic independencies.

[0112] Decisions Database: Decisions Database is a working cache for most modules in the
system. Most modules have direct access to this resource and can modify their individual

regions. However only Results Fusion module can access all data and modify the Bayesian
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rule sets accordingly.

[0113] Bayesian Rules Data: The module collects all Bayesian rules in binary, pre-compiled
form. The rules are read-write to all Bayesian classifiers as well as Taxonomy Filter and

Results Fusions modules. The rules are dynamically recompiled as changes are made.

[0114] Results Fusion The module fuses the date from multiple Bayesian classifiers as well as
other statistical classifiers that are used. Results Fusion module looks at the mean variance

between generated answers for each classifier and fuses the data if needed.

[0115] Database Interface: Interface to the SQL database. The interface is implemented
programmatically with read and write functions separated in different threads. MySQL is the

database of choice however sqLite may be used for faster database speed.

[0116] Taxonomy Database: The database will hold multiple internal databases: taxonomy tree,

indexed pre-processed tree, user input and rules.

[0117] Cached Rules In-Memory cache of post-processed rules provided by the user.

[0118] Rules Management: Graphical Management Interface to the Module

[0119] User Input: User created inference rules. The rules are used by Bayesian classifiers to

make decisions.

[0120] The systems and methods of the invention are described herein as being embodied in
computer programs having code to perform a variety of different functions. The code may be
embodied on a non-transitory computer readable medium. Particular best-of-class technologies
(present or emerging) can be licensed components. Existing methods for the extraction of DNA
include the use of phenol/chloroform, salting out, the use of chaotropic salts and silica resins,

the use of affinity resins, ion exchange chromatography and the use of magnetic beads.

-35-



WO 2012/103189 PCT/US2012/022513

Methods are described in U.S. Pat. Nos. 5,057,426, 4,923,978, EP Patents 0512767 A1 and EP
0515484B and WO 95/13368, WO 97/10331 and WO 96/18731, the entire disclosures of which
are hereby incorporated by reference. It should be understood, however, that the systems and
methods are not limited to an electronic medium, and various functions can be alternatively
practiced in a manual setting. The data associated with the process can be electronically
transmitted via a network connection using the Internet. The systems and techniques described

above can be useful in many other contexts, including those described below.

[0121] Disease association studies: Many common diseases and conditions involve complex
genetic factors interacting to produce the visible features of that disease, also called a
phenotype. Multiple genes and regulatory regions are often associated with a particular disease
or symptom. By sequencing the genomes or selected genes of many individuals with a given
condition, it may be possible to identify the causative mutations underlying the disease and
relationship of specific disease causing agents to the condition(s). This research may lead to

breakthroughs in disease detection, prevention and treatment.

[0122] Cancer research: Cancer genetics involves understanding the effects of inherited and
acquired mutations and other genetic alterations. The challenge of diagnosing and treating
cancer is further compounded by individual patient variability and hard-to-predict responses to
drug therapy. The availability of low-cost genome sequencing to characterize acquired changes
of the genome that contribute to cancer based on small samples or tumor cell biopsies , and
identification of infectious agents associated with and/or influencing the disease diagnosis,

prognosis, and outcome may enable improved diagnosis and treatment of cancer.

[0123] Pharmaceutical research and development: One promise of genomics has been to
accelerate the discovery and development of more effective new drugs. The impact of
genomics in this area has emerged slowly because of the complexity of biological pathways,

disease mechanisms and multiple drug targets. Single molecule sequencing could enable high-
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throughput screening in a cost-effective manner using large scale gene expression analysis to
better identify promising drug leads. In clinical development, the disclosed technology could
potentially be used to generate individual gene profiles that can provide valuable information on
likely response to therapy, toxicology or risk of adverse events, and possibly to facilitate patient

screening and individualization of therapy.

[0124] Infectious disease: All viruses, bacteria and fungi contain DNA or RNA. The detection
and sequencing of DNA or RNA from pathogens at the single molecule level could provide
medically and environmentally useful information for the diagnosis, treatment and monitoring of

infections and to predict potential drug resistance.

[0125] Autoimmune conditions: Several autoimmune conditions, ranging from multiple sclerosis
and lupus to transplant rejection risk, are believed to have a genetic component. Monitoring the
genetic changes and probable microorganisms associated with these diseases may enable

better patient management.

[0126] Clinical diagnostics: Patients who present the same disease symptoms often have
different prognoses and responses to drugs based on their underlying genetic differences.
Delivering patient-specific genetic information encompass molecular diagnostics including gene-
or expression-based diagnostic kits and services, companion diagnostic products for selecting
and monitoring particular therapies, as well as patient screening for early disease detection and
disease monitoring. Creating more effective and targeted molecular diagnostics and screening
tests requires a better understanding of genes, regulatory factors and other disease- or drug-
related factors, as well as associated or causative microbial agents, which the disclosed single

molecule sequencing technology has the potential to enable.

[0127] Agriculture: Agricultural research has increasingly turned to genomics for the discovery,

development and design of genetically superior animals and crops. The agribusiness industry
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has been a large consumer of genetic technologies—particularly microarrays—to identify
relevant genetic variations across varieties or populations. The disclosed sequencing
technology may provide a more powerful, direct and cost-effective approach to gene expression
analysis and population studies and identification of commensal, pathogenic, and/or symbiotic

microbial agents for this industry.

[0128] Further opportunity will be in the arena of repeat-sequence applications where the
methods are applied to the detection of subtle genetic variation. Expanded comparative
genomic analysis across species may vield great insights into the structure and function of the
human genome and, consequently, the genetics of human health and disease and relationships
of microorganisms to human health or disease. Studies of human genetic variation and its
relationship to health and disease are expanding. Most of these studies use technologies that
are based upon known, relatively common patterns of variation. These powerful methods will
provide important new information, but they are less informative than determining the full,
contiguous sequence of individual human genomes. For example, current genotyping methods
are likely to miss rare differences between people at any particular genomic location and have
limited ability to determine long-range rearrangements. Characterization of somatic changes of
the genome that contribute to cancer currently employ combinations of technologies to obtain
sequence data (on a very few genes) plus limited information on copy number changes,
rearrangements, or loss of heterozygosity. Such studies suffer from poor resolution and/or
incomplete coverage of the genome. The cellular heterogeneity of tumor samples presents
additional challenges as well as lack of knowledge of human aminoflora. Low cost complete
genome sequencing from exceedingly small samples, perhaps even single cells, would alter the
battle against cancer in all aspects, from the research lab to the clinic. The recently-launched
Cancer Genome Atlas (TCGA) pilot project moves in the desired direction, but remains

dramatically limited by sequencing costs. Additional genome sequences of agriculturally

-38-



WO 2012/103189 PCT/US2012/022513

important animals and plants are needed to study individual variation, different domesticated
breeds and several wild variants of each species. Sequence analysis of microbial communities,
many members of which cannot be cultured, will provide a rich source of medically and
environmentally useful information. And accurate, rapid sequencing may be the best approach
to microbial monitoring of food and the environment, including rapid detection and mitigation of

bioterrorism threats.

[0129] Genome Sequencing could also provide isolated nucleic acids comprising intronic
regions useful in the selection of Key Signature sequences. Currently, Key Signature

sequences are targeted to exonic regions.

[0130] A fundamental application of DNA technology involves various labeling strategies for
labeling a DNA that is produced by a DNA polymerase. This is useful in microarray technology:

DNA sequencing, SNP detection, cloning, PCR analysis, and many other applications.

[0131] While various embodiments of the invention have been described above, it should be
understood that they have been presented by way of example only, and not limitation. Thus,
the breadth and scope of the invention should not be limited by any of the above-described
embodiments, but should be defined only in accordance with the following claims and their
equivalents. While the invention has been particularly shown and described with reference to
specific embodiments thereof, it will be understood that various changes in form and details may

be made.

[0132] EXAMPLE 1

[0133] Purpose: The use of key signatures and/or bar codes to enable genome identification

with as few as 8-18 nucleotides and analysis of very short sequence data (reads) in real-time.

[0134] Linear time suffix array construction algorithms were used to calculate the uniqueness
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analysis. The analysis determined the percentage of all sequences that were unique in several
model genomes. All sequence lengths in a genome were analyzed. Sequences that occur only
once in a genome are counted. The suffix array algorithm works by calculating a repeat score
plot which analyzes the frequency of specific subsequences within a sequence to occur based
on a two base pair sliding window. Genome information stored in GenBank was used for the in-
silico analysis. A viral genome, Lambda-phage, a bacterial genome, E. coli K12 MG1655, and
the human genome were analyzed. The percentage of unique reads is a function of sequence
length. An assumption was made concerning the sequences that only produce unambiguous
matches and which produce unambiguous overlaps to reconstruct the genome. Unique reads
ranged in size from 7 to 100 nucleotides. The majority of unique sizes were shorter than 9, 13,

and 18 nucleotides, respectively.

[0135] Results: The results show that random sequences of 12 nt of the phage genome are
98% unique to phage. This increases slowly such that 400 nt (nucleotide) sequences are 99%
unique to phage. This decreases to 80% for phage sequences of 10 nt. For bacteria (E. coli)
sequences of 18 nt of the genome are 97% unique to E. coli. For Human genomes, sequences
of 25 nt are 80% unique to human and an increase to 45 nt results in 90% of the genome as

unique.

