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SYSTEMS AND METHODS OF DIAGNOSING AND CHARACTERIZING
INFECTIONS

CROSS REFERENCE TO RELATED APPLICATIONS
[0001] This application claims priority to and the benefit of U.S. Provisional
Application Serial No. 62/250,565, filed on November 4, 2015, the contents of which

are hereby incorporated by reference in their entirety.

INCORPORATION-BY-REFERENCE OF MATERIAL ELECTRONICALLY FILED
[0002] Incorporated by reference in its entirety herein is a computer-
readable nucleotide/amino acid sequence listing submitted concurrently herewith
and identified as follows: One 77,824 byte ASCII (text) file named
“91482_196_Sequence_Listing” created on October 29, 2016.

FIELD OF INVENTION
[0003] The presentinvention is generally related to systems and methods
of sequencing biological molecules for determinations regarding the presence and/or
absence of infectious agents, and particularly related to systems and methods for the
diagnosis of infections and determination of the presence of antimicrobial-resistance

markers using nucleic-acid sequencing (e.g., amplicon-based sequencing).

BACKGROUND OF THE INVENTION

[0004] Once highly treatable, common bacterial infections are becoming
increasingly more difficult to characterize and manage. Gram-negative infections,
including Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas
aeruginosa, Enterobacter species and Escherichia coli and Gram-positive infections,
including Staphylococcus aureus, are all considered high-priority target pathogens
for which new therapeutics are urgently needed. These are the components of the
widely recognized ESKAPE pathogens, which have become a focal point for the
development of new antibiotics. The lack of new drugs makes it critical that clinicians
receive rapid and informative data on their patients’ infections and their likely
response to therapy. This clinical and public health crisis is coming at a time when
we have greater scientific understanding of the mechanisms of resistance and better

access to molecular technology to detect and characterize those mechanisms than
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ever before; however, the barriers between genomic research and the clinical lab
also remains large and therefore the separation between genotype and phenotype
remains largely un-bridged.

[0005] Some of these ESKAPE pathogens (e.g., K. pneumoniae, A.
baumannii, P. aeruginosa, Enterobacter spp. and ExPEC E. coli) are all widely
distributed Gram-negative bacteria demonstrating high levels of multi-drug
resistance, including resistance to carbapenems and other last-line drugs. While
similar in many respects, including all being primary causes of healthcare-associated
infections (HAI), individually, these organisms present many unique problems to
clinical medicine and public health. P. aeruginosa is a major cause of pneumonia in
cystic fibrosis patients and outbreaks in neonatal intensive care units, and is
frequently shown to colonize water networks in hospitals. Its high rates of intrinsic
resistance frequently confound clinical susceptibility testing. A. baumannii is
responsible for up to 80% of all intensive care unit (ICU) bloodstream infections; its
high-rate of transmission in the healthcare setting can be attributed to high
desiccation tolerance, enabling it to survive for long periods on fomites. Extra-
intestinal Pathogenic E. coli (EXPEC) has become a global cause of antimicrobial
resistance (AR) bacteremia and urinary tract infections, particularly specific strains,
such as the well-studied ST131 strain. Enterobacter has been seen to have
comparable prevalence of ESBLs and other plasmid-mediated resistance as
Klebsiella and E. coli. In addition, at least some of the aforementioned pathogens
have developed resistance to multiple antibiotics typically through several different
mechanisms. The mechanisms for resistance are variable, can occur in
combinations and in some cases are synergistic.

[0006] The rapid depletion of available antibiotics combined with an even
more rapid increase in bacterial mechanisms of multi-drug resistance is a call to
action for molecular researchers, medical and public health officials and the
biomedical industry to join forces to develop and translate more informative
diagnostic tools for the clinician, to better characterize and respond to AR in bacterial
infections. While bacterial culturing may remain the gold standard for diagnosis and
characterizing resistance, standard culturing processes are time consuming,
potentially hazardous, and require specific microbiological skills and facilities.

[0007] In addition, antibiotic susceptibility analysis techniques may vary for

different species, as there is no single approach that can be used to rapidly diagnose
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and characterize infections with all target agents. Clearly a new approach is required
— the detection of established and emerging multi-drug resistant bacteria directly
from clinical specimens demands a sensitive and comprehensive diagnostic
approach that is capable of rapidly identifying trace amounts of genotypic targets in
human samples and using that information to develop phenotypic profiles. The
scientific and clinical research community now has more knowledge and cutting
edge technology than ever before, allowing them to address this health crisis with
such an approach.

[0008] Given these public-health issues, there is a demonstrated need to
develop a novel, multiplexed, targeted sequence analysis system for the detection
and characterization of AR markers in critical ESKAPE bacteria, typically associated
with HAIs, directly from clinical samples. As described herein, the inventors have
developed an approach that is capable of identifying all known classes of AR
mechanisms, including mutations, SNPs, mobile elements, gene amplification, and

expression modulation.

DETAILED DESCRIPTION

[0009] As used herein, the verb “comprise” as is used in this description
and in the claims and its conjugations are used in its non-limiting sense to mean that
items following the word are included, but items not specifically mentioned are not
excluded. Plural encompasses singular and vice versa; e.g., the singular forms “a,”
“an,” and “the” include plural referents unless expressly and unequivocally limited to
one referent.

[00010] Some embodiments of the invention provide systems and methods
for diagnosing and/or identifying infectious organisms and thereafter making one or
more genotypic determinations. Moreover, in addition to the diagnostic and
genotypic capabilities of the instant invention, some embodiments may also provide
methodologies of making genetic / typing determinations of the infectious organisms
to provide those of ordinary skill in the art with epidemiological information about the
infectious organisms (e.g., strain type). In addition, some embodiments of the
invention can be employed with samples that do not require isolation and culturing of
the infectious organisms (i.e., embodiments include the capability to directly analyze

samples from a patient).
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[00011] Some embodiments of the invention may provide methods of (i)
diagnosing and/or identifying an infectious organism; (ii) determining the presence of
one or more antibiotic resistance targets of the infectious organism; and/or (iii)
determining a strain identity of the infectious organism. In some aspects, these three
steps of some embodiments of the invention may be performed substantially or
completely simultaneously, or, in other aspects, may be performed sequentially (e.q.,
in any sequence). Moreover, in some embodiments, one or more of these three
steps may be omitted. For example, in some embodiments, the first two steps may
be performed according to some aspects of the invention and the user may omit the
third step in the event that the user does not desire strain information about the
infectious organism. In other embodiments, one or more of the first and/or second
steps recited above may be omitted.

[00012] With respect to the three steps / methodologies, some or all of
these steps may include an analysis of one or more markers at each step. For
example, pre-selected markers can be used to make determinations regarding the
presence and/or absence of one or more infectious microorganisms (e.g., ESKAPE
pathogens). In particular, a series of pre-selected markers may be chosen to
provide relevant differential information regarding the identification. For example,
makers can be selected that are specific for a plurality of potentially pathogenic
microorganisms so that presence or absence of certain markers provides highly
specific relevant information. Moreover, the same and/or different pre-selected
markers can be used to make predictions about a phenotype of the infectious
microorganisms. In some embodiments, as described in greater detail below, the
phenotypic predictions can be generally or specifically directed to determining the
presence of one or more AR markers. In addition, some of the same and/or different
pre-selected markers as recited above can be used to provide users with information
regarding a strain identity of the infectious microorganism.

