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COMPOSITIONS FOR USE IN IDENTIFICATION OF BACTERIA

[0001]

STATEMENT OF GOVERNMENT SUPPORT
[0002] This invention was made with United States Government support under DARPA/SPO

contract BAA00-09. The United States Government may have certain rights in the invention.

FIELD OF THE INVENTION
[0003] The present invention relates generally to the field of genetic identification of bacteria

and provides nucleic acid compositions and kits useful for this purpose when combined with

molecular mass analysis.

BACKGROUND OF THE INVENTION
[0004] A problem in determining the cause of a natural infectious outbreak or a bioterrorist

attack is the sheer variety of organisms.that can cause human disease. There are over 1400
organisms infectious to humans; many of these have the potential to emerge suddenly in a
natural epidemic or to be used in a malicious attack by bioterrorists (Taylor et al. Philos. Trans.
R. Soc. London B. Biol. Sci., 2001, 356, 983-989). This number does not include numerous

strain variants, bioengineered versions, or pathogens that infect plants or animals.

[0005] Much of the new technology being developed for detection of biological weapons

incorporates a polymerase chain reaction (PCR) step based upon the use of highly specific
primers and probes designed to selectively detect certain pathogenic organisms. Although this

approach 1s appropriate for the most obvious bioterrorist organisms, like smallpox and anthrax,
experience has shown that it is very difficult to predict which of hundreds of possible pathogenic
organisms might be employed in a terrorist attack. Likewise, naturally emerging human disease

that has caused devastating consequence in public health has come from unexpected families of
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bacteria, viruses, fungi, or protozoa. Plants and animals also have their natural burden of

infectious disease agents and there are equally important biosafety and security concerns for

agriculture.

[0006] A major conundrum in public health protection, biodefense, and agricultural safety and
security is that these disciplines need to be able to rapidly identify and characterize infectious
agents, while there is no existing technology with the breadth of function to meet this need.
Currently used methods for identification of bacteria rely upon culturing the bacterium to effect
isolation from other organisms and to obtain sufficient quantities of nucleic acid followed by

sequencing of the nucleic acid, both processes which are time and labor intensive.

[0007] Mass spectrometry provides detailed information about the molecules being analyzed,
including high mass accuracy. It is also a process that can be easily automated. DNA chips with -
specific probes can only determine the presence or absence of specifically anticipated organisms.
Because there are hundreds of thousands of species of benign bacteria, some very similar in

sequence to threat organisms, even arrays with 10,000 probes lack the breadth needed to identify

a particular organism.

|0008] There is a need for a method for identification of bioagents which is both specific and
rapid, and in which no culture or nucleic acid sequencing is required. Disclosed in !

U.S. published Patents: 2003-0027135; 2003-0228571; 2004-0209260; 2004-0219517;
2009-0280471; 2005-0266397 and in U.S. issued Patent Nos.: 7,217,510; 7,226,739; |

7,255,992, each of which 1s commonly owned, are methods for identification of

bioagents (any organism, cell, or virus, living or dead, or a nucleic acid derived from such an
organism, cell or virus) in an unbiased manner by molecular mass and base composition analysis
of “bioagent identifying amplicons” which are obtained by amplification of segments of essential
and conserved genes which are involved in, for example, translation, replication, recombination
and repair, transcription, nucleotide metabolism, amino acid metabolism, lipid metabolism,
energy generation, uptake, secretion and the like, Examples of these proteins include, but are not
limited to, ribosomal RNAs, ribosomal proteins, DNA and RNA polymerases, elongation
factors, tRNA synthetases, protein chain initiation factors, heat shock protein groEL,
phosphoglycerate kinase, NADH dehydrogenase, DNA ligases, DNA gyrases and DNA