[0136] As noted above, although the present invention has been described with embodiments
and examples, the breadth and scope of the invention should not be limited by any of the
above-described embodiments. For example, although embodiments of the invention in which
identification of genomes present in biological material of a sample occurred instantly or in real-
time and with direct communication with a sequencer may have been described, the present
invention does not require the identification to occur instantly or in real-time or direct
communication or contact with a sequencer. However, probabilistic matching to identify

metagenomic fragments against a genomic database may be performed separately from
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sequencing at a later time using an output file generated by a sequencer, and no direct
communication or processing connected to the sequencer is required. Thus, although the
identification may be performed in parallel (i.e., in-line) with sequencing of the biological material
as described, this is also not necessary and the identification may be performed in a step-wise
fashion. In fact, each of the steps of sample collection, sample extraction, sequencing and
identification may be performed separately and in a step-wise fashion. Further, in regard to the
sequencer used in or with the present invention, there is no requirement that the sequencer be

portable or handheld.

[0137] FIG. 11 is a schematic illustration of an instrument 1100 according to one embodiment of
the present invention. Instrument 1100 may be a device capable of characterizing populations
of microorganisms in a sample. In particular, instrument 1100 may be a device capable of
characterizing the identities and relative populations of microorganisms, such as pathogens and
commensals, in a sample at the species and/or sub-species (e.g., morphovars, serovars, and

biovars) level and/or strain level.

[0138] Instrument 1100 may comprise a processor 1101 and a memory 1102 configured to
perform the characterization of populations of microorganisms in a sample. Alternatively,
instrument 1100 may comprise units in the form of hardware and/or software each configured to
perform one or more portions of the characterization of populations of microorganisms in a
sample. Further, each of the units may comprise its own processer and memory, or each of the

units may share a processor and memory with one or more of the other units.

[0139] Instrument 1100 utilizes metagenomic fragment reads, which may be produced by
collecting a sample, extracting metagenomic fragments (e.g., nucleic acid and/or protein and/or
metabolites), and sequencing the fragments. The sample may contain a plurality of microbial
organisms, including bacteria, viruses, parasites, fungi, plasmids and other exogenous DNA or

RNA fragments available in the sample type. Instrument 1100 may utilize hundreds, thousands
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or millions of short metagenomic fragment reads. The metagenomic fragment reads may be in

the form of a metagenomic file 1103 produced from the metagenomic fragment reads.

[0140] Although the present invention may utilize metagenomic fragment reads that may be
greater than 100 base pairs in length, the metagenomic fragment reads utilized may also have
lengths of approximately 12 to 100 base pairs. For instance, instrument 1100 may characterize
populations of microorganisms using metagenomic fragment reads having lengths of
approximately 12 to 15 base pairs, 16 to 25 base pairs, 25 to 50 base pairs or 50 to 100 base
pairs. For example, for DNA, the metagenomic fragment reads may have read lengths of less
than 100 base pairs, and the metagenomic file 1103 produced therefrom may contain millions of

DNA fragment reads.

[0141] In the embodiment illustrated in FIG. 11, instrument 1100 receives a metagenomic file
1103 as input. However, in other embodiments, instrument 1100 may also comprise an
extractor and sequencer and be capable of receiving a sample as input and producing a
metagenomic file 1103 therefrom (see, e.g. FIG. 2). In still other embodiments, the instrument
1100 may receive metagenomic fragment reads individually and produce a metagenomic file

1103 including the received metagenomic fragment reads.

[0142] Instrument 1100 may be coupled to a sequencer and receive a metagenomic file 1103
directly from the sequencer, but this is not required. Instrument 1100 may also receive the
metagenomic file 1103 indirectly from one or more sequencers that are not coupled to
instrument 1100. For example, instrument 1100 may receive a metagenomic file over a
communication network from a sequencer, which may be located remotely. Or, a metagenomic
file 1103, which has previously been stored on a storage medium, such as a hard disk drive or

optical storage medium, may be input into instrument 1100.
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[0143] In addition, instrument 1100 may receive a metagenomic file 1103 or metagenomic
fragments reads in real-time, immediately following sequencing by a sequencer or in parallel
with sequencing by a sequencer, but this also not required. Instrument 1100 may also receive a
metagenomic file 1103 or metagenomic fragments at a later time. In other words, the
characterization of populations of microorganisms in a sample performed by instrument 1100
may be performed in-line with sample collection, metagenomic fragment extraction and
metagenomic fragment sequencing, but all of the steps may be handled separately and/or in a

stepwise fashion.

[0144] Instrument 1100 may operate under the control of a sequencer that sequences the
metagenomic fragments extracted from a sample, but no connected processing or even direct
communication between 1100 and a sequencer is required. Instead, the characterization of
populations of microorganisms in a sample performed by instrument 1100 may be performed
separately from sample collection, metagenomic fragment extraction and/or metagenomic

fragment sequencing.

[0145] FIG. 12 is top-level flowchart illustrating a process that may be performed to characterize
populations of microorganisms in a sample. In step S1201, a sample is collected. In step
S1202, metagenomic fragments, which may be nucleic acid and/or protein and/or metabolites,
are extracted. In step S1203, the metagenomic fragments are sequenced, and metagenomic
fragment reads are obtained. In step S1204, a metagenomic analysis process is performed to
characterize the identities and relative populations and/or concentrations of organisms
contained within the sample based on the metagenomic fragment reads, which may be in the

form of a metagenomic file.

[0146] As described above, the metagenomic analysis process of step S1204 may be
performed in-line with the sample collection, metagenomic fragment extraction and

metagenomic fragment sequencing of steps $1201-S1203, but all of the steps may alternatively
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be handled separately and/or in a stepwise fashion.

[0147] In step S1204, the metagenomic analysis process to characterize the biological material
in the sample may be run by instrument 1100. The sequenced metagenomig file 1103 of
random base pairs of the metagenomic fragment reads may comprise the input for the
metagenomic analysis process run by instrument 1100. The characterization may include

identifying the species and/or sub-species and/or strains of organisms contained in the sample.

[0148] The metagenomic analysis process perform probabilistic methods, which may include
probabilistically comparing metagenomic fragment reads to one or more qualified reference
genomic databases to characterize the microbial community of the sample. The probabilistic
methods may be performed in parallel (i.e., concurrently) with sequencing of the metagenomic
fragments, as fast as the metagenomic fragments are sequenced (i.e., real-time sequencing),
sequentially following sequencing of the metagenomic fragments, or at any time after

sequencing of the metagenomic fragments has been completed.

[0149] In some embodiments, the sequencing instrument may continue to collect longer and
more strings of sequence information in parallel with the comparison. Subsequent sequence
information may also be compared and may increase the confidence of a genome or species
identification in the sample. The method does may not need to wait for sequence information
assembly of the short reads into larger contigs. However, as noted above, in some
embodiments, all of the metagenomic fragment reads used in the metagenomic analysis

process of step $1204 may be input as a single metagenomic file.

[0150] In some embodiments, the metagenomic analysis process run in step $S1204 may
characterize the microbial community of the sample by identifying the microbial community of
the sample at the species and/or sub-species and/or strain level with their relative

concentrations or abundance. In particular, the genomes of organisms contained within the
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sample may be identified based on the metagenomic fragment reads by performing probabilistic
comparisons for each of the plurality of metagenomic fragment reads against genomic

sequence information contained in one or more reference genomic databases.

[0151] Whereas identification of microorganisms in a metagenomic sample, based on direct
sequencing and probabilistic matching, is independent of sequencing method or machine type,
the results can be affected by machine error of the sequencer and the effectiveness/efficiency of
the extraction of materials to be sequenced. Accordingly, for relative accuracy in determining
relative populations of organisms at the sub-species or strain or species level, step S1204 may
include normalizing for machine error by using a larger number of statistically significant
metagenomic fragment reads. For example, in some embodiments, fragment extension (i.e.,
moving from fragment reads having a length of n to fragment reads having a length of n+1)
and/or the creation of more fragments may be performed to increase accuracy. If strain
identification is critical for a treatment decision, then the system and method of the invention

may feed back a request for more sequencing.

[0152] FIG. 13 is a flowchart illustrating an exemplary process that may be performed in step
S1204 to identify genomes of organisms contained within a sample. The metagenomic
fragment reads may be input into the process shown in FIG. 13 in the form of a metagenomic
file 1103. In step S$S1301, instrument 1100 may perform probabilistic comparisons of the
metagenomic fragment reads against sequence information (i.e., genome reads) contained in
one or more reference genomic databases containing genomic identities of microorganisms. In
particular, the probabilistic comparisons may compare each of the plurality of metagenomic
fragment reads to genome reads of the one or more reference databases to identify matches
between a metagenomic fragment read obtained from the sample and one or more genomes of
microorganisms contained in a reference genomic database. The matches may be in the form

of causal correlations between a metagenomic fragment read and a genome of the reference
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genomic database, and, when detected, the causal correlation is retained.

[0153] The probabilistic comparisons may include, but are not limited to, perfect matching,
subsequence uniqueness, pattern matching, multiple sub-sequence matching within n length,
inexact matching, seed and extend, distance measurements and phylogenetic tree mapping.
Further, the probabilistic comparisons may use the Bayesian approach, Recursive Bayesian

approach or Naive Bayesian approach, but is not limited to any of these approaches.