[00013] As described in greater detail herein, some embodiments of the
invention may include amplicon-based sequencing of the one or more markers to
make the aforementioned determinations. Some embodiments of the invention
include systems and methods of preparing samples for one or more downstream
processes that can be used for assessing one or more markers for any of the
previously mentioned purposes. Some embodiments of the invention may comprise

a universal indexing sequencing strategy for use in downstream sequencing platform
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processes. By way of example only, some embodiments of the invention comprise a
universal indexing sequencing strategy that can be used to amplify multiple genomic
regions (e.g., markers, as described below) from a DNA sample simultaneously in a
single reaction for the sequencing of one or more amplicons. One or more
embodiments of the invention can be used with any desired sequencing platform,
such as the ILLUMINA® Next Generation Sequencing (e.g., MISEQ) platform, Life
Technologies’ lon Torrent System, or any other sequencing system now known or
developed in the future.

[00014] Some embodiments may be configured to enable relatively simple,
rapid (e.g., microorganism-culture independent), inexpensive, and efficient
preparation of samples for use on, in, and/or with downstream sequencing platforms.
For example, some embodiments may use a sequence coupled to one or more
oligonucleotides / primers (as used herein, oligonucleotides and primers are used
interchangeably). More specifically, one or more amplicons per sample can be
generated using a hybrid oligonucleotide that is designed for amplification of a
marker and incorporation of at least one universal tail sequence into the resulting
amplicon. As a result, additional steps that may be conventionally required to
prepare samples for sequencing can be limited or removed entirely. Further
information regarding the universal tail, amplicon-based sequencing strategy can be
found in PCT/US2014/064890, which is hereby incorporated by reference in its
entirety for all purposes.

[00015] In some embodiments, the methodology may include performing
downstream sequencing on one or more amplicons. For example, in order to
minimize and/or eliminate the need for cultures of microorganisms or large inputs of
nucleic acids, methodologies of the instant invention may include an initial PCR step
to create amplicons that correspond to the one or more pre-selected markers. As
such, some embodiments require only limited amounts of starting material are
necessary and the starting material need not be of high quality (e.g., genomic DNA,
crude DNA extracts, single stranded DNA, RNA, cDNA, etc.). In contrast, many
conventional sample preparation systems may require relatively large amounts of
starting material of relatively high quality, which can limit the use of some
conventional systems.

[00016] Some embodiments of the invention can be used for and/or in

complement with high-throughput amplicon sequencing of markers, which can be
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very useful for a variety of molecular genetic genotyping / predicted-phenotyping
applications, including clinical sample analysis. For example, use of the systems and
methods of the invention can be employed with sequencing platforms to provide
rapid, high-yield sequence data, which can enable the sequencing of multiple
markers/amplicons from many samples in a relatively short period of time.
Specifically, in some embodiments, amplicons can be selected and PCR reactions
can be designed to provide information that can be used to make clinically relevant
determinations after sequencing of the amplicons.

[00017] Overall, embodiments of the invention may generally include
systems and methods that provide multiplexed marker / sequence amplification,
sequencing, and analysis for the identification / detection and characterization of AR
markers in critical ESKAPE pathogens and HAI-related pathogens from culture-
independent samples. In other words, embodiments of the invention provide
diagnostic methodologies with the ability to provide phenotypic and predicted-
genotypic information without the need for separately culturing a sample from a
subject. In conventional diagnostic procedures, the need for culturing can add time
and complexity, which is avoided by the instantly recited invention.

[00018] In some preferred aspects, the methodology may include creating a
series of oligonucleotides designed to provide multiplexed amplification of one or
more markers to produce the desired amplicons. In particular, the one or more
markers and amplicons thereof can be selected / amplified to provide users with
clinically relevant information related to identification of one or more potentially
infectious microorganisms and phenotypic and genotypic information about the
microorganisms (e.g., AR status and strain identity). After production of the
amplicons (e.g., via PCR amplification), which may include the universal tail
sequences, as detailed above and below, the method may include processing the
resulting amplicons for downstream sequencing and thereafter sequencing the
processed amplicons. After processing and analysis of the resulting sequencing
data, one of skill in the art can make any necessary determinations regarding the
identification of one or more microorganisms that may have been contained within
the sample and predicted-phenotypic and/or genotypic information revealed.

[00019] Generally, some embodiments of the present invention can be used
to detect, identify, assess, sequence, or otherwise evaluate a marker. A marker may

be any molecular structure produced by a cell, expressed inside the cell, accessible
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on the cell surface, or secreted by the call. A marker may be any protein,
carbohydrate, fatty acid, nucleic acid, catalytic site, or any combination of these such
as an enzyme, glycoprotein, cell membrane, virus, a particuiar cell, or other uni- or
multimolecular structure. A marker may be represented by a sequence of a nucleic
acid or any other molecules derived from the nucleic acid. Examples of such nucleic
acids include miRNA, {RNA, siRNA, mRNA, cDNA, genomic DNA seguences, single-
stranded DNA, or complementary sequences thereof. Alternatively, a marker may
be represented by a protein sequence. The concept of a marker is not limited to the
exact nucleic acid sequence or protein sequence or products thereof, rather it
encompasses all molecules that may be detected by a method of assessing the
marker. Without being limited by the theory, the detection, identification,
assessment, sequencing, or any other evaluation of the marker may encompass an
assessment of a change in copy number (e.g., copy number of a gene or other forms
of nucleic acid) or in the detection of one or more translocations. Morsover, in some
embodiments, the marker may be relevant to a particular phenolype or genotype. By
way of example only, in some embodiments, the marker may be related to
phenotypes including antibiotic resistance, virulence, or any other phenotype.
[00020] Therefore, examples of molecules encompassed by a marker
represented by a particular sequence further include alleles of the gene used as a
marker. An allele includes any form of a particular nucleic acid that may be
recognized as a form of the particular nucleic acid on account of its location,
sequence, or any other characteristic that may identify it as being a form of the
particular gene. Alleles include but need not be limited o forms of a gene that
include point mutations, silent mutations, deletions, frameshift mutations, single
nuclectide polymorphisms (SNPs), inversions, translocations, heterochromatic
insertions, and differentially methylated sequences relative {o a reference gene,
whether alone orin combination. An allele of a gene may or may not produce a
functional protein; may produce a protein with altered function, localization, stability,
dimerization, or protein-protein interaction; may have overexpression,
underaxpression or no expression; may have altered temporal or spatial expression
spacificity; or may have altered copy number (e.g., greater or less numbers of copies
of the aliele). An allele may also be called a mutation or a mutant. An allele may be
compared to another alleie that may be termed a wild type form of an allele. in some