topoisomerases, metabolic enzymes, and the like.
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[0009] To obtain bioagent identifying amplicons, primers are selected to hybridize to conserved
sequence regions which bracket variable sequence regions to yield a segment of nucleic acid
which can be amplified and which is amenable to methods of molecular mass analysis. The
variable sequence regions provide the variability of molecular mass which is used for bioagent
identification. Upon amplification by PCR or other amplification methods with the specifically
chosen primers, an amplification product that represents a bioagent identifying amplicon is
obtained. The molecular mass of the amplification product, obtained by mass spectrometry for
example, provides the means to uniquely identify the bioagent without a requirement for prior
knowledge of the possible identity of the bioagent. The molecular mass of the amplification
product or the corresponding base composition (which can be calculated from the molecular
mass of the amplification product) is compared with a database of molecular masses or base
compositions and a match indicates the identity of the bioagent. Furthermore, the method can be
applied to rapid parallel analyses (for example, in a multi-well plate format) the results of which
can be employed in a triangulation identification strategy which is amenable to rapid throughput
and does{not require nucleic acid sequencing of the amplified target sequence for bioagent

~identification.

[0010] The result of determination of a previously unknown base composition of a previously
unknown bioagent (for example, a newly evolved and heretofore unobserved bacterium or virus)
has downstream utility by providing new bioagent indexing information with which to populate
base composition databases. The process of subsequent bioagent identification analyses is thus
greatly improved as more base composition data for bioagent identifying amplicons becomes

available.

[0011] The present invention provides oligonucleotide primers and compositions and kits
containing the oligonucleotide primers, which define bacterial bioagent identifying amplicons
and, upon amplification, produce corresponding amplification products whose molecular masses

provide the means to identify bacteria, for example, at and below the species taxonomic level.

SUMMARY OF THE INVENTION
[0012] The present invention provides primers and compositions comprising pairs of primers,
and kits containing the same for use in identification of bacteria. The primers are designed to

produce bacterial bioagent identifying amplicons of DNA encoding genes essential to life such

as, for example, 16S and 23S rRNA, DNA-directed RNA polymerase subunits (rpoB and rpoC),
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valyl-tRNA synthetase (valS), elongation factor EF-Tu (TufB), ribosomal protein L2 (rplB),
protein chain initiation factor (infB), and spore protein (sspE). The invention further provides
drill-down primers, compositions comprising pairs of primers and kits containing the same,

which are designed to provide sub-species characterization of bacteria.

[0013] The present invention also provides an oligonucleotide primer 21 to 35 nucleobases in
length comprising 70% to 100% sequence identity with SEQ ID NO: 97, or a composition
comprising the same; an oligonucleotide primer 20 to 35 nucleobases in length comprising 70%
to 100% sequence 1dentity with SEQ ID NO: 451, or a composition comprising the same; a
composition comprising both primers; and a composition comprising a first oligonucleotide
primer 21 to 35 nucleobases in length comprising between 70% to 100% sequence identity of

SEQ ID NO: 97, and a second oligonucleotide primer 20 to 35 nucleobases in length comprising
between 70% to 100% sequence identity of SEQ ID NO: 451.

[0014] The present invention also provides an oligonucleotide primer 19 to 35 nucleobases in
length comprising 70% to 100% sequence identity with SEQ ID NO: 127, or a composition
comprising the same; an oligonucleotide primer 14 to 35 nucleobases in length comprising 70%
to 100% sequence identity with SEQ ID NO: 482, or a composition comprising the same; a
composition comprising both primers; and a composition comprising a first oligonucleotide
primer 19 to 35 nucleobases in length comprising between 70% to 100% sequence identity of
SEQ ID NO: 127, and a second oligonucleotide primer 14 to 35 nucleobases in length
comprising between 70% to 100% sequence identity of SEQ ID NO: 482.

[0015] The present invention also provides an oligonucleotide primer 19 to 35 nucleobases in
length comprising 70% to 100% sequence identity with SEQ ID NO: 174, or a composition
comprising the same; an oligonucleotide primer 21 to 35 nucleobases in length comprising 70%
to 100% sequence identity with SEQ ID NO: 530, or a composition comprising the same; a
composition comprising both primers; and a composition comprising a first oligonucleotide
primer 19 to 35 nucleobases in length comprising between 70% to 100% sequence identity of
SEQ ID NO: 174, and a second oligonucleotide primer 21 to 35 nucleobases in length
comprising between 70% to 100% sequence identity of SEQ ID NO: 530.