[0154] The probabilistic comparisons may determine that a causal correlation exists between a
metagenomic fragment read and a subsequence in a reference genetic database when the
probabilistic comparisons determines that the metagenomic fragment read and the
subsequence of the reference genomic database are similar enough to imply a biological
relationship. Additionally, the genetic subsequence may have close cousins from related strains
or similar biologic function, and, as the reference genomic database is assumed to be
incomplete, the probabilistic matching may also consider fragment correlation with close cousins
to be causal as well. When comparing millions of metagenomic fragment reads with billions of
subsequences, in some embodiments, one only expects about tens of millions of causal

fragments among the million billion putative comparisons.

[0155] The probabilistic comparisons of step S1301 produces probabilistic results, which in
some embodiments may be in the form of a probability map of probabilities that species and/or
strains of microorganisms within a reference genomic database are present in the sample. The
probability map may enable correlation of the probabilities of the probability map with relative

populations and/or concentrations of microorganisms contained within the sample.

[0156] In some embodiments, the probability map may have a structure based on statistical
counting and correlation process with the structure built on the hierarchy of the correlation

process. The structure may be related to the degree of relatedness of target genomes to other
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genomes present (i.e., if Shigella is present, there is a degree of relatedness to nonpathogenic
Escherichia present in the sample). Relatedness may be tiered by the taxonomy level (e.g.,
strain, species, genus, etc.). The distance of the relatedness can be represented as color. For
example, unique scores (i.e., high probability) would be red, and blue would represent low
probability. In turn, for example, this “color map” may be described as a heat map (or

probability map) in gradations of probability from red (high) to low (blue).

[0157] Further, in some non-limiting embodiments, step S1301 may compensate for machine
error by normalizing the probability map using a larger number of statistically significant reads
than the number of reads needed for accurate characterization if no machine error were
assumed. Statistically, most any signal can be recovered from a noisy environment through the
integration of more data. In one embodiment, for sequencing error, suppose that the probability
of no errors in an n-long sequence is (1-p)*n. If n=20 and p=0.01, then the probability of no
errors in a sequence of 20 base pairs is 82%, while if n=20 and p=0.1, this probability is 12%.
All other things equal, one requires 7 times more data in the second case to make equally

strong statements of metagenomic content based on samples of n-long fragments.

[0158] The compensation of machine error may be complicated by analysis of the variance of
the distributions and non-independence of related genomics strains. In an artificial example,
where A and B are markers of genomes a and 3; suppose P(AJA) = P(B|B) = p and P(A|B) =
P(BJA) = 1-p; the probability of observing A given a and the probability of observing B given 3
are each q; and the metagenomic mixture of the sample is ra +(1-r)3. Then to first order given T

observations,

M(A) = (rgp + (1-r)a(1-p))T = (1-r-p+2rp)qT ~ var(A)

sigmage(A) ~ sqri{(1-r-p-rp)qT}
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[0159] Thus the significance of the predictions of the probabilistic methods increases
exponentially with the square of the number of reads. In some embodiments, precise prediction
may utilize an estimate of p (e.g., the sequencing error rate), and the number of metagenomic
fragment reads used in metagenomic analysis process may be selected so that sequencing

errors will be normalized to near zero.

[0160] In one embodiment, in step S1302, instrument 1100 may integrate (i.e., aggregate) the
retained causal correlations by, for example, genomic strain to significantly raise the signal-to-
noise ratio of causally present strain in the metagenomic population relative to non-causal
strains and thereby achieve high species identification of the genomes of microorganisms
contained in the sample. In other words, the retained causal correlations for each of the

genomic strains of the reference genomic database may be added together.

[0161] The method may also include steps to further disambiguate between closely related
strains and to detect the presence of multiple, related strains of differing concentrations. In step
S1303, instrument 1100 may create independent pattern sets of subset inclusion and subset
exclusion from the set of closely related genomes. The independent pattern sets are n-mer
patterns that occur in some but not all of the genomes of the closely related genomes. For
example, if genomes closely related genomes G1-G3 are included in a reference genomic
database, instrument 1100 may create the following independent patterns sets: (1) n-mer
patterns A and B, which occur in genome G1 but not genomes G2 and G3; (2) n-mer pattern C,
which occurs in genome G2 but not genomes G1 and G3; (3) n-mer patterns D, E, F and G,
which occur in genome G3 but not genomes G1 and G2; (4) n-mer pattern H that occurs in
genomes G1 and G2 but not genome G3; and (5) n-mer patters G, | and H that occur in
genomes G2 and G3 but not genome G1. Note that genome G1 and G3 may have no unique
markers, and, as a result, the pattern set of n-mer patterns which occur in genomes G1 and G3

but not in genome G2 is the null set.
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[0162] In its simplest form, a pattern set may be those n-mers which occur in a genome X but
not any other. Assuming there are K such patterns with multiplicity among M total patterns in
the genome and a concentration of C, if there are L patterns in the fragment reads, then
L*C*K/M = H hits are expected among the K patterns or C ~ H*M/(K*L). In some embodiments,
this estimate may be adjusted for sampling error and database accuracy. Simple least squares,
hill climbing and linear programming methods may be used with pattern sets that involve
multiple genomes and to combine multiple estimators for a given genomic concentration. A
pattern set may also be those n-mers which occur in a plurality of genomes (e.g., genomes X, Y

and Z) but not any other.

[0163] In step S1304, for each independent pattern set, instrument 1100 may pair the set
against target reads. For example, in step S1304, for each independent pattern set {P_i},
instrument 1100 may compare the patterns within the set against the target fragment reads. If a
causal genome (i.e., a genome found in the metagenomic sample) is among the genomes in the
set, then all patterns within the set {P_i} should be found in the target fragment reads - subject
to potential sampling bias, genomic concentration and strain variation. The extent of coverage
of the pattern set {P_i} by the target reads thereby provides a concentration estimate for each
genome which was included in the creation of the pattern set. The result of each pairing
between an independent pattern set and the target is an independent estimate. Further, the
result of each of the pairings is an independent estimate of concentration of the genome in the
set that gives a fine-grain estimate of genomic strain concentrations even for closely related

microbial communities.

[0164] In steps S1301 and S1302, instrument 1100 may perform primary filtering to determine
what species and strains from one or more reference databases may be present in the
metagenomic sample. Then, in steps $1303 and S1304, instrument 1100 may perform

secondary and tertiary filtering to eliminate both false negatives and false positives and to
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identify at the strain level what is present in the sample.

[0165] Although the exemplary process of step S1204 to identify genomes of microorganisms
contained within a sample illustrated in FIG. 13 includes steps $1301-S1304, not all of those
steps are necessary for the genome identification in accordance with the present invention. In
fact, the steps are separable. In some embodiments, steps S1303 and s1304 may be seeded
with genomes without resort to steps S1301 and S1302. For example, steps $S1303 and s1304
may instead be seeded via a list of V. Cholerae strains for a V. Cholerae study. Additionally,
step S1303 may be performed blind across the entire database as a very large precomputation
step even though more dynamic approaches, such as the inclusion of steps 1301 and 1302,

which requires less hardware and storage, may also be used.

[0166] Also, the steps shown in FIG. 13 are capable of determining changes in biodiversity and
capable of detecting engineered pathogens. For example, the method may account for
biodiversity by identifying (a) mobile genetic elements through lateral gene transfer,
recombination, or plasmid or other mobilome insertion; (b) insertions and deletions; and (c)

identification and detection of near cousin strains related by mutation, insertion, deletion.

[0167] Although the probabilistic metagenomic analysis process of step S1204 to characterize
the identities and relative populations and/or concentrations of organisms contained within a
sample based on metagenomic fragment reads may be performed by many processes, a
particular non-limiting embodiment of a probabilistic metagenomic analysis process that may
performed by instrument 1100 to carry out step $S1204 is described below with references to

FIGS. 14-16. The particular non-limiting embodiment is referred to as Comparator Engine.

[0168] The Comparator Engine is composed of three main components: (1) the Comparator
Engine database, (2) substance cataloging processes, and (3) unknown sample parsing and

identification processes. The basic premise behind the Comparator Engine is that the sequence
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data for a substance can be divided up into words, and that a sub-set of these words can be
used to identify the original substance. At a high level, the Comparator Engine takes the known
substances, and builds a catalog of words. Then, to analyze samples of unknown contents, the
Comparator Engine takes the sequence information from the samples of unknown contents and
divides that sequence information into a word list. Next, the Comparator Engine takes the
words from the sample and matches them to the words in the catalog. The output of the match

is then summarized by counting the number of words that match by known substance.

[0169] The Comparator Engine database may be built on a server, such as the Microsoft SQL
Server 2005. The cataloging, parsing and word analysis tools may be writing in a programming
language, such as Java. The primary user interface may used, such as Java Server Pages
running on a Tomcat application server. Further, the entire system may be housed on a single

server machine, such as on a single Windows Server machine.

[0170] In general, the database design of the Comparator Engine system may be very simple.
The simplicity of the database facilitates performance. Accordingly, the data base may be

designed to keep overhead associated with the underlying data relationships to a minimum.