cases, the wild type aliele is more common than the mutant.
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[00021] in some aspects, the markers may include one or more sels of
amplifiable nucleic acids that can provide diagnostic information about the
microorganisms. For example, the markers may include ampilifiable nucleic acid
sequences that can be used {0 assess the presence and/or absence of one or more
microorganism that may have the potential 1o cause a diseased state in the subject.
in some embodiments, the markers may include amplifiable nucleic acid sequences
that can be used to identify one or more of the following exemplary microorganisms:
Klebsiella pneumoniae, Serratia marcescens, Proteus mirabilis, Providencia
alcalifaciens, Providencia stuartii, Enterococcus faecalis, Enferococcus fascium,
Klebsielia oxyioca, Pseudomonas aeruginosa, Staphylococcus aureus, Escherichia
coli, Acinetobacter baumanii, Acinetobacter calcoaceticus (including the Acb
complex), Streptococcus pneumoniae, Streptococcus agalactiae, Enterobacter
cloacal, Enterobacter aerogenes, Streptococcus pyogenes, Streptococcus
dysgalactia, and Streptococcus equi. In some embodiments, the methods may
include the use of one or more than one marker per microorganism. Moreover, in
some embodiments, one or more of the microorganisms may not be considered
pathogenic to certain subjects, but the methodology employed herein can still rely on
detection of pathogenic and non-pathogenic microorganisms for differential
diagnoses / diagnostics. In some embodiments, the oligonucleotides (with or without
the universal tail sequences detailed herein) listed in Table 1 can be used with
embodiments of the invention to amplify one or more markers from the
microorganisms to provide diagnostic / identification information to the user.

[00022] Moreover, in some embodiments, one or more the markers
associated with the plurality of microorganisms can be amplified in a multiplex
manner. For example, in some aspects, nucleic acids can be obtained from the
sample and the oligonucleotides used to amplify one or more of the markers used to
identify / diagnose can be added to a single mixture to produce a plurality of
amplicons in a single reaction mixture. In other aspects, the oligonucleotides can be
added to multiple mixtures to provide for the creation of multiple amplicons in
multiple mixtures.

[00023] (n some aspects, the markers may include one or more sets of
ampilifiable nucleic acids that can provide characterization information about the
microorganisms. For example, the markers may include amplifiable nucleic acid

sequences that can be used to assess the presence and/or absence of ong or more
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antibiotic resistance (AR) mechanisms within the microorganisms. In some
embodiments, the markers may include amplifiable nucleic acid sequences that can
be used {o identify the presence of one or more of the foliowing AR markers: blagn,
Blashy, blane, blage, blad, aadB, aacC1, aacC2, aacC3, aact'-lla, aachd, aad(®),
vanA, vani, vanl, msrA, sard, aac{®) aph{2”), val, vga, erma, ermB, ermC, mecA,
int, sul, mecA, aaclia, aacZib, aac2ic, aac2id, ascli, aaclia, aac3iia, aac3ib, aacdii,
aac3iv, aac3ix, asclvi, aac3vill, aacl3vi, aac3x, aacti, aachia, aactib, aactic,
aacBie, aachif, aacbiy, aactiia, aactiib, aadl, aadfib, aadd, acra, acrd, adea, adeb,
adec, amra, amrb, antdia, ant2ib, ant3ia, antdila, antia, aph33ia, aph33ib, aph3ia,
aphdib, aph3ic, aph3iiia, aph3iva, aph3va, aph3vb, aph3via, aphlvila, aphdib,
aphbia, aph8ib, aphGic, aph8id, ama, baca, bora, bore, bl _ace, bi1_ampec,
bit_asba, bi1_ceps, bit_omye, bl1_ec, bit_fox, b1 _mox, bi1_och, bl1_pao, bit_pse,
bBi1_sm, bi2a_1, biZa_exo, biZa 2, biZa_iil, bl2a_kce, biZa nps, bl2a_okp, biZa pe,
biZbe chim, biZbe_oxyi, biZbe per, | biZbe _shvZ bi2b _rob, biZb temt, bi2b tem2,
biZzb_tem, biZb _tie biZb uia blZc_bro, biZe _psed, blde psel, bl2d lort, bl2d_moxa,
bizd_oxal0bl2d_oxal, bi2d_oxaz, bl2d_oxah, bl2d_oxa®, bi2zd _r39, bl2e_cbia,

biZe cepa, bl2e cfxa, biZe fom, biZe v58, bi2f nmcea, bIZf_smel, bl2_ges, biZ_kpe,
biZ_len, bi2_veb, b3 cora, bi3_cit, b2 _cpha, bi3_gim, bI2_imp, BI3_1, bi3_shw,
bi3_sim, pI3_vim, ble, bit, bmr, cara, catall, catali, catalZ, catai3, caiatd, catath,
catath, catal, cala2, catal, catad, calab, catal, cata?, calal, cata®, catbi, caib?2,
cath3d, calbd, catbh, ceoa, ceob, emil_e1, omil_eZ, omil_e8, emil_ed, emi_eb, omi_ e,
emi_e7, omi o8 divalQ, dirat?, diral3, diral4, dira1s, dirais, dirat?, dfral9, dirat,
dfra20, dfra21, dfra22, dfra23, dira24, dira25, dfra2s, dfra2b, dfral28, divas, dira?,
dirb1, divhZ, dfrb3, dirb8, emea, emrd, emre, erea, ereb, erma, ermb, ermg, ermd,
srme, ermf, ermg, ermh, ermn, &MMo, 8rmy, armr, &rms, ermt, nmu, ermmy, armw,
ermyx, ermy, fosa, fosb, fose, foax, fusb, fush, ksga, imra, Imrb, Inua, Inub, Isa, maca,
mach, mdis, mdtf, mdig, mdth, mdik, mdll, mdim, mdin, mdto, mdip, meca, mecrt,
mefa, mepa, mexa, mexb, mexe, mexd, mexe, mexf, mexh, mexi, mexw, mexx,
mexy, mfpa, mpha, mphb, mphg, msra, norm, cleb, opem, opra, oprd, opr, oprm,
oprn, obra, otrb, pbpta, phptb, pbp2b, pbp2, pbpZx, pmra, qac, gaca, gach, gnra,
gnrb, gnrs, rosa, rosh, smea, smeb, smeg, smed, smeeg, smef, srmb, sta, str, sult,
sulZ, suld, toma, o3, tel30, tet31 {032, tet33, {ell34, {ei30, 16137, tol38, tal38, teid],
teiq, tetb, tete, ield tele, telg, teth, teff, tetl tell, tetm, telo, telpa, tetph, et {ely, tets,

tell, tety, felv, tetw, texd, toty, telz, tire, tmrb, folg, tsnr, vang, vanb, vang, vand, vans,
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vang, vanha, vanhb, vanhd, vanra, vanrb, vanre, vanrd, vanre, vamnrg, vansa, vansb,
vanse, vansd, vanse, vansg, vant, vante, vantg, vanug, vanwhb, vanwg, vanxs,
varnb, vanxd, vanxyc, vanxye, vanxyg, vanya, vanyb, vanyd, vanyg, vanz, vata,
vath, vate, vatd, vate, vgaa, vgab, vgba, vgbhb, vph, ykke, and ykkd.

