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(57) ABSTRACT 

Method for detecting and identifying unknown bioagents, 
including bacteria, viruses and the like, by a combination of 
nucleic acid ampli?cation and molecular Weight determina 
tion using primers Which hybridize to conserved sequence 
regions of nucleic acids derived from a bioagent and Which 
bracket variable sequence regions that uniquely identify the 
bioagent. The result is a “base composition signature” (BCS) 
Which is then matched against a database of base composi 
tion signatures, by Which the bioagent is identi?ed. 
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METHODS FOR RAPID DETECTION AND 
IDENTIFICATION OF BIOAGENTS ASSOCIATED 

WITH HOST VERSUS GRAFT AND GRAFT 
VERSUS HOST REJECTIONS 

STATEMENT OF GOVERNMENT SUPPORT 

[0001] This invention Was made With United States Gov 
ernment support under DARPA/SPO contract BAA00-09. 
The United States Government may have certain rights in 
the invention. 

FIELD OF THE INVENTION 

[0002] The present invention relates to methods for rapid 
detection and identi?cation of bioagents from environmen 
tal, clinical or other samples. The methods provide for 
detection and characteriZation of a unique mass or unique 
base composition signature (BCS) from any bioagent, 
including bacteria and viruses. The unique mass or unique 
BCS is used to rapidly identify the bioagent(s). 

BACKGROUND OF THE INVENTION 

[0003] Rapid and de?nitive microbial identi?cation is 
desirable for a variety of industrial, medical, environmental, 
quality, and research reasons. Traditionally, the microbiol 
ogy laboratory has functioned to identify the etiologic agents 
of infectious diseases through direct examination and culture 
of specimens. Since the mid-1980s, researchers have repeat 
edly demonstrated the practical utility of molecular biology 
techniques, many of Which form the basis of clinical diag 
nostic assays. Some of these techniques include nucleic acid 
hybridiZation analysis, restriction enZyme analysis, genetic 
sequence analysis, and separation and puri?cation of nucleic 
acids (See, e.g., J. Sambrook, E. F. Fritsch, and T. Maniatis, 
Molecular Cloning: A Laboratory Manual, 2nd Ed., Cold 
Spring Harbor Laboratory Press, Cold Spring Harbor, NY, 
1989). These procedures, in general, are time-consuming 
and tedious. Another option is the polymerase chain reaction 
(PCR) or other ampli?cation procedure that ampli?es a 
speci?c target DNA sequence based on the ?anking primers 
used. Finally, detection and data analysis convert the hybrid 
iZation event into an analytical result. 

[0004] Other techniques for detection of bioagents include 
high-resolution mass spectrometry (MS), loW-resolution 
MS, ?uorescence, radioiodination, DNA chips and antibody 
techniques. None of these techniques is entirely satisfactory. 

[0005] Mass spectrometry provides detailed information 
about the molecules being analyZed, including high mass 
accuracy. It is also a process that can be easily automated. 
HoWever, high-resolution MS alone fails to perform against 
unknoWn or bioengineered agents, or in environments Where 
there is a high background level of bioagents (“cluttered” 
background). LoW-resolution MS can fail to detect some 
knoWn agents, if their spectral lines are sufficiently Weak or 
sufficiently close to those from other living organisms in the 
sample. DNA chips With speci?c probes can only determine 
the presence or absence of speci?cally anticipated organ 
isms. 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 detect a particular organism. 

[0006] Antibodies face more severe diversity limitations 
than arrays. If antibodies are designed against highly con 
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served targets to increase diversity, the false alarm problem 
Will dominate, again because threat organisms are very 
similar to benign ones. Antibodies are only capable of 
detecting knoWn agents in relatively uncluttered environ 
ments. 

[0007] Several groups have described detection of PCR 
products using high resolution electrospray ionization-Fou 
rier transform-ion cyclotron resonance mass spectrometry 
(ESI-FT-ICR MS). Accurate measurement of eXact mass 
combined With knoWledge of the number of at least one 
nucleotide alloWed calculation of the total base composition 
for PCR dupleX products of approximately 100 base pairs. 
(Aaserud et al., J. Am. Soc. Mass Spec. 711266-1269, 1996; 
Muddiman et al., Anal. Chem. 69:1543-1549, 1997; Wun 
schel et al.,Anal. Chem. 70:1203-1207, 1998; Muddiman et 
al., Rev. Anal. Chem. 1711-68, 1998). Electrospray ioniZa 
tion-Fourier transform-ion cyclotron resistance (ESI-FT 
ICR) MS may be used to determine the mass of double 
stranded, 500 base-pair PCR products via the average 
molecular mass (Hurst et al., Rapid Comman. Mass Spec. 
10:377-382, 1996). The use of matrix-assisted laser desorp 
tion ioniZation-time of ?ight (MALDI-TOF) mass spectrom 
etry for characteriZation of PCR products has been 
described. (Muddiman et al., Rapid Comman. Mass Spec. 
13:1201-1204, 1999). HoWever, the degradation of DNAs 
over about 75 nucleotides observed With MALDI limited the 
utility of this method. 

[0008] US. Pat. No. 5,849,492 describes a method for 
retrieval of phylogenetically informative DNA sequences 
that comprise searching for a highly divergent segment of 
genomic DNA surrounded by tWo highly conserved seg 
ments, designing the universal primers for PCR ampli?ca 
tion of the highly divergent region, amplifying the genomic 
DNA by PCR technique using universal primers, and then 
sequencing the gene to determine the identity of the organ 
1sm. 