[0171] The data model may have the following high level data structures: (1) Catalog, (2)
Substance, (3) Category, (4) Substance Category, (5) Substance Words, (6) Unknown, and (7)
Unknown Words. The data base may be partitioned into logical Catalogs. For example, a
Catalog could represent sequence information representing the sequences associated with the
8 pathogens list, or it could be all enteric species. A Substance is a known sequence (e.g.,
genomic identity) assigned a name. Typically, a Substance may be a sequence associated with
an individual species, such as Vibrio cholerae, but a Substance can also be a sequence
associated with an individual known strain or sub-species. A Category may define a name that
can be assigned to one or more Substances for the purpose of grouping. For example, a

Category may allow species to be grouped together into a genus. A Substance Category may
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define the relationship between a Substance and a Category. A Substance may have one or
more Categories, and a Category may have one or more Substances. The Substance Words
structure may be, essentially, the dictionary of known words. It may contain all the words
identified in the sequence data for each Substance. The Unknown structure may be labeled
sequence data of unknown contents. This may represent the metagenomic fragment reads
obtained from a sample containing genetic material from a plurality of organisms, which may be

in the form of a metagenomic input file 1103.

[0172] The metagenomic input file 1103 may contain sequence data in a particular format. For
example, the 454, lllumina, or any FASTA or FASTQ format may be used. The Unknown
Words structure may be words contained in the sequence data of the unknown contents (i.e., a

sample containing genetic material from a plurality of organisms).

[0173] The substance cataloging process in one embodiment refers to the processing
surrounding loading sequenced and aligned sequence files, associated with known species, into
the database. An illustrative embodiment of the substance cataloging process is shown in FIG.
14. The inputs into the substance cataloging process may be (1) sequence data representing a
single known Substance, (2) a Catalog into which records for the Substance are to be added,
and (3) a Category (e.g., genus or species or strain) to which the Substance belongs. The
inputs into the substance cataloging process may also include word building parameters, but it
is also possible for the word building parameters to be set by default. The sequence data for
the Substance may be in the form of an input file, which may have a FASTA or FASTQ format.
The sequence data for the Substance may be genome reads obtained from one or more

reference genomic databases containing genomic identities of organisms.

[0174] In step S1401, the substance cataloging process determines whether the identified
Catalog into which records for the Substance are to be added is a new Catalog. If the identified

Catalog is a new Catalog, in step S1402, the identified Catalog is created. Step $S1402 may
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output the details of the created Catalog. Then, in step $S1403, the created Catalog is selected.
Otherwise, if the identified Catalog is not a new Catalog and already exists, the existing Catalog
is selected in S1403. In step $1404, the substance cataloging process determines whether the
identified Category to which the substance belongs is a new Category. If the identified Category
is a new Category, in step $1405, the identified Category is created. Step $S1405 may also
output the details of the created Category. Then, in step S14086, the created Category is
selected. Otherwise, if the identified Category is not a new Category and already exists, the

existing Category is selected in S1406.

[0175] Step S1406 also adds the Substance to the selected Category by reading the sequence
data representing the known Substance and associating it with the selected Catalog. Then, in
step S1407, the process initiates the word finding process by preparing for word detection. Step
S1407 may read in any word building parameters input to the process. Next, in step $S1408, the
read sequence data representing the known Substance is parsed for words. In this step, the
process splits the sequence into fragments, called words, interrogates the resulting word list or
vector, and selects words to add to the Substance Words structure or table or file. The word
finding process is described in greater detail below. Step S1408 may output the Substance
Words table. Then, in step S1409, the process may update the Catalog by adding the
Substance Words table and various comparison reports may be generated. For example, in
step S1409, the process may output Substance to Substance similarities and Substance

properties reports.

[0176] The substance cataloging process may be repeated for a number of Substances, and, in
this manner, the data base may be populated with one or more Catalogs each having one or
more Categories and one or more Substances. The resulting Catalog(s) of words from known
substances may be utilized to identify unknown substances using words generated from the

unknown substances.
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[0177] In other embodiments, the substance cataloging process may also store all of the
reference words generated from all of the cataloged known substances (i.e., all words from
each of the Substance Words structures generated for each cataloged Substance) in a hash
table. Such a hash table populated with all of the reference words may indicate how many of
the cataloged substances have each of the references words. Thus, the hash table may report
which reference words are unique (i.e., belonging to only one substance) and which reference
words are common to more than one known substance. In this way, one or more hash tables
may be used to indicate the reference words that are unique to a genus, species, sub-species
and/or strain. Knowing whether a word is unique or common may be used in the identification

of the unknown substances of the sample.

[0178] The unknown sample parsing and identification process refers to the processing
surrounding parsing the sequence data of the unknown contents into words and comparing the
words of the unknown contents to the words of the known substances to identify the unknown
contents. An illustrative embodiment of the unknown sample parsing and identification process
is shown in FIG. 15. The sequence data representing the unknown contents is input into the
unknown sample parsing and identification process. The sequence data may represent the
metagenomic fragment reads obtained from a sample containing genetic material from a
plurality of organisms and may be in the form of a metagenomic input file 1103. The
metagenomic input file 1103 may contain sequence data in a particular format. For example,
the 454, lllumina, or any FASTA or FASTQ format may be used. The inputs may also include
word building parameters, but it is also possible for the word building parameters to be set by

default.

[0179] In step S1501, the sequence file representing the unknown contents from a sample is
read in and added to the Comparator Engine database as Unknown. Step S1501 may also

output details of the unknown sample. The details of the unknown sample may include the date
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and time the sample was taken, the geographic location in which the sample was taken, and/or
other similar metadata. In step S1502, the process initiates the word finding process by
preparing for word detection. Step S1502 may read in any word building parameters input to
the process. Next, in step S1503, the read sequence data representing the unknown contents
in the Unknown structure is parsed for words. In this step, the process splits the sequence into
fragments, called words, interrogates the resulting word list or vector, and selects words to add
to the Unknown Words structure or table or file. The word finding process is described in

greater detail below. Step S1503 may output the Unknown Words table.

[0180] Once the word parsing of step S1503 is complete, in step S1504, the words associated
with the Unknown are compared to words in the dictionary of cataloged known substances (i.e.,
the words in the Substance Words structures of a Catalog). In step S1504, the process builds
an index to cross-reference unknown words to cataloged words in the dictionary. Step S1504
may output unknown words that have been matched to words in the dictionary of known
substances. The matches may be exact matches and/or inexact (i.e., partial or similar)

matches.

[0181] In some embodiments, the comparison process of $S1504 looks for exact matches on
words unique to a single known Substance, as well as total matches to any words in the
dictionary. Step S1504 may also compute a weighted relatedness score by assigning a weight
factor to the types of matches. For example, exact matches to unique words for a particular
Substance would have the highest weight, exact matches to words unique to Category would
have a lower weight, exact matches to very common words would have an even lower weight
and so on. In this fashion, the comparison process of S1504 may compute a score that
considers the relative value of a particular match. In other embodiments, the comparison
process of S1504 may perform partial matching using, for example, the Levenshtein approach.

Various search techniques that could be utilized include a data base engine SQL based search,
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a Simple string comparison search, a Regular Expression Search with the ability to look for
inexact matches; the Levenshtein Distance approach, a Bayesian Classifier, a Vector Classifier,
and/or a Google-Type Search Engine. Some embodiments using the Levenshtein Distance
approach may first build a set of matches that are similar, and then use the Levenshtein

Distance approach to compute the similarity score.

[0182] In step S1505, the process compiles the matches between words of the unknown
sample and words of the cataloged known substances. For example, step S1505 may calculate
a rank for the known substances that helps separate strains that show up because of similarity
to a better match from those that are actually present in the unknown contents of the sample.
The rank may, for example, be based on, for each known substance, the sum of the total
number of matches between the words of the unknown sample and the words of the known
substance, a sum of the number of distinct matches, the total number of unique words, and/or
number of distinct unique matches. Step S1505 may also produce and output the compiled

matches and/or closely related words in an output spreadsheet.

[0183] The Comparator Engine may also perform a comparative analysis between two or more
items to compute the relatedness between two or more sequences. The sequences can be
between strains of known substance or between unknown samples. The comparative analysis
compares word lists and the overlapping count is reported. The comparative analysis may
compute a relative relatedness score based on how many words are available in each set and
how many matched. For example, the relatedness of assemblies of words may be tied back to
the strains (words) in the reference database to produce relative identities. The uniqueness
value of the word may be used for probability, and the biological significance of the word may be
included. Words shared between organisms may have a lower score, and the degree of sharing

across the number of different strains may be considered in the score.
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[0184] An illustrative embodiment of the word finding process, which may be used in the
substance cataloging process and/or the unknown sample parsing process, is shown in FIG. 16.
The word finding process may begin in step S1601 by preparing for word detection. Step
S1601 corresponds to step $S1407 of the substance cataloging process shown in FIG. 14 and to
step S1502 of the unknown sample parsing process shown in FIG. 15. Step S1601 may read in
any word building parameters input to the process. In this embodiment, the word building
parameters may include a minimum word length. The word finding process may also set the

minimum word length to a default minimum word length, which may be, for example, 19 letters.

[0185] Next, in step S1602, the word finding process reads sequence data, which may
represent a known substance or an unknown sample. In step S1603, the process determines
whether there are any more records (i.e., sequence data) in need of processing. If there are
more records, the process proceeds to step $1604, where the sequence data is parsed for
words. In step $S1604, the process may make, for example, four passes, S1604a through
S1604d, through the sequence data. In each of passes S1604a through $1604d, a different
one of the sequence letters is used as a boundary character. For example, pass S1604a may
use “A” as a boundary character, pass S1604b may use “C” as a boundary character, pass
S1604¢ may use “T” as a boundary character, and pass S1604d may use “G” as a boundary
character. In passes S1604a through $1604d, the word finding process may split the sequence

into fragments, called words, at the word boundary character.