[00024] (n some specific embodiments of the methodology, the mathod may
include an analysis of the following AR markers: blakPC (beta lactam resistance),
blaNDM (beta lactam resistance), rmtA {aminoglycoside resistance), rmiB
{aminoglycoside resistance), rmtC (aminoglycoside resistance), rmtD1 and rmitl2
{(aminoglycoside resistance), npmA (aminoglycoside resistance), armA
{aminoglycoside resistance), gyrA (fluoroguinolone resistance), parC
{fluoroguinclone resistance), gnrA (fluoroguincione resistance), gnrC
{fluoroquinolone resistance), gnrD (flucroguinolone resistance), gnrS
{fluoroquinolone resistance), gnrB (fluoroquinolone resistance), blaCTX-M (beta
lactam resistance), dfrA markers {(dihydrofolate reductase production affecting
resistance to trimethoprim), 4frB markers (dihvdrofolate reductase production
affecting resistance {o trimethoprim), sul markers (dihydropteroate synthase
production affecting resistance to sulfonamides) Staphylococcus rpoB (vancomycin
intermediate resistance), and known Staphylococcus AR markers, including linA,
MecA, vana, aach, blaZ, ermA, erm(C, tati, tetM, and msrA. In some embodiments,
the oligonucleotides (with or without the universal tail sequences detailed herein)
listed in Table 2 can be used with embodiments of the invention to amplify one or
more markers from the microorganisms to provide AR information to the user.

[00025] Moreover, in some embodiments, one or more the AR markers
associated can be amplified in a multiplex manner. For example, in some aspects,
nucleic acids can be obtained from the sample and the oligonucleotides used to
amplify one or more of the AR markers used to identify / characterize the AR
potential of the microorganisms can be added to a single mixture to produce a
plurality of amplicons in a single reaction mixture. In other aspects, the
oligonucleotides can be added to multiple mixtures to provide for the creation of
multiple amplicons in multiple mixtures. In some aspects, amplification of the AR
markers and the markers used to identify microorganisms / diagnose an infection
can also occur in a multiplex manner such that some or all of the amplicons are

generated in a single reaction for a particular sample. In other aspects, amplification

10
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of the AR markers and the markers used to identify microorganisms / diagnose an
infection can occur in multiple reaction vessels.

[00026] In some aspects, the markers may include one or more sets of
ampilifiable nucleic acids that can provide strain identity information about the
microorganisms. For example, the markers may include amplifiable nucleic acid
sequences that can be used to assess the presence and/or absence of specific
strains of microorganisms. In some embodiments, the markers may include
amplifiable nucleic adid sequences that can be used to identify the presence of one
or more of the following strains of microorganisms: methicillin-resistant
Staphylococcus aureus {orfX junction), methicillin-resistant Staphyfococcus
epidermidis (orfX junction or ¢fr), S. aureus strain USA300, S. aureus strain CC8, S
aureys strain USA300/500, S. aureus strain Archaic iberian, 8. aureus strain True
Iberian, 8. aureus strain ST239, 8. aureus strain CC5, Staphylococcus strains
comprising the tuf gene, SCCmec typing, including the following S. aursus strains,
corB2, mect, 1512724, corC, corB1, corB3, corB4, mecC2, SCOmeciVa-J1, and
scemeciVa, The sirain identification markers may also include further S. aureus
typing markers MRSA sea and MRSA seb and E. coli pathovar typing, including the
following markers: Shiga toxin genes, £, coli aggR, T355, £, cofi virulence markers,
E. coli and Shigelfa invasion antigen, E. cofi enterotoxin, E. coff UPEC, E. cofi H30-
Rx, trpA, pabB, uidA, rfbO16, and rfbO25b. In some aspects, the strain identification
markers may further include markers for strain identification of K pneumoniae
strains, including ST258-strain specific SNP 3578137-Y, rpoB, gapA, mdh,
phosphoglucose isomerase, phoE, infB, and tonB. The markers for strain
identification may also include the CG258 1D assay, a marker for Klebsiella capsule
type (wzi gene of cps locus), markers for £, coff strain identification (adk, fumC, gyrB,
icd, mdh, purA, and recA), markers for 5. aureus strain identification {(arc, aro, gip,
amk, pta, tpi, and yqi), and markers for Strepfoceccus pyogenes identification.
Moreover, in some embodiments, one or more controf nucleotide sequences can be
added to any reactions to ensure proper ampilification. In some embodiments, the
oligonucleotides (with or without the universal tail sequences detailed herein) listed
in Table 3 can be used with embodiments of the invention to amplify one or more
markers from the microorganisms to provide AR information to the user. In other
embodiments, the oligonucleotides (with or without the universal tail sequences
detailed herein) listed in Table 9 can be used with embodiments of the invention to
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amplify one or more markers from the microorganisms to provide lineage
identification information to the user.

[00027] Moreover, in some embodiments, one or more the strain
identification markers associated can be amplified in a multiplex manner. For
example, in some aspects, nucleic acids can be obtained from the sample and the
oligonucleotides used to amplify one or more of the strain identification markers used
to identify the strain of the microorganisms can be added to a single mixture to
produce a plurality of amplicons in a single reaction mixture. In other aspects, the
oligonucleotides can be added to multiple mixtures to provide for the creation of
multiple amplicons in multiple mixtures. In some aspects, amplification of the strain
identification markers, the AR markers, and/or the markers used to identify
microorganisms / diagnose an infection can also occur in a multiplex manner such
that some or all of the amplicons are generated in a single reaction for a particular
sample. In other aspects, amplification of the strain identification markers, the AR
markers, and/or the markers used to identify microorganisms / diagnose an infection
can occur in multiple reaction vessels. Overall, as described in greater detail below,
regardless of the multiplex nature of some embodiments of the invention, after
amplification of the markers detailed above, the method may include processing and
sequencing the resulting amplicons to provide information related to the
identification, characterization, and strain identity of one or more microorganisms
that may be present within the sample.

[00028] Some embodiments of the invention may comprise the use of one
or more methods of amplifying a nucleic acid-based starting material {i.e., a
template, including genomic DNA, crude DNA exiract, single-stranded DNA, double-
stranded DNA, cDNA, RNA, or any other single-stranded or double-stranded nudleic
acids). Nucleic acids may be selectively and specifically amplified from a template
nuckeic acid contained in a sampie. in some nucleic acid amplification methods, the
copies are generated exponentially. Examples of nuclesic acid amplification methods
known in the art include: polymerase chain reaction (PCR), ligase chain reaction
(LCR), self-sustained sequence replication (38R), nucleic acid sequence based
amplification (NASBA), strand displacement amplification (SDA), ampilification with
QB replicase, whole genome amplification with enzymes such as ¢29, whole

genome PCR, in vitro transcription with 77 RNA polymerase or any other RNA
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polymerase, or any other method by which copies of a desired sequence are
generated.

[00029] In addition to genomic DNA, any polynuciectide sequence can be
ampilified with an appropriate set of primer molecules. In particular, the amplified
segments created by the PCR process itself are, themselves, efficient templates for
subsequent PCR amplifications.