[0016] The present invention also provides an oligonucleotide primer 21 to 35 nucleobases in

length comprising 70% to 100% sequence identity with SEQ ID NO: 310, or a composition
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comprising the same; an oligonucleotide primer 19 to 35 nucleobases in length comprising 70%
to 100% sequence identity with SEQ ID NO: 668, or a composition comprising the same; a
composition comprising both primers; and a composition comprising a first oligonucleotide
primer 21 to 35 nucleobases in length comprising between 70% to 100% sequence identity of
SEQ ID NO: 310, and a second oligonucleotide primer 19 to 35 nucleobases in length
comprising between 70% to 100% sequence identity of SEQ ID NO: 668.

[0017] The present invention also provides an oligonucleotide primer 21 to 35 nucleobases in
length comprising 70% to 100% sequence identity with SEQ ID NO: 313, or a composition
comprising the same; an oligonucleotide primer 21 to 35 nucleobases in length comprising 70%
to 100% sequence identity with SEQ ID NO: 670, or a composition comprising the same: a
composition comprising both primers; and a composition comprising a first oligonucleotide
primer 21 to 35 nucleobases in length comprising between 70% to 100% sequence identity of
SEQ ID NO: 313, and a second oligonucleotide primer 21 to 35 nucleobases in length
comprising between 70% to 100% sequence 1dentity of SEQ ID NO: 670.

[0018] The present invention also provides an oligonucleotide primer 17 to 35 nucleobases in
length comprising 70% to 100% sequence 1dentity with SEQ ID NO: 277, or a composmon
comprising the same; an oligonucleotide primer 21 to 35 nucleobases in length comprising 70%
to 100% sequence identity with SEQ ID NO: 632, or a composition comprising the same; a
composition comprising both primers; and a composition comprising a first oligonucleotide
primer 17 to 35 nucleobases in length comprising between 70% to 100% sequence identity of
SEQ ID NO: 277, and a second oligonucleotide primer 21 to 35 nucleobases in length
comprising between 70% to 100% sequence 1dentity of SEQ ID NO: 632.

[0019] The present invention also provides an oligonucleotide primer 21 to 35 nucleobases in
length comprising 70% to 100% sequence 1dentity with SEQ ID NO: 285, or a composition
comprising the same; an oligonucleotide primer 19 to 35 nucleobases in length comprising 70%
to 100% sequence identity with SEQ ID NO: 640, or a composition comprising the same: a
composition comprising both primers; and a composition comprising a first oligonucleotide
primer 21 to 35 nucleobases in length comprising between 70% to 100% sequence identity of
SEQ ID NO: 285, and a second oligonucleotide primer 19 to 35 nucleobases in length
comprising between 70% to 100% sequence identity of SEQ ID NO: 640.
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[0020] The present invention also provides an oligonucleotide primer 21 to 35 nucleobases in
length comprising 70% to 100% sequence identity with SEQ ID NO: 301, or a composition
comprising the same; an oligonucleotide primer 21 to 35 nucleobases in length comprising 70%
to 100% sequence identity with SEQ ID NO: 656, or a composition comprising the same; a
composition comprising both primers; and a composition comprising a first oligonucleotide
primer 21 to 35 nucleobases in length comprising between 70% to 100% sequence identity of
SEQ ID NO: 301, and a second oligonucleotide primer 21 to 35 nucleobases in length
comprising between 70% to 100% sequence identity of SEQ ID NO: 656.

[0021] The present invention also provides an oligonucleotide primer 18 to 35 nucleobases in
length comprising 70% to 100% sequence identity with SEQ ID NO: 308, or a composition
comprising the same; an oligonucleotide primer 18 to 35 nucleobases in length comprising 70%
to 100% sequence identity with SEQ ID NO: 663, or a composition comprising the same; a
composition comprising both primers; and a composition comprising a first oligonucleotide
primer 18 to 35 nucleobases in length comprising between 70% to 100% sequence identity of
SEQ ID NO: 308, and a second oligonucleotide primer 18 to 35 nucleobases in length
comprising between 70% to 100% sequence identity of SEQ ID NO: 663.