[0186] In step S1605, each of the words generated in passes $S1604a through S1604d of
parsing step S1604 is selected for additional processing. Forinstance, in step S1606, the
process determines whether each word has a length equal to or greater than the minimum word
length, which may be set according to the input word building parameters or by default. If step
S1606 determines that a word meets the minimum size requirement, step S1607 may determine

whether the word was previously found. If steps S1606 and S1607 determine that a word has a
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length equal to or greater than the minimum word length and has not previously been found, the
word is added to a word list in step S1608. In step S1609, the process determines whether
there are more words that have not been processed. If there are more words, the process
repeats steps S1605 through S1609 until all the words generated by passes S$S1604a through
S1604d have been processed. Once all the words have been processed, and step S1609
determines that there are no more words, the process returns to step S1602, where any

additional sequence data is read.

[0187] If step S1603 determines that there are no more records (i.e., sequence data) in need of
processing, the process proceeds to step S1510, where the word list is saved to the
Comparator Engine database. If the word finding process is run by the substance cataloging
process, the saved word list may be used as the Substance Words file or table. If the word
finding process is run by the unknown sample parsing process, the saved word list may be used

as the as the Unknown Words file or table.

[0188] In some embodiments, the minimum word length used by the word finding process is
greater than or equal to 18 letters and less than or equal to 27 letters. In some embodiments,
the minimum word length used by the word finding process is greater than or equal to 19 letters
and less than or equal to 25 letters. In a particular embodiment, the minimum word length used

by the word finding process is 19 letters.

[0189] In some embodiments, the sequence data of the unknown content input to the problem
will be a large collection (e.g., 1079) of short sequences of k letters, k-mers, from the
environmental sample, and the output will be the organisms that may be in the environmental
sample. While some k-mers are shared between multiple organisms, those that are unique to a

species, sub-species and/or strain of organism, or to their genus, will be the most valuable.

[0190] The number of k-mers from the sample that may come from an unknown substance
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(e.g., a dangerous target) in order to identify that substance and whether it is likely that the
target can be identified with a single k-mer may be considered in selecting the length at which to
set the minimum word length. As noted above, the k-mers may be compared in a hash-table of
all the k-mers occurring in all cataloged known substances, which could, for example, be all

bacterial sequences in a reference genomic database, such as GenBank.

[0191] In some non-limiting embodiments, experimental data suggests that a word length k
equal to 19 letters (i.e., k = 19) is effective as a minimum word length. In a non-limiting
example, a sample of 30 complete sequences of different strains of bacteria from GenBank was
analyzed. Roughly 5% of 17-mers were shared between multiple organisms. However, for
organisms with no common relative in the sample, the species could be uniquely identified by
over 99% of the 19-mers in their genome. For example, 99.4% of all 19-mers were unique to
Chlamydia trachomatis (1.1Mb) and 99.9% were unique to Synechocystis (3.5Mb). Slightly
longer lengths, such as 25 letters, may also work well. However, in this non-limiting example,
lengths of much longer lengths did not work as well because minor differences between similar
strains may have prevented matches. Hence, in a non-limiting embodiment, only one 19-mer is
needed to identify the bacteria in the great majority of cases, and the hash table could report

how many bacteria have the 19-mer, in the rare cases where it is not in a unique strain.

[0192] In this non-limiting example, of these 30 bacteria, there were two pairs of closely related
organisms: E. coliW3110 and E. coli K-12 and Helicobacter pylori 26695 and Helicobacter
pylori J99. In both of these cases, the genomes of related organisms were nearly the same
length (4.5Mb for E. coli and 1.7Mb for H. pylori). The diversity between these pairs was quite
varied. The two H. pylori sequences shared only 40% of its 19-mers with the other, while the

two E. coli strains were virtually identical.
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[0193] The preliminary results of this non-limiting example indicate that there is substantial
ability to determine at least the genus of bacteria in an environmental sample and in many
cases the species with only one 19-mer. When multiple 19-mers are used, the improved
detection results in a greatly improved chance of accurate detection of at the species, sub-
species or strain level. Even for extreme cases such as E. coli where 99.9% of the 19-mers are
shared between members, multiple 19-mers will greatly improve detection of which E. coli strain
the 19-mers are from. For example, if 1000 distinct 19-mers are drawn from a sample with only
one of the two E.coli species, there is a 63% chance (1 — 1/e) that at least one of them will be
unigue to the E.coli species. By comparison, for two H. pylori sequences, five 19-mers will allow

the specification of a single choice with probability 99%.

[0194] In one embodiment, when 19 letters are used as the minimum word length, the
substance cataloging process builds a Catalog of 19-mers (i.e., words having a minimum length
of 19 letters) for each known genome (e.g., substance). Words are built from 19-mers of 3 nt
(nucleotide) combinations. Using the embodiment of the word finding process shown in FIG.
16, four passes are made, for example, across each genome to account for breaking the
sequence string by each of the four nucleotides (e.g., A, C, T and G). The fourth nt may be the
toggle basepair tag for the word. This creates breaks in the sequence for comparison. This
limits the size of the data for matching and increases the speed of comparisons between the
catalogs of reference genome dictionaries and the sample sequence file parsed into words. In
some embodiments, duplications of words are not counted. In some embodiments, a word is
scored when there is perfect match between a sample sequence file word and a reference
word. The probability of correct scoring is one of four possibilities: a) correct target, b) closely

related genome, ¢) accidental hit, d) lateral transferred sequence between genomes.

[0195] The relative concentrations of the organisms in the sample may be determined by, for

example, comparing the number of matches for each of the cataloged known substances. In

-60 -



WO 2012/103189 PCT/US2012/022513

some embodiments, the relative concentrations may additionally, or alternatively, be determined

by considering the frequency that a matching word occurs.

[0196] In the identification of genomes of microorganisms contained within a sample based on
metagenomic fragment reads using the probabilistic metagenomic analysis processes described
above, the number of read lengths deployed for identifying relative populations depends on the
relative abundance and concentration of the microorganisms of the sample, the size of the
microbial genome, depth of coverage and sequence accuracy. Sequence accuracy is affected
by multiple factors that may include, for example, sample preparation, sequence context,
sequencing chemistry, base calling software and the machine error of the sequencing method

deployed to produce the metagenomic file (i.e., instrument accuracy).

[0197] In one embodiment, for machine error of less than 1%, for a genome containing 5 million
base pairs, the system and method of the present invention may be capable of (i) accurately
identifying strains having a concentration of 0.001 or greater using a metagenomic file
containing as few as one thousand short metagenomic fragment reads from a metagenomic
sample, and (ii) performing species identification using a metagenomic file containing as few as
approximately one hundred short metagenomic fragment reads. Accordingly, the system and
method of the present invention is capable of performing strain level identification for 0.1%
detection level using a metagenomic file containing as few as approximately one million total
metagenomic fragment reads of the metagenomic sample. Moreover, as few as ten thousand
reads may give species level granularity to 1% detection levels. However, it is noted that the
fidelity of the reference genomic database may be a source of error. If a strain of a
microorganism present in the sample is not present in the reference database, identification of
the strain may not be possible. Also, if the strain of microorganism present in the sample is in
the reference database, then the number of strains for the species of microorganism may affect

error level. The number of strains and their relative concentrations found within the target also
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may affect error level.

[0198] For a machine error of less than 10%, with all else being equal, the system and method
of the present invention may be capable of performing (a) species identification using a
metagenomic file containing as few as several hundred metagenomic fragment reads, and (b)
strain level identification with concentration estimates using a metagenomic file containing as
few as tens of thousands of metagenomic fragment reads. However, in some embodiments,
depending on length, a metagenomic file containing hundreds of thousands or millions of
metagenomic fragments may be used to increase strain identification and concentration

estimate reliability.

[0199] In certain embodiments, the estimated accuracy of the system and method of the
present invention for identification at the species level may be greater than 98%. The estimated
accuracy of the system and method of the present invention for identification at the strain level
may be greater than 92% provided that the reference genomic database contains the strain. In
an extreme example, when there are several very closely related strains differing by less than
100 base pairs in 1 million (e.g., related strains of B. anthracis), near neighbor accuracy of the
identification may be very high. Plus, further iterations with additional algorithmic tools may be
used to identify the precise strain at greater than 92% accuracy. For example, probabilistic

methods may utilize built-in specific signatures of the closely related strains.

[0200] No other methods and systems are currently available to provide similar levels of

accuragy.

[0201] In one non-limiting example, the system and methods of the present invention were used
to identify pathogens in metagenomic samples from patients admitted to a hospital to be treated
for diarrheal disease. The causality of disease was identified in every case by DNA direct

sequencing of the metagenomic sample followed by the genome identification according to an
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embodiment of the present invention using probabilistic matching.

[0202] The results of the genome identification through probabilistic matching were compared
blinded with orthogonal methods from 26 standard bioassays which demonstrated 100%
accuracy. Table 1 below shows the results of the comparison for 9 samples taken from the
patients admitted for treatment of diarrheal disease. Some pathogens, such as Helicobacter
pylori or community of pathogens, which were characterized by the genome identification of the
present invention but were not detected by the battery of conventional methods constituting a
pool of 26 bioassays based on predetermined bacterial, viral and parasitic targets. In addition,
relative to the direct sequencing and genome identification of the present invention, the
conventional methods are extensively labor and time intensive. For example, conventional
methods include classical serotyping, culture, molecular, microscopic and immunoassays and
require substantially greater time compared with metagenomic sequencing and population
identification of the present invention. Even for the samples where probable etiologies were
identified, the conventional analysis does not provide a definable and efficient treatment
modality. By contrast, the breadth and depth of direct DNA sequencing and full sample profiling
along the etiology achieved by the present invention demonstrate the dominant causal agent
and in many cases causal agents which are a community of pathogens rather than single
pathogen. This finding of polymicrobial infection reiterates the importance of dynamic
diagnostic methods and their advantages over the concurrent static methods being used for

disease diagnosis.