[00030] PCR generally involves the mixing of a nucleic acid sample, two or
more primers or oligonucleotides (primers and oligonucleoctides are used
interchangeably herain) that are designed o recognize the templaie DNA, a DNA
polymerase, which may be a thermosiable DNA polymerase such as Tag or Pfu, and
deoxyribose nucleoside triphosphates (dNTP's). In some embodiments, the DNA
polymerase used can comprise a high fidelity Tag polymerase such that the error
rate of incorrect incorporation of dNTPs is less than one per 1,000 base pairs.
Reverse transcription FCR, guantitative reverse transcription PCR, and quantitative
real time reverse transcription PCR are other specific examples of PCR. in general,
the reaction mixiure is subjected to temperature cycles comprising a denaturation
stage (typically 80-100° C}, an annealing stage with a temperature that is selected
based on the melling temperature {Tm) of the primers and the degeneracy of the
primers, and an extension stage (for example 40-75° C). inreal-time PCR analysis,
additional reagents, methods, optical detection systems, and devices known in the
art are used that aliow a measurement of the magnitude of flucrescence in
proportion to concentration of amplified template. In such analyses, incorporation of
fluorescent dye into the ampilified strands may be detected or measured.

[00031] Either primers or primers along with probes allow a quantification of
the amount of specific template DNA present in the initial sample. In addition, RNA
may be detected by PCR analysis by first creating a DNA template from RNA
through a reverse transcriptase enzyme (i.e., the creation of cDNA). The marker
expression may be detected by quantitative PCR analysis facilitating genotyping
analysis of the samples.

[00032] “Amplification” is a special case of nucleic acid replication involving
template specificity. Amplification may be a template-specific replication or a non-
tempiate-specific replication (i.e., replication may be specific template-dependent or
not). Template specificity is here distinguished from fidelity of replication (synthesis

of the proper polynuciectide sequence) and nucleotide (ribo- or deoxyribo-)
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specificity. Template specificity is frequently described in terms of “targetl” specificity.
Target sequences are “targets” in the sense that they are sought 10 be sorted out
from other nucleic acid. Amplification technigues have been designed primarily for
this sorting out. The amplification process may result in the production of one or
more amplicons.

[00033] The ferm “templaie” refers to nucleic acid originating from a sample
that is analyzed for the presence of one or more markers. In conirast, "background
tempiate” or “control” is used in reference to nucieic acid other than sample template
that may or may not be present in a sample. Background template is most often
inadvertent. It may be the result of carryover, or it may be due to the presence of
nucleic acid contaminants sought to be purified out of the sample. For example,
nucleic acids from organisms other than those 1o be detecied may be present as
background in a test sampie.

[00034] in addition o primers and probes, template specificity is aiso
achieved in some amplification technigues by the choice of enzyme. Amplification
enzymes are enzymes that, under the conditions in which they are used, will process
only specific sequences of nucleic acid in a heterogeneous mixiure of nucleic acid.
Other nucleic acid sequences will not be replicated by this amplification enzyme.
Similarly, in the case of T7 RNA polymerase, this amplification enzyme has a
stringent specificity for its own promoters (Chamberlin et al. (1970) Nature
(228).227). Inthe case of T4 DNA ligase, the enzyme will not ligate the two
oligonuclectides or polynuclectides, where there is a mismaich belween the
oligonucleoctide or polynuciectide subsirate and the femplate at the ligation junction
{(Wu and Wallace (1989) Genomics (4):560). Finally, Tag and Pfu polymerases, by
virtue of their ability to function at high temperature, are found to display high
specificity for the sequences bounded and thus defined by the primers; the high
temperature results in thermodynamic conditions that favor primer hybridization with
the target sequences and not hybridization with non-target sequences (H. A. Eddich
{ed.} (1988) PCR Technology, Stockton Press).

[00035] The term “amplifiable nucieic acid” refers {0 nucleic acids that may
be amplified by any ampilification method. His contemplated that "amplifiable nucleic
acid” will usually comprise “sampie template.” The terms “PCR product,” "PCR
fragment,” "ampiification product,” and “amplicon” refer {0 the resultant mixture of

compounds after two or more cycles of the PCR steps of denaturation, annealing
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and extension. These terms encompass the case where there has been
amplification of one or more segments of one or more target sequences.

[00036] n some forms of PCR assays, quaniification of a target in an
unknown sample is often required. Such quantification may be determined in
reference o the quantity of a control sample. The control sample starting material /
tempiate may be co-amplified in the same tube in a multiplex assay or may be
amplified in a separate tube. Generally, the control sample contains template at a
known concentration. The control sampie template may be a plasmid construct
comprising only one copy of the amplification region to be used as quantification
reference. To calculate the quantity of a target in an unknown sampile, various
mathematical models are established. Calculations are based on the comparison of
the distinct cycle determined by various methods, e.g., crossing points (CP) and
cycle threshold values (Ct) at a constant level of flucrescence; or CP acquisition
according to established mathemalic algorithm.

[00037] Some embodiments of the invention may comprise a muitiplex
assay. As used herein, the term “multiplex” refers o the production of more than
one amplicon, PCR product, PCR fragment, amplification product, efc. in a single
reaction vessel. In other words, multiplex is to be construed as the amplification of
more than one marker-specific sequences within a PCR reaction or assay within the
same PCR assay mixture (e.g., more than one amplicon is produced within a single
vessel that contains all of the reagents necessary to perform a PCR reaction). in
some embodiments, a step prior to performing the PCR (or RT-PCR, quantitative
RT-FPCR, etc.) reaction can occur such that sets of primers and/or primers and
probes are designed, produced, and optimized within a given set of reaction
conditions to ensure proper amplicon production during the performance of the PCR.

[00038] The algorithm for Ct values in real time-PCR calcuiates the cycle at
which each PCR amplification reaches a significant threshold. The calculated Ct
value is proportional to the number of marker copies present in the sample, and the
Ct value is a precise guantitative measurement of the copies of the marker found in
any sample. in other words, Ct values represent the presence of respective marker
that the primer sets are designed to recognize. If the marker is missing in a sample,
there should be no amplification in the Real Time-PCR reaction.

[00039] Alternatively, the Cp value may be utilized. A Cp value represenis

the cycle at which the increase of fluorescence is highest and where the logarithmic
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phase of a PCR begins. The LightCycler® 480 Software caiculates the second
derivatives of entire amplification curves and determines where this value is at its
maximum. By using the second-derivative algorithm, data oblained are more reliable
and reproducible, even if fluorescence is relatively low.

[00040] The various and non-limiting embodiments of the PCR-based
method detecting marker expression level as described herein may comprise one or
more probes and/or primers. Generzally, the probe or primer contains a sequence
complementary 10 a sequence specific 1o a region of the nudleic acid of the marker
gene. A seguence having less than 60% 70%, 80%, 90%, 85%, 99% or 100%
identity to the identified gene sequence may also be used for probe or primer design
if it is capable of binding to its complementary sequence of the desired target
sequence in marker nucleic acid.

[00041] Some embodiments of the invention may include a method of
comparing a marker in a sample relative to one or more control samples. A control
may be any sample with a previcusly determined level of expression. A control may
comprise material within the sampile or material from sources other than the sample.
Alternatively, the expression of a marker in a sample may be compared (o a control
that has a level of expression predetermined to signal or not signal a cellular or
physiclogical characteristic. This level of expression may be derived from a single
source of material including the sampile itself or from a set of sources.