[0022] The present invention also provides compositions, such as those described herein,
wherein either or both of the first and second oligonucleotide primers comprise at least one
modified nucleobase, a non-templated T residue on the 5'-end, at least one non-template tag, or

at least one molecular mass modifying tag, or any combination thereof

[0023] The present invention also provides kits comprising any of the compositions described
herein. The kits can comprise at least one calibration polynucleotide, or at least one ion exchange

resin linked to magnetic beads, or both.

[0024] The present invention also provides methods for identification of an unknown bacterium.
Nucleic acid from the bacterium is amplified using any of the compositions described herein to
obtain an amplification product. The molecular mass of the amplification product is determined.
Optionally, the base composition of the amplification product is determined from the molecular
mass. The base composition or molecular mass is compared with a plurality of base
compositions or molecular masses of known bacterial bioagent 1dentifying amplicons, wherein a

match between the base composition or molecular mass and a member of the plurality of base
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compositions or molecular masses identifies the unknown bacterium. The molecular mass can he
measured by mass spectrometry. In addition, the prrsence or absence of a particular clade, genus,

species, or sub-species of a bioagent can be determined by the methods described herein.

[0025] The present invention also provides methods for determination of the quantity of an
unknown bacterium in a sample. The sample is contacted with any of the compositions described
herein and a known quantity of a calibration polynucleotide comprising a calibration sequence.
Concurrently, nucleic acid from the bacterium in the sample 1s amplified with any of the
compositions described herein and nucleic acid from the calibration. polynucleotide in the sample
1s amplified with any of the compositions described herein to obtain a first amplification produét
comprising a bacterial bioagent identifying amplicon and a second amplification product
comprising a calibration amplicon. The molecular mass and abundance for the bacterial bioagent
identifying amplicon and the calibration amplicon is determined. The bacterial bioagent
identifying amplicon is distinguished from the calibration amplicon based on molecular mass,
wherein comparison of bacterial bioagent identifying amplicon abundance and calibration
amplicon abundance indicates the quantity of bacterium in the sample. The method can also

comprise determining the base composition of the bacterial bioagent identifying amplicon.

BRIEF DESCRIPTION OF THE DRAWINGS

[0026] Figure 1 is a represenataive pseudo-four dimensional plot of base compositions of
bioagent identifying amplicons of enterobacteria obtained with a primer pair targeting the rpoB
gene (primer pair no 14 (SEQ ID NOs: 37:362). The quantity each of the nucleobases A, G and
C are represented on the three axes of the plot while the quantity of nucleobase T is represented
by the diameter of the spheres. Base composition probability clouds surrounding the spheres are

also shown.

[0027] Figure 2 is a represenataive diagram illustrating the primer selection process.

[0028] Figure 3 lists common pathogenic bacteria and primer pair coverage. The primer pair
number in the upper right hand corner of each polygon indicates that the primer pair can produce

a bioagent identifying amplicon for all species within that polygon.

[0029] Figure 4 is a represenataive 3D diagram of base composition (axes A, G and C) of

bioagent identifying amplicons obtained with primer pair number 14 (a precursor of primer pair




CA 02560521 2006-09-19
WO 2006/071241 PCT/US2005/006133

-8 -

number 348 which targets 16S rRNA). The diagram indicates that the experimentally determined
base compositions of the clinical samples (labeled NHRC samples) closely match the base
compositions expected for Streptococcus pyogenes and are distinct from the expected base

compositions of other organisms.

[0030] Figure 5 is a represenataive mass spectrum of amplification products representing
bioagent identifying amplicons of Streptococcus pyogenes, Neisseria meningitidis, and
Haemophilus influenzae obtained from amplification of nucleic acid from a clinical sample with
primer pair number 349 which targets 23S rRNA. Experimentally determined molecular masses

and base compositions for the sense strand of each amplification product are shown.

[0031] Figure 6 1s a represenataive mass spectrum of ampliﬁcati‘on products representing a
bioagent identifying amplicon of Streptococcus pyogenes, and a calibration amplicon obtained
from amplification of nucleic acid from a clinical sample with primer pair number 356 which
targets rplB. The experimentally determined molecular mass and base composition for the sense

strand of the Streptococcus pyogenes amplification product is shown.