Etiology as determined by direct sequencing in

Sample Etiology as identified by a combination with bioinformatic identification for rapid

No. battery of 26 bioassays medical diagnosis
Vibrio parahaemolyticus
Shigella dysenteriae Sd 197
1 V. parahaemolyticus Shigella boydii CDC 3083-94

Escherichia coli HS

Eubacterium eligens ATCC 27750

Veillonella parvula DSM 2008

-63-




WO 2012/103189

PCT/US2012/022513

Sample
No.

Etiology as identified by a
battery of 26 bioassays

Etiology as determined by direct sequencing in
combination with bioinformatic identification for rapid
medical diagnosis

Leuconostoc citreum KM20

Bacteroides vulgatus ATCC 8482

Citrobacter rodentium |CC168

Eubacterium rectale ATCC 33656

V. parahaemolyticus

Vibrio parahaemolyticus

Escherichia coli SMS-3-5

Shigella boydii CDC 3083-94

Leuconostoc citreum KM20

Eubacterium eligens ATCC 27750

Bacteroides vulgatus ATCC 8482

Klebsiella pneumoniae MGH 78578

Veillonella parvula DSM 2008

Shigellae

Shigella sonnei $Ss046

Shigella flexneri 2a 24577

Escherichia coli 55989

Klebsiella pneumoniae MGH 78578

Citrobacter rodentium

Shigellae

Shigella sonnei $Ss046

Escherichia coli B REL606

Escherichia coli K 12 substr W3110

Bacteroides vulgatus ATCC 8482

Escherichia coli ATCC 8739

Klebsiella pneumoniae MGH 78578

Eubacterium rectale ATCC 33656

Eubacterium eligens ATCC 27750

Parabacteroides distasonis 8503

Vibrio cholerae O1
& Shigellae

Vibrio cholerae O1

Shigella sonnei Ss046

Escherichia coli 55989

Escherichia coli B str. REL606

Shigella flexneri 2a str. 2457T

Escherichia coli DH1

No pathogen identified

Bacteroides fragilis YCH46

Escherichia coli DH1

Klebsiella pneumoniae MGH 78578

Streptococcus pyogenes MGAS2096

Bacteroides vulgatus ATCC 8482

Eubacterium rectale ATCC 33656

Parabacteroides distasonis ATCC 8503

Bacteroides thetaiotaomicron VPI-5482

No pathogen identified

Klebsiella pneumoniae MGH 78578

Shigella boydii CDC 3083 94

Escherichia coli SE11

Escherichia coli BL21 DE3

Eubacterium rectale ATCC 33656

Clostridium novyi NT

Cytophaga hutchinsonii ATCC 3340
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Etiology as determined by direct sequencing in
combination with bioinformatic identification for rapid
medical diagnosis

Sample Etiology as identified by a
No. battery of 26 bioassays

Mycoplasma pulmonis UAB CTIP

Psychromonas ingrahamii 37

Bacteroides fragilis YCH46

Klebsiella pneumoniae MGH 78578

Escherichia coli UMNQ026

Eubacterium rectale ATCC 33656

Eubacterium eligens ATCC 27750

8 No pathogen identified Bacteroides thetaiotaomicron VPI-5482

Bacteroides vulgatus ATCC 8482

Parabacteroides distasonis ATCC 8503

Veillonella parvula DSM 2008

Citrobacter rodentium ICC168

Helicobacter pylori G27

Escherichia coli SMS-3-5

9 No pathogen identified Escherichia coli UMNQ26

Candidatus Sulcia muelleri SMDSEM

Buchnera aphidicola str. Cc

Table 1: Etiology of diarrheal disease samples as identified by

conventional methods vs. the direct sequencing and identification of the present invention

[0203] From a separate analysis of diarrheal samples (mostly cholera) from patients
experiencing more severe diarrhea, the characterization of the microorganisms by the present
invention enabled the conclusion that, for these patients, there was a mixture of pathogens
(e.g., Vibrio cholerae and Giardia lamblia), and the severity of the disease presented were most
likely not caused by a sole pathogen (e.g., Vibrio cholerae), rather a mixture of pathogens acting
in a synergistic manner. This sort of synergistic etiology enabled by the characterization
performed by the present invention, where one pathogen attributes the disease causality and
others elevate disease severity, is capable of providing invaluable information in disease

management and control which is beyond the scope of any existing diagnostic technology.

[0204] One of the standard methods for identifying bacteria is by using the robustness of 16S

rDNA for taxonomic placement. The 16S population assessment targets the 16S-23S rRNA
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gene intergenic transcribed spacer (ITS) region. However, 16S rDNA is limited to genus level
resolution. In other words, 16S rDNA identifies bacteria only to the genus, family and order
level. Each genus, family and order constitutes a large number of species representing both
commensals and pathogens. Plus, 16S rDNA is only specific typically at the family-level and

may even underperform for genus level identification.

[0205] FIGS. 17A-17E illustrate the relative population measurements of 16S rDNA compared
to the direct DNA sequencing with genomic identification of the present invention. FIG. 17A
shows population measurements using 16S rDNA, and FIGS. 17B-17E show populations
measurements using the direct DNA sequencing with genomic identification of the present
invention. FIGS. 17C-17E show species and strains of the Clostridium genus, Bacteroides
genus, and EscherichialShigella genus, respectively, identified by the direct DNA sequencing

with genomic identification of the present invention, along with their relative concentrations.

[0206] As shown in FIGS. 17A-17E, the direct DNA sequencing with metagenomic identification
of the present invention further classified each genus identified by 16S to the species and/or
strain levels. For example, the Clostridium genus includes commensal species but also
includes four main species responsible for disease in humans: Clostridium diffcile, Clostridium
botulinum, Clostridium perfringens and Clostridium tetani. While 16S identified that the sample
contained bacteria of the Clostridium genus, as shown in FIG. 17C, the direct DNA sequencing
with metagenomic identification of the present invention identified Clostridium phyiofermentans
ISDg, Clostridium diffcile 630, Clostridium beijerincki beijerincki NCIMB 8052, Clostridium
thermocellum ATCC 27405, Clostridium kluyveri DSM 555, Clostridium botulinum A str. ATCC
3502, Clostridium acetobutylicum ATCC 824, Clostridium perfringens str. 13 and Clostridium
tetani E88. Further, the direct DNA sequencing with metagenomic identification of the present
invention additionally identified the concentrations of the identified Clostridium species/strains

relative to each and relative to other microorganisms of the sample.
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[0207] In regard to Bacteroides, Bacteroides are normally mutualistic, and only few species
(e.g., B. fragilis) are opportunistic human pathogens. Similar to the results with the Clostridium
genus, while 16S identified that the sample contained bacteria of the Bacteroides genus, as
shown in FIG. 17D, the direct DNA sequencing with genomic identification of the present
invention identified Bacteroides thetaiotaomicron VPI-5482, Bacteroides vulgatus ATCC 8482,
Bacteroides fragiles 638R, Bacteroides fragiles ATCC 25285, Bacteroides fragiles YCHA46,
Bacteroides fragiles NCTC 9343, Bacteroides uniformis and Bacteroides thetaiomicron. Here
again, the direct DNA sequencing with metagenomic identification of the present invention
additionally identified the concentrations of the identified Bacteroides species/strains relative to

each and relative to other microorganisms of the sample.

[0208] The relative concentrations in FIGS. 17B-17E were based on the number of observed
“hits” for a particular set of read lengths belonging to a specific microorganism. The lower the
number of hits, the lower the relative concentration. Accuracy at low relative concentrations is
based on probability scores determined by comparing read length to genomic database(s).
Given an estimate of the system processing error, the percentage of hits observed from a given
set of expected patterns yields a concentration estimate with error bars. The present invention
may employ multiple, independent sets which enable improved metagenomic disambiguation to

be obtained, namely detection and identification of species and strains.

[0209] FIG. 18 compares relative observed concentration and actual concentration in a sample
with relative number of reads. A serial dilution of one genome was used to create a sample set
of different concentrations. Dilution Series (DS) 1-12 represent concentrations of 0.8%, 1.6%,
4%, 7.5%, 11%, 14%, 17%, 29%, 38%, 45%, 55% and 89%, respectively. The results shown in
FIG. 18 also demonstrate that the system and methods of the present invention can precisely
identify a microbial species with its relative concentration from a complex metagenomic mixture

even if it is represented by only 1000 short (~72bp) reads, and, the observed relative
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concentrations are in good agreement with the actual concentrations even when the target

species are present at very low concentration.

[0210] The largest sources of error for determining sensitivity, relative concentrations, and
lower levels of abundance are the completeness of the reference database(s) and the degree of
closeness between the causal strain and its nearest cousin. For example, if there are only a
hundred site differences between two strains, then statistical discrimination between these
putative strains is unlikely. The next largest source of error in concentration estimation occurs
when two related strains are present in differing concentration levels. System read errors from
the strain in greater concentration can bleed into the disambiguation set of the lesser strain
artificially raising the estimated concentration of the secondary strain. In some embodiments,
the amount of sample DNA required to analyze populations of microorganisms is estimated to

be less than or equal to approximately 0.4 ng DNA.