[00042] The sample in this method is preferably a biclogical sampile from a
subject. The term “sample” or *biclogical sample” is used in its broadest sense.
Depending upon the embodiment of the invention, for example, a sample may
comprise a bodily fluid including whole blood, serum, plasma, urine, saliva, cersbral
spinal fluid, semen, vaginal fluid, pulmonary fluid, tears, perspiration, mucus and the
like; an extract from a cell, chromosome, organelie, or membrane isclated from a
cell; a cell; genomic DNA, RNA, or cEBNA, in solution or bound 10 a substrate; a
tissue; a tissue print, or any other material isolated in whole or in part from a living
subject or organism. Biological sampies may also include sections of tissues such
as biopsy and autopsy samples, and frozen sections taken for histologic purposes
such as blood, plasma, serum, sputum, stool, tears, mucus, hair, skin, and the like.
Biological samples also include explants and primary and/or transformed cell

cultures derived from patient tissues. In some embodiments, sample may comprise
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a portion of a non-animal organism, such as a plant {(e.g., castor beans or derivalives
thereof).

[00043] In some embodimenis, sample or biclogical sample may include a
bodily tissue, fluid, or any other specimen that may be obtained from a living
organism that may comprise additional living organisms. By way of example only, in
some embodiments, sample or biclogical sample may include a specimen from a
first organism (e.9., a human) that may further comprise an additional organism (e.q.,
bacteria, including pathogenic or non-pathogenic / commensal bacteria, viruses,
parasites, fungi, including pathogenic or non-pathogenic fungi, etc.). In some
embodiments of the invention, the additional organism may be separately cultured
after isolation of the sampile to provide additional starting materials for downstream
analyses. In some embodiments, the sample or biological sample may comprise a
direct portion of the additional, non-human organism and the host organism (e.g., a
biopsy or sputum sample that containsg human celis and bacteria).

[00044] With respect to use of the sample or biclogical sample,
embodiments of the claimed methodology provide improvements compared to
conventional methodologies. Specifically, conventional methodologies of identifying
and characterizing microorganisms inciude the need for morphological identification
and culiure growth. As such, conventional methodologies may fake an exiended
period of time to identify the microorganism and may then require further time {o
identify whether the microorganism possesses and AR markers. Some
embodiments of the invention can provide a user with information about any
microorganisms present in a sample without the need for additional culturing
because of the reliance of nucieic acid amplification and sequencing. In other words,
direct extraction of nucleic acids coupled with amplification of the desired markers
and downstream sequencing can reduce significantly the time required to obtain
diagnostic, AR, and strain identifying information.

[00045] The invention may further comprise the step of sequencing the
amplicon. Methods of sequencing include but need not be limited {0 any form of
DNA sequencing including Sanger, next-generation sequencing,
pyrosequencing, SOLID sequencing, massively parallel sequencing, pooled, and
barcoded DNA sequencing or any other seguencing method now known or yet {o be

disclosed.
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[00046] I Sanger Sequencing, a single-stranded DNA template, a primer, a
DNA polymerase, nucleotides and a label such as a radioactive label conjugated
with the nucleotide base or a fluorescent label conjugated io the primer, and one
chain terminator base comprising a dideoxynuclectide (ddATP, ddGTP, ddCTP, or
ddTTPR, are added to each of four reaclion (one reaction for each of the chain
terminator bases). The sequence may be determined by electrophoresis of the
resulfing strands. In dye terminator seguencing, each of the chain termination bases
is labeled with a fluorescent label of a different wavelength that allows the
sequencing to be performed in a single reaction.

[00047] In pyroseguencing, the addition of a base {0 a single-stranded
template (o be sequenced by a polymerase resulis in the release of a pyrophosphate
upon nuclectide incorporation. An ATP sulfuryrlase enzyme converts pyrophosphate
into ATP that in turn catalyzes the conversion of luciferin to oxyluciferin which results
in the generation of visible light that is then detected by a camera or other sensor
capable of capturing visible light.

[00048] in SOLID sequencing, the molecule to be sequenced is fragmented
and used o prepare a population of clonal magnetic beads (in which each bead is
conjugated to a plurality of copies of a single fragment) with an adaptor sequence
and alternatively a barcode sequence. The beads are bound to a glass surface.
Seqguencing is then performed through 2-base encoding.

[00049] In massively paraliel sequencing, randomly fragmented targeted
nucleic acids and/or amplicons are attached to a surface. The fragments / amplicons
are exiended and bridge amplified to create a flow cell with clusters, each with a
plurality of copies of a single fragment sequence. The templates are sequenced by
synthesizing the fragments in parallel. Bases are indicated by the release of a
fluorescent dye correlating {o the addition of the particular base o the fragment.

[00050] Nucleic acid sequences may be identified by the IUARC letter code
which is as follows: A - Adenine base; C- Cytosine base; G - guanine base; T or U -
thymine oruracitbase. M-AorC, R-AorGW-AorT,8-CorG, Y-CorT, K-
GorT,V-AorCor G H-AorCorT:D-AorGorT:B-CorGorT: NorX-Aor
CorGorT. Notethat T or U may be used interchangeably depending on whether
the nucleic acid is DNA or RNA. A seguence having less than 60%, 70%, 80%,
80%, 95%, 99% or 100% identity to the identifying seguence may still be

encompassed by the invention if it is able of binding to its complimentary seguence
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and/or facilitating nucleic acid amplification of a desired target sequence. In some
embodiments, as previcusly mentioned, the method may include the use of
massively parallel sequencing, as detailed in U.S. Patent Nos. 8,431,348 and
7,754,429, which are hereby incorporated by reference in their entirety.

[00051] Some embodiments of the invention comprise multiple steps and/or
processes that are carried out to execute the universal tail indexing strategy to
prepare amplicons corresponding to desired markers for sequencing. in some
embodiments, one or more makers for a given sample or template can be selecied,
as described above. Some embodiments of the invention can be used in conjunction
with an analysis of one or more markers (e.g., genes / alleles) associated with a
particular phenotype {e.g., resistance to one or more pharmaceuticals, such as
antibiotics). By way of example only, some embodiments of the invention can be
used to detect and/or quantify the development of antibiotic resistance in populations
of patients infected with an organism. As such, in some aspects, prior to performing
additional steps, an investigator can assess the markers present within the genome
of the organism to determine which markers are implicated in the development of
antibiotic resistance. For example, markers can be selected that may contain a SNP
or other change or alteration that can confer at least partial antibiotic resistance. In
other aspects of the invention, markers can be selected that are not implicated in
antibiotic resistance, but are associated with other phenotypes / genctypes that are
desirable for further analysis.

[00052] After selection of the markers, marker-apecific primers /
oligonucleoctides can be designed for the amplification of the markers to produce the
desired amplicons, as detailed above. Asis known in the ari, a forward and a
reverse marker-specific primer can be designed to amplify the marker from a nucleic
acid sample. In some embodiments, the forward and reverse primers can be
designed to produce an amplicon {e.¢., some or ali of the sequence of the marker) of
a desired length. For example, the length of the amplicon may comprise
approximately 50 base pairs (bp), 100 bp, 150 bp, 200 bp, 250 bp, 300 bp, 350 by,
400 bp, 450 bp, 500 bp, 1,000 bp, or any size amplicon greater in size or
therebetween.