[0032] Figure 7 is a represenataive process diagram for identification and determination of the

quantity of a bioagent in a sample.

[0033] Figure 8 is a represenataive mass spectrum of an amplified nucleic acid mixture which
contained the Ames strain of Bacillus anthracis, a known quantity of combination calibration
polynucleotide (SEQ ID NO: 741), and primer pair number 350 which targets the capC gene on
the virulence plasmid pX02 of Bacillus anthracis. Calibration amplicons produced in the
amplification reaction are visible in the mass spectrum as indicated and abundance data (peak

height) are used to calculate the quantity of the Ames strain of Bacillus anthracis.

DESCRIPTION OF EMBODIMENTS

[0034] The present invention provides oligonucleotide primers which hybridize to conserved
regions of nucleic acid of genes encoding, for example, proteins or RNAs necessary for life
which include, but are not limited to: 16S and 23S rRNAs, RNA polymerase subunits, t-RNA
synthetases, elongation factors, ribosomal proteins, protein chain initiation factors, cell division
proteins, chaperonin groEL, chaperonin dnaK, phosphoglycerate kinase, NADH dehydrogenase,

DNA ligases, metabolic enzymes and DNA topoisomerases. These primers provide the
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functionality of producing, for example, bacterial bioagent identifying amplicons for general

identification of bacteria at the species level, for example, when contacted with bacterial nucleic

acid under amplification conditions.

[0035] Referring to Figure 2, primers are designed as follows: for each group of organisms,'
candidate target sequences are identified (200) from which nucleotide alignments are created
(210) and analyzed (220). Primers are designed by selecting appropriate priming regions (230)
which allows the selection of candidate primer pairs (240). The primer pairs are subjected to iz
silico analysis by electronic PCR (ePCR) (300) wherein bioagent identifying amplicons are
obtained from sequence databases such as, for example, GenBank or other sequence collections
(310), and checked for specificity in silico (320). Bioagent identifying amplicons obtained from
GenBank sequences (310) can also be analyzed by a probability model which predicts the
capability of a particular amplicon to identify unknown bioagents such that the base
compositions of amplicons with favorable probability scores are stored in a base composition
database (325). Altemaﬁveiy, base compositions of the bioagent identifying amplicons obtained
from the primers and GenBank sequences can be directly entered into the base composition
database (330). Candidate primer pairs (340) are validated by in vitro amplification by a method
such as, for example, PCR analysis (406) of nucleic acid from a collection of organisms (410).
Amplification products that are obtained are optionally analyzed to confirm the sensitivity,
specificity and reproducibility of the primers used to obtain the ampﬁﬁcaﬁon products (420).

[0036] Synthesis of primers is well known and routine in the art. The primers may be
conveniently and routinely made through the well-known technique of solid phase synthesis.
Equipment for such synthesis is sold by several vendors including, for example, Applied
Biosystems (Foster City, CA). Any other means for such synthesis known in the art may
additionally or alternatively be employed.

[0037] The primers can be employed as compositions for use in, for example, methods for
identification of bacterial bioagents as follows. In some embodiments, a primer pair composition
1s contacted with nucleic acid of an unknown bacterial bioagent. The nucleic acid is amplified by
a nucleic acid amplification technique, such as PCR for example, to obtain an amplification
product that represents a bioagent identifying amplicon. The molecular mass of one strand or
each strand of the double-stranded amplification product is determined by a molecular mass

measurement technique such as, for example, mass spectrometry wherein the two strands of the
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double-stranded amplification product are separated during the ionization process. In some
embodiments, the mass spectrometry is electrospray Fourier transform ion cyclotfon resonance
mass spectrometry (ESI-FTICR-MS) or electrospray time of flight mass spectrometry (ESI-TOF-
MS). A list of possible base compositions can be generated for the molecular mass value
obtained for each strand and the choice of the correct base composition from the list is facilitated
by matching the base composition of one strand with a complementary base composition of the
other strand. The molecular mass or base composition thus determined is compared with a
database of molecular masses or base compositions of analogous bioagent identifying amplicons
for known bacterial bioagents. A match between the molecular mass or base composition of the
amplification product from the unknown bacterial bioagent and the molecular mass or base
composition of an analogous bioagent identifying amplicon for a known bacterial bioagent

indicates the identity of the unknown bioagent.