[0211] Another non-limiting example of the system and method of the present invention applied
to measuring populations of the microbiome at the species level is shown FIG. 19 for a patient
with Crohn’s Disease. FIG. 19 shows a comparison of the results of the Comparator Engine
(“CE”) to BLAST results and demonstrates that direct DNA metagenomic sequencing and
probabilistic matching in accordance with the present invention was able to characterize, with

higher precision, populations of bacteria compared with the known BLAST method.

[0212] Advantages of a system and method of direct DNA sequencing and metagenomic
analysis utilizing probabilistic matching according to the present invention may include, but are

not limited to, the following:

(i) the system and method are capable of identifying whole populations of

microorganisms in a single sample;

(i) the system and method are universal and general for all microorganisms whether
-88 -
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bacteria, viruses, parasites, fungi, or DNA fragments, plasmids, mobile elements or other;

(iiil) the system and method are capable of detecting and identifying simultaneously all

types of microorganisms present by employing reference genomic databases;

(iv) the accuracy and sensitivity of the system and method exceeds all conventional

methods;

(v) the system and method do not require DNA amplification, and direct extraction and

sequencing minimizes errors that might otherwise result from amplification;

(vi) the system and method are independent of sequencing technology and normalizes

the machine error of sequencers;

(vii) the system and method account for genetic mutation, including insertions and

deletions, pathogenicity islands, insertion of plasmids and mobile genomes or other;

(viii) the system and method are capable of tracing the origin of specific populations of

microorganisms including detection of disease agents in food and water;

(ix) the system and method are capable of determining changes in biodiversity and

capable of detecting engineered pathogens; and

(x) the system and method may have an estimated sensitivity in identifying a single

organism in a population of microorganisms of 1 in 20 billion.

[0213] Embodiments of the present invention have been fully described above with reference to
the drawing figures. Although the invention has been described based upon these preferred
embodiments, it would be apparent to those of skill in the art that certain modifications,
variations, and alternative constructions could be made to the described embodiments within

the spirit and scope of the invention.
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[0214] For example, although examples focusing on nucleic acid have been provided above,
those of skill in the art would understand that the systems and methods of the present invention
could be applied to other substances having a sequence nature, such as amino acid sequences

in a protein.
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What is claimed is:

1. A method of characterizing biological material in a sample containing genetic material
from a plurality of organisms, the method comprising:

performing probabilistic methods that compare a plurality of metagenomic fragment
reads obtained from the sample with a plurality of genome reads from a reference database
containing genomic identities of organisms and produce probabilistic results; and

determining the identities of organisms contained in the sample at least to the species
level using the probabilistic results;

wherein the method steps are performed using a processor and memory.

2. The method according to claim 1, further comprising determining the identities of
organisms contained in the sample at least to the sub-species level using the probabilistic

results.

3. The method according to claim 2, further comprising determining the identities of

organisms contained in the sample at the strain level using the probabilistic results.

4. The method according to claim 1, further comprising characterizing the relative

populations of species and/or sub-species and/or strains of the identified organisms.

5. The method according to claim 4, wherein the characterizing the relative populations of

the identified organisms comprises correlating probabilities of the probabilistic results to relative

populations at the species and/or sub-species and/or strain levels.
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6. The method according to claim 1, wherein the probabilistic results are in the form of a
probability map of probabilities that species and/or sub-species and/or strains of organisms

contained within the reference database are present within the sample.

7. The method according to claim 6, wherein the probability map enables correlation of the
probabilities of the probability map with relative populations and/or concentrations of organisms

contained within the sample.

8. The method according to claim 6, further comprising compensating for machine error by
using a number of statistically significant metagenomic fragment reads large enough that

machine errors are normalized.

9. The method according to claim 8, wherein the compensated machine error comprises
machine error of a sequencer used to generate the plurality of metagenomic fragment reads,
and the compensating comprises using enough metagenomic fragment reads that machine

error of the sequencer is normalized to a near-zero value.

10. The method according to claim 1, further comprising generating the plurality of

metagenomic fragment reads.

11. The method according to claim 10, wherein the generating the plurality of metagenomic

fragment reads comprises sequencing metagenomic fragments extracted from the sample.

12. The method according to claim 11, further comprising extracting the metagenomic

fragments from the sample.
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13. The method according to claim 1, further comprising accounting for biodiversity.

14. The method according to claim 13, wherein accounting for biodiversity comprises
identifying: (a) mobile genetic elements through lateral gene transfer, recombination, or plasmid
or other mobilome insertion; (b) insertions and deletions; and (c) identification and detection of

near cousin strains related by mutation, insertion, and/or deletion.

15. The method according to claim 1, wherein the reference database contains the genomic

identities of one or more of the plurality of organisms contained in the sample.

16. The method according to claim 1, wherein each of the plurality of metagenomic fragment
reads has a read length greater than or equal to 12 base pairs and less than or equal to 100

base pairs.

17. The method according to claim 1, wherein the probabilistic methods comprise:

for each of the plurality of metagenomic fragment reads, detecting and retaining causal
correlations between the metagenomic fragment read and genome reads from the reference
database containing genomic identities of organisms; and

integrating the retained causal correlations by genomic strain and species to identify a

set of genomes of microorganisms contained in the sample.

18. The method according to claim 17, wherein the probabilistic methods further comprise:
creating independent pattern sets of subset inclusion and subset exclusion from the set
of genomes; and

for each independent pattern set, pairing the set against target reads.
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19. The method according to claim 18, wherein each of the pairings results in an

independent estimate of concentration of the genome in the set.

20. The method according to claim 19, wherein the independent estimates give a fine-grain

estimate of genomic strain concentrations even for closely related microbial communities.

21. The method according to claim 1, wherein the probabilistic methods comprise

probabilistic matching.

22. The method according to claim 1, wherein the probabilistic methods comprise:

primary filtering to determine what species and strains from the reference database can
be in the metagenomic sample; and

secondary and tertiary filtering to eliminate both false negatives and false positives and

to identify at strain level what organisms are contained in the sample.

23. The method according to claim 1, wherein the identified organisms include genomes of
bacteria, viruses, parasites, fungi and/or nucleic acid fragments including plasmids and mobile

genomic components.

24, The method according to claim 1, wherein the identifying organisms contained within the

sample is capable of identifying bacteria, viruses, parasites, fungi and nucleic acid fragments

including plasmids and mobile genomic components contained within the sample.

25. The method according to claim 1, wherein the plurality of metagenomic fragment reads

are sequence reads of metagenomic fragments extracted from the sample.
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26. The method according to claim 25, wherein the metagenomic fragments extracted from

the sample are from genomic nucleic acid, protein and/or a combination with metabolites

extracted from the sample.

27. The method according to claim 25, wherein each of the metagenomic fragments

extracted from the sample is a fragment of a nucleic acid sequence.

28. The method according to claim 25, wherein each of the metagenomic fragments

extracted from the sample is a fragment of a deoxyribonucleic acid (DNA) sequence.

29. The method according to claim 25, wherein each of the metagenomic fragments

extracted from the sample is a ribonucleic acid (RNA) sequence.

30. The method according to claim 25, wherein each of the metagenomic fragments

extracted from the sample is a fragment of a plasmid nucleic acid sequence.

31. The method according to claim 1, wherein the plurality of metagenomic fragment reads

are obtained from the sample by:
collecting the sample;
extracting metagenomic fragments from the sample; and

sequencing the metagenomic fragments.

32. The method according to claim 1, wherein the plurality of metagenomic fragment reads

obtained from the sample are included in a metagenomic file.
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33. The method according to claim 1, further comprising creating a list of reference words for
each of the plurality of genome reads from the reference database containing genomic identities
of organisms, and

creating a catalog of lists of reference words.

34. The method according to claim 33, wherein each list of reference words is associated

with one or more categories category.

35. The method according to claim 34, wherein each of the one or more categories is

associated with a genus, species or strain.

36. The method according to claim 33, further comprising creating a list of sample sequence

words for each of the plurality of metagenomic fragment reads obtained from the sample.

37. The method according to claim 36, wherein the comparison of the plurality of
metagenomic fragment reads obtained from the sample with the plurality of genome reads from
the reference database containing genomic identities of organisms comprises:
for each of the sample sequence words of the list of sample sequence words, comparing
the sample sequence word to the reference words of each of the lists of reference words, and
identifying matches between the sample sequence word and one or more of the

reference words.

38. The method according to claim 37, wherein the identified matches are exact matches.

39. The method according to claim 37, wherein the identified matches comprise inexact

matches.
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40. The method according to claim 37, further comprising:

for each of the plurality of genome reads from the reference database, summing the
number of matches for the genome read, and

comparing the sum of the number of matches for each of the plurality of genome reads

to the sums of the numbers of matches for each of the other of the plurality of genome reads.

41. The method according to claim 37, further comprising:

for each of the plurality of genome reads from the reference database, summing the
number of unique matches for the genome read, and

comparing the sum of the number of unique matches for each of the plurality of genome
reads to the sums of the numbers of unique matches for each of the other of the plurality of

genome reads.

42. The method according to claim 37, wherein a unique match is a match of a sample

sequence word to a reference word contained in only one of the lists of reference words.

43. The method according to claim 33, wherein the creating the list of reference words
comprises splitting a genome read from the reference database into words at a word boundary

character.