[00053] As previously mentioned, some embodiments of the invention may
include a multiplex PCR reaction. For example, marker-specific primers can be

designed for multiple markers or multiple regions of the same marker such that
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multiple amplicons of between about 50 bp and 1,000 bp are being produced within
a single PCR reaction vessel. In other words, the forward and reverse primers can
be designed to function within a given set of temperaiure parameters such that more
than one amplicon can be successfully amplified from a given template within a
single PCR reaction mixture. As such, multiple amplicons can be prepared using the
universal tail indexing sirateqy for sequencing preparation.

[00054] In some embodiments, the forward and reverse primers that have
been designed for each of the markers can be modified {o include a universal tail.
For exampie, the universal tail sequences can be relalively or completely unigue
sequences of nucieoctides that are coupled to the 5 ends of some or all of the
forward and reverse marker-specific primers. In some aspects, the universal tail
sequences can be selected such that there is little 1o no overlap in sequence
between portions of the markers that are being ampilified and the universal tail
sequences. Moreover, the universal {ail sequences can comprise a length between
ten and twenty nuclectides in length. In some embodiments, the universal tail
sequences can be any other length, as desired by the user {0 meei the needs and
requirements of the reaction. As such, the universal tail seguences can exhibit a
relatively negligible impact on binding of the forward and reverse marker-specific
primers to the template sequence {0 enable amplification. Moreover, as a resuli of
being included on the 5 end of the forward and reverse marker-specific primers, the
universal tail sequences will form a portion of the resulting amplicons. In addition, in
some aspects of the invention, the sequences selected for the universal tail
sequences can be at least partially correlated with the chemical composition of the
template nucleic acids. For example, in some aspects, the sequences selected for
the universal tail sequences can be at least partially correlated with the G-C content
of the organism from which the template is isolated.

[00055] in some aspects, some or all of the universal tall sequences can be
at least partially unigue. In some embodiments, each of the & ends of all of the
forward marker-specific primers within a given PCR assay mixture can comprise the
same or a similar universal tall sequence {e.qg., a first universal tail seguence or
UT1). Similarly, each of the 5 ends of all of the reverse marker-specific primers
within the same PCR assay mixture can comprise a second universal tail sequence
(UT2) that differs from the first universal tail sequence. As such, each respective

sampie from which a template sequence is used in the multiplex PCR assay will
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have two unigue universal tail sequences. Accordingly, each forward and reverse
marker-specific primer within a muitiplex PCR mixture will inciude a unique universal
tail sequence. For example, if the PCR includes 35 different samples, 35 universal
tail sequences can be employed for the forward primers in each of the 35 unigue
reactions (i.e., not including technical replicates) and 35 universal tail sequences can
be employed for the reverse primers in each of the 35 unigue reactions (i.e., not
including technical replicates). Overall, the forward and reverse marker-specific
primers that each comprise the universal ail sequences can comprise a generally
shori length (e.q., 25-50 bp), which can facilitate simultaneous amplification of
multiple targets in a single reaction.

[00056] In addition, some embodiments of the invention may comprise
performing quantitative PCR to optimize the multiplex PCR assay. For example,
after design of the forward and reverse marker-specific primers that each include a
universal tail sequence, the contemplated muitiplex PCR assays can be performed
using guantitative PCR (e.g., using DNA as a template) to assess relative quantities
of the amplicons produced. Accordingly, the sequence coverage of each amplicon is
considered to be equal if the quantities of the amplicons produced by the multiplex
guantitative PCR appear to be equal. If the quantities of the amplicons produced by
the multiplex quantitative PCR do not appear to be equal, the forward and/or reverse
marker-specific primers can be altered and re-optimized until adequate quantities of
amplicons are produced.

[00057] After design and adequate optimization of the multiplex PCR assay
comprising multiple forward and reverse marker-specific primers that each include
universal tail sequences, the multiplex PCR can be performed to obtain the
amplicons associated with the above-described markers. [n some embodiments,
tempiate that has been previously isclated from a sample can be used for the
amplification of the amplicons. In some aspects, multiple PCR reaction replicates
can be performed for each sample template and one or more control templates.

[00058] In some embodiments, after successful production of the amplicons
during the multiplex PCR assay, the resulting amplicons can be further processed to
provide sequencing-ready amplicons. For example, some smbodiments of the
invention may comprise an indexing extension siep. In some aspects, the indexing
extension step may comprise extending the optimized multiplex amplicons using a

set of indexing and common primers that recognize the respective universal tail
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sequences used for the particular group of amplicons in a minimal cycle PCR assay
{e.g., 5-10 total cycles). In particular, each multiplex set of amplicons to be
sequenced can be extended with a different set of index oligonucleotides and
common oligonucleotides that recognize UT1 and UT2, respectively. In some
aspects, the index sequence of the index oligonuciectides can be custom designed
o allow for the selection of an index sequence from potentially thousands of different
index seguences.

[00059] Afier this step, the resulting products include a set of amplicons for
each sample / template that comprise the same index and any necessary sequences
that may be required for a particular sequencing platform (e.g., platform seguences
associated with the ILLUMINA® Next Generation sequencing platform). Thereafter,
the resulling extension-reaction products can be quantified, pooled, and sequenced
using a desired platform. In some aspecis, the inclusion of the universal tail
sequences on the index and common primers can coincide with the use of genomic
and index read primers in the mixture of seguencing primer reagents. For example,
some embodiments of the invention are capable of pooling multiple amplicons with
multiple indices in a single sequencing run to provide 40,000x-95,000x coverage
across the amplicons. In other embodiments, the systems and methods associated
with the invention can be configured to provide any level of sequencing coverage
that is desirable {0 the user {e.g., higher or lower that the coverage levels discussed
above). In some embodiments, after sequencing and generation of the sequence
data, the resulting data can be demultiplexed and the sequence files can be aligned
to the appropriate references sequences for subsequent sequence analyses.

[00060] Embodiments of the invention offer additional advantages relative to
conventional systems. For example, some embodiments of the invention comprise
the use of PCR before sequencing such that only limited amounts of starting material
are necessary and the starting material need not be of high quality (e.g., genomic
DNA, crude DNA extracts, single stranded DNA, RNA, cDNA, etc.). In contrast,
many conventional sample preparation systems may require relatively large amounts
of starting material of relatively high quality, which can limit the use of these systems.
Moreover, the inclusion of non-desirable template materials can also interfere in one
or more downstream processes in conventional systems and methods. For
example, if an investigation is being conducted that focuses on one or more

organisms that may be associated with another organism (e.g., bacteria associated
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with a human); the sampling of the target organism may result in template
contamination from the host organism.

[00061] In particular, in some aspects, obtaining samples of pathogenic or
commensal bacteria from, on, or within a human may also result in the collection of
human tissue. As such, when isolating the template, human nucleic acids may
contaminate the bacterial template. Some embodiments of the invention are
configured such that the contaminating template (e.g., from a human) would not
interfere with downstream processes, including sequencing. For example, some
embodiments of the invention operate such that only a limited amount of starting
template (e.g., 500 femtograms or greater) can be used. Moreover, some
embodiments are also configured such that the starting material (e.g., template
contaminated with foreign nucleic acids) can still produce the required amplicons for
sequencing in the presence of more than a 1,000-fold excess of contaminating
template with no discernible inhibition of the multiplex PCR.