[0038] In some embodiments, the primer pair used is one of the primer pairs of Table 1. In some
embodiments, the method is repeated using a different primer pair to resolve possible
ambiguities in the identification process or to improve the confidence level for the identification

assignment.

[0039] In some embodiments, a bioagent identifying amplicon may be producéd using only a
single primer (eitherl the forward or reverse primer of any given primer pair), provided an
appropriate amplification method is chosen, such as, for example, low stringency single primer
PCR (LSSP-PCR). Adaptation of this amplification method in order to produce bioagent
1dentifying amplicons can be accomplished by one with ordinary skill in the art without undue

experimentation.

[0040] In some embodiments, the oligonucleotide primers are “broad range survey primers”
which hybridize to conserved regions of nucleic acid encoding RNA, such as ribosomal RNA
(tRNA), of all, or at least 70%, at least 80%, at least 85%, at least 90%, or at least 95% of known
bacteria and produce bacterial bioagent identifying amplicons. As used herein, the term “broad
range survey primers” refers to primers that bind to nucleic acid encoding rRNAs of all, or at
least 70%, at least 80%, at least 85%, at least 90%, or at least 95% known species of bacteria. In
some embodiments, the rRNAs to which the primers hybridize are 16S and 23S tRNAs. In some
embodiments, the broad range survey primer pairs comprise oligonucleotides ranging in length

from 13 to 35 nucleobases, each of which have from 70% to 100% sequence identity with primer
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pair numbers 3, 10, 11, 14, 16, and 17 which consecutively correspond to SEQ ID NOs: 6:369,
26:388, 29:391, 37:362, 48:404, and 58:414.

[0041] In some cases, the molecular mass or base compoéition of a bacterial bioagent identifying
amplicon defined by a broad range survey primer pair does not provide enough resolution to
unambiguously identify a bacterial bioagent at the species level. These cases benefit from further
analysis of one or more bacterial bioagent identifying amplicons generated from at least one
additional broad range survey primer pair or from at least one additional “division-wide” primer
pair (vide infra). The employment of more than one bioagent identifying amplicon for

1dentification of a bioagent is herein referred to as “triangulation identification” (vide infra).

[0042] In other embodiments, the oligonucleotide primers are “division-wide” primers which
hybridize to nucleic acid encoding genes of broad divisions of bacteria such as, for example,
members of the Bacillus/Clostridia group or members of the a-, B-, v-, and e-proteobacteria. In
some embodiments, a division of bacteria comprises any grouping of bacterial genera with more
than one genus represented. For example, the B-proteobacteria group comprises members of the
following genera: Eikenella, Neisseria, Achromobacter, Bordetella, Burkholderia, and Raltsonia.
Species members of these genera can be identified using bacterial bioagent identifying amplicons
generated with primer pair 293 (SEQ ID NOs: 344:700) which produces a bacterial bioagent
identifying amplicon from the tufB gene of p-proteobacteria. Examples of genes to which
division-wide primers may hybridize to include, but are not limited to: RNA polymerase
subunits such as rpoB and rpoC, tRNA synthetases such as valyl-tRNA synthetase (valS) and
aspartyl-tRNA synthetase (aspS), elongation factors such as elongation factor EF-Tu (tufB),
ribosomal proteins such as ribosomal protein .2 (rpIB), protein chain initiation factors such as
protein chain initiation factor infB, chaperonins such as groL and dnaK, and cell division
proteins such as peptidase ftsH (hfIB). In some embodiments, the division-wide primer pairs
comprise oligonucleotides ranging in length from 13 to 35 nucleobases, each of which have from
70% to 100% sequence identity with primer pair numbers 34, 52, 66, 67, 71, 72, 289, 290 and
293 which consecutively correspond to SEQ ID NOs: 1<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>