44, The method according to claim 43, wherein word boundary character is one of A, C, T,

and G.

45. The method according to claim 33, wherein the creating the list of reference words
comprises saving only words having a length greater than or equal to a minimum word length.
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46. The method according to claim 45, wherein the minimum word length is equal to

nineteen letters.

47. The method according to claim 33, further comprising populating a hash table with the

reference words of each of the created lists of reference words.

48. An apparatus for characterizing biological material in a sample containing genetic
material from a plurality of organisms, the apparatus comprising:
a processor and memory, wherein the processor and memory are configured to:
perform probabilistic methods that compare a plurality of metagenomic fragment
reads obtained from the sample with a plurality of genome reads from a reference
database containing genomic identities of organisms and produce probabilistic results;
and
determine the identities of organisms contained in the sample at least to the

species level using the probabilistic results.

49. The apparatus according to claim 48, wherein the processor and memory are configured
to determine the identities of organisms contained in the sample at least to the strain level using

the probabilistic results.

50. A non-transitory computer-readable medium containing instructions that, when executed
by a computer, cause the computer to execute the steps of:
performing probabilistic methods that compare a plurality of metagenomic fragment

reads obtained from a sample containing genetic material from a plurality of organisms with a
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plurality of genome reads from a reference database containing genomic identities of organisms
and produce probabilistic results; and
determining the identities of organisms contained in the sample at least to the species

level using the probabilistic results.

51. The medium according to claim 50, wherein the instructions, when executed by the
computer, further cause the computer to execute the step of determining the identities of

organisms contained in the sample at least to the strain level using the probabilistic results.

52. A method of characterizing biological material in a sample, the method comprising:
receiving sequencing information about said biological material in said sample; and
identifying a plurality of species of organisms present in said biological material in said

sample via probabilistic methods;

wherein the method steps are performed using a processor and memory.

53. The method according to claim 52, wherein said sequencing information comprises a
plurality of sequences of nucleotide fragments from nucleic acid molecules extracted from said
biological material in said sample; and

wherein the identifying comprises comparing said plurality of sequences of nucleotide

fragments to nucleic acid sequences in a database.

54. The method according to claim 52, wherein the probabilistic methods includes one or
more of perfect matching, subsequence uniqueness, pattern matching, multiple sub-sequence
matching within n length, inexact matching, seed and extend, distance measurements and

phylogenetic tree mapping.
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55. The method according to claim 52, wherein the identifying comprises detecting
variations between strains, mutants and engineered organisms and characterizing unknown

organisms and polymorphisms.

56. The method according to claim 52, further comprising:

extracting nucleotide fragments from nucleic acid molecules from said biological material
in said sample;

generating a plurality of sequences of nucleotide fragments from nucleic acid molecules
extracted from said biological material in said sample, wherein said sequencing information

comprises said plurality of sequences of nucleotide fragments.
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Genomic Identification VS. 16S
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Lower level of detection by number of reads

®eRead # ©observed concn (%) ©true concn (%)
- 100
90
- 80
100000 . 70
= 60
e 50
° o - 40
o 30
o ® 20
10
— T 0

1000000

o N

10000 .

1000 -




WO 2012/103189

@ NetBlast

=(E

23/23

-0
o |
c
il
13
0
0r
0r
1 |t
0 o
0 o
1 o
0 o
1 o
-0
-0 *
all
il
0r| &
[ C *
I C L
-0
- »
Hl®
- L 2
- L 2
C l &
- *
C 0e
- | 0@
- 0
- 0
e
0t &
C e
0| # |f
0 e ||
¢ r
0 e -
] ¢ -
IBK -
NOWOFNNWOO < ONWO & N «—
OO T N—UIONOM—OOOO
;ggguﬁc\]—ddddddd

(ajpas gboj) aouppungo aAnDjaY

PCT/US2012/022513

Wnoj£|0I0yo2DS  WINIPLISO|)
‘ds sn220901do?)

sanbio} sna2020UILINY
WNL2)apq paJnynoup
Wwnago snav0d0uIWNY
SUDA|OSIUDJAX SapI0J9)}oDg
IW0Jq SNO2090UILINY
liuopsob sn22090}deS

*ds sn||1o0quspy
apjuownaud sna3020)dang
SIUOSD]SIP S3pIl0Ja}IDGDIDY
9RIIP WInIpLSO)

lunfaf Jayonqofdwn)
OUETRVENTEp|
snjiydoway} snuuay|
pjiydiuonw piSUDULIBYRY
snanAjo|pb sno2090}dang
sins sn22090}dang
snjiydowsayy sna2020)dang
souaboAd sn22090ydosg
si|ibpl} Sapl01a}oDg
S1)U39S3|OPD  WINLI3}IDGOPLI

9|D}oa) WinLIB)dDgN

FIG. 19



INTERNATIONAL SEARCH REPORT

International application No.
PCT/US 12/22513

A. CLASSIFICATION OF SUBJECT MATTER
IPC(8) - C40B 20/00, C40B 30/02, GO6F 19/00 (2012
USPC - 506/2; 506/8, 702/19

.01)

According to International Patent Classification (IPC) or to both national classification and [PC

B. FIELDS SEARCHED

IPC(8): C40B 20/00, C40B 30/02, GO&6F 19/00 (2012.01)
USPC: 506/2; 506/8, 702/19

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the intemational search (name of data base and, where practicable, search terms used)

PubWEST (DB=PGPB,USPT,USOC,EPAB,JPAB; PLUR=NO; OP=ADJ), Google Scholar, Google Patents

Search Terms Used: genome, metagenome, probabilistic, identity, species, strain, population, biodiversity, insert, recombination, lateral
gene transfer, plasmid, mobilome, non-transitory, causal correlation, fine-grain, word boundary, has table, Colwell, CosmolD

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X US 2009/0150084 A1 (COLWELL et al.) 11 June 2009 (11.06.2009) esp: para [0011], [0013], 1-3, 6-12, 15-46, 48, 49,
- [0020], [0021]), [0024], [0025], {0027], [0028], {0031], [0036], [0049], [0050}, (0052), [0057], 52-56
Y [0075]), [0078], [0077], [0099], {0102], [0110], {0111].
4,5, 13, 14, 47, 50, 51

Y JAKUPCIAK et al., Barcoding Methodology and Applications - Biological agent detection 4,5, 13,14

technologies. Molecular Ecology Resources, May 2009, Vol 9, Suppl. 1, pages 51-57. esp:

abstract, pg 52 section entitled 'Sequencing’; pg 55 section entitled 'The way forward’; pg 55

section entitled 'Biodiversity'; pg 56 section entitled 'Conclusions’; Fig. 1.
Y US 2007/0067108 A1 (BUHLER et al.) 22 March 2007 (22.03.2007). esp: abstract; para [0069]. | 47
Y US 7,870,385 B2 (RISAN et al.) 11 January 2011 (11.01.2011) esp: abstract, claim 34. 50, 51
A US 2004/0219580 A1 (DUNN et al.) 4 November 2004 (04.11.2004) entire document. 1-56

E] Further documents are listed in the continuation of Box C.

[

* Special categories of cited documents:

“A” document defining the general state of the art which is not considered
to be of particular relevance

“E” earlier application or patent but published on or after the international
filing date

“L” document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“0” document referring to an oral disclosure, use, exhibition or other
means

“P” document published prior to the international filing date but later than

the priority date claimed

“T" later document published after the international filing date or priority
date and not in conflict with the apElication but cited to understand
the principle or theory underlying the invention

“X” document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y” document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&” document member of the same patent family

Date of the actual completion of the international search

19 April 2012 (19.04.2012)

Date of mailing of the international search report

09 MAY 2012

Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. 571-273-3201

Authorized officer:
Lee W. Young

PCT Helpdesk: 571-272-4300 .,
PCT OSP: 671-272-7774

Form PCT/ISA/210 (second sheet) (July 2009)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - description
	Page 41 - description
	Page 42 - description
	Page 43 - description
	Page 44 - description
	Page 45 - description
	Page 46 - description
	Page 47 - description
	Page 48 - description
	Page 49 - description
	Page 50 - description
	Page 51 - description
	Page 52 - description
	Page 53 - description
	Page 54 - description
	Page 55 - description
	Page 56 - description
	Page 57 - description
	Page 58 - description
	Page 59 - description
	Page 60 - description
	Page 61 - description
	Page 62 - description
	Page 63 - description
	Page 64 - description
	Page 65 - description
	Page 66 - description
	Page 67 - description
	Page 68 - description
	Page 69 - description
	Page 70 - description
	Page 71 - description
	Page 72 - claims
	Page 73 - claims
	Page 74 - claims
	Page 75 - claims
	Page 76 - claims
	Page 77 - claims
	Page 78 - claims
	Page 79 - claims
	Page 80 - claims
	Page 81 - claims
	Page 82 - drawings
	Page 83 - drawings
	Page 84 - drawings
	Page 85 - drawings
	Page 86 - drawings
	Page 87 - drawings
	Page 88 - drawings
	Page 89 - drawings
	Page 90 - drawings
	Page 91 - drawings
	Page 92 - drawings
	Page 93 - drawings
	Page 94 - drawings
	Page 95 - drawings
	Page 96 - drawings
	Page 97 - drawings
	Page 98 - drawings
	Page 99 - drawings
	Page 100 - drawings
	Page 101 - drawings
	Page 102 - drawings
	Page 103 - drawings
	Page 104 - drawings
	Page 105 - wo-search-report