[00062] In certain aspects, the present invention provides an assay that
works with as little as about 1pg, about 900fg, about 800fg, about 700fg, about
600fg, about 500fg, about 400fg, about 300fg, about 200fg, or about 100fg of
genomic DNA.

EXAMPLES

[00063] The inventors employed embodiments of the methods detailed
herein to assess the presence of microorganisms in control samples from
respiratory, wound, nasal swab, and urine specimens using oligonucleotides /
primers detailed in Tables 1 and 2 to amplify desired markers. Thereafter, the
resulting amplicons were sequenced using next-generation sequencing technology
to obtain information on the identity and AR characteristics of the microorganisms in
the samples.

[00064] As illustrated in Table 4, the inventive methodology produced
extremely reliable results, compared to standard / conventional culture methods.
Moreover, as illustrated by the samples that include the *** indication, the claimed
methodology was also able to reveal the presence of an AR marker, which was not
detected using the traditional culture methodology. Moreover, as illustrated in Table

5, by detecting organisms that were not previously detected using traditional culture-
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based methods, the method further shows increased sensitivity compared to the
culture-dependent methodology.

[00065] As illustrated in Tables 6, 7, and 8, the inventive methodology was
used to identify microorganisms from different sample types. For example, in Table
6, the inventive methodology was used to identify the listed species and the listed
antibiotic resistances in 27 respiratory specimen samples from subjects with cystic
fibrosis. Similarly, in Table 7, the inventive methodology was used to identify the
listed species and the listed antibiotic resistances in 24 respiratory specimen
samples from subjects with chronic rhinosinusitis. Finally, in Table 8, the inventive
methodology was used to identify the listed species and the listed antibiotic
resistances in 38 respiratory specimen samples from subjects with various
respiratory diseases.

[00066] It should be understood from the foregoing that, while particular
embodiments have been illustrated and described, various modifications can be
made thereto without departing from the spirit and scope of the invention as will be
apparent to those skilled in the art. Such changes and modifications are within the

scope and teachings of this invention as defined in the claims appended hereto.
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CLAIMS

What is claimed is:

1. A method of detecting and characterizing one or more microorganisms within
a sample, the method comprising the steps of:
receiving the sample;
extracting a template from the sample;
performing a multiplex polymerase chain reaction assay comprising the
steps of:
amplifying a first marker from the template to create a first
amplicon, wherein the first amplicon comprises a first universal
tail sequence and a second universal tail sequence, and further
wherein the first marker is specific for at least a genus of
microorganism;
amplifying a second marker from the template to create a
second amplicon, wherein the second amplicon comprises the
first universal tail sequence and the second universal tail
sequence, and further wherein the second marker is specific for
at least one antibiotic resistance gene;
sequencing the first and second amplicons to detect and characterize

the one or more microorganisms.

2. The method of claim 1 and further comprising amplifying a third marker from
the template to create a third amplicon, wherein the third amplicon comprises a first
universal tail sequence and a second universal tail sequence, and further wherein
the third marker is specific for strain identity and/or lineage of the one or more

microorganisms.

3. The method of claim 1 or 2, wherein the first amplicon comprises a sequence
selected from SEQ ID NOs: 1-109.

4, The method according to any one of claims 1 to 3, wherein the second

amplicon comprises a sequence selected from SEQ ID NOs: 110-298.
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5. The method of claim 2, wherein the third amplicon comprises a sequence
selected from SEQ ID NOs: 299-431.

6. The method of claim 2, wherein the amplification of the first, second, and third

markers occurs within a single reaction vessel.

7. The method of claim 2 further comprising sequencing the third amplicon.

8. The method according to any one of claims 1 to 7 further comprising adding
an index to the first amplicon and the second amplicon using at least one indexing
oligonucleotide, wherein the at least one indexing oligonucleotide comprises a
complimentary sequence that recognizes at least one of the first universal tail

sequence and the second universal tail sequence.

9. The method according to any one of claims 1 to 8, wherein at least one of the

one or more microorganisms is a pathogenic microorganism.

10.  The method of claim 9, wherein the pathogenic microorganism is an
ESKAPE pathogen selected from the group consisting of Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii,

Pseudomonas aeruginosa, and Enterobacter spp.

11.  The method according to any one of claims 1 to 10, wherein the template

comprises nucleic acids from a subject and the one or more microorganisms.

12. The method of claim 11, wherein the template is DNA.

13. A method of detecting and characterizing a microorganism in a sample from a
subject, the method comprising the steps of:
receiving the sample;
performing a polymerase chain reaction comprising the steps of:
amplifying a first marker within the sample, wherein amplifying
the first marker comprises mixing the sample with a first

oligonucleotide comprising a first universal tail sequence and a
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second oligonucleotide comprising a second universal tail, and
further wherein the first marker is specific for at least a genus of
microorganism;
amplifying a second marker within the sample, wherein
amplifying the second marker comprises mixing the sample with
a third oligonucleotide comprising the first universal tail
sequence and a fourth oligonucleotide comprising the second
universal tail, and further wherein the second marker comprises
an antibiotic resistance gene;

wherein amplifying the first marker and the second marker results in a

first amplicon and a second amplicon; and

sequencing the first amplicon and the second amplicon to detect and

characterize the microorganism.
14.  The method of claim 13, wherein the subject is an animal.
15. The method of claim 14, wherein the animal is a human.
16. The method according to any one of claims 13 to 15, wherein the sample is
selected from at least one of a respiratory sample, a nasal swab sample, a urine
sample, and a blood sampile.
17.  The method according to any one of claims 13 to 16, wherein the first
oligonucleotide and the second oligonucleotide independently comprise a sequence
selected from SEQ ID NOs: 1-109.
18. The method according to any one of claims 13 to 17, wherein the third
oligonucleotide and the fourth oligonucleotide independently comprise a sequence

selected from SEQ ID NOs: 110-298.

19. The method according to any one of claims 13 to 18, wherein the amplification

of the first amplicon and the second amplicon occurs in a single reaction vessel.
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20. The method according to any one of claims 13 to 19, further comprising
amplifying a third marker within the sample, wherein amplifying the third marker
comprises mixing the sample with a fifth oligonucleotide comprising the first universal
tail sequence and a sixth oligonucleotide comprising the second universal tail, and
further wherein the third marker is specific for strain identity and/or lineage of the one
or more microorganisms, wherein amplifying the third marker results in a third
amplicon.

21.  The method of claim 20, wherein the fifth oligonucleotide and the sixth
oligonucleotide independently comprise a sequence selected from SEQ ID NOs:
299-431.

22.  The method of claim 20 or 21, wherein the amplification of the first amplicon,

the second amplicon, and the third amplicon occurs in a single reaction vessel.

23. The method according to any one of claims 13 to 22, wherein the

microorganism is a pathogenic microorganism.

24. The method of claim 23, wherein the pathogenic microorganism is an
ESKAPE pathogen selected from the group consisting of Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii,
Pseudomonas aeruginosa, and Enterobacter spp.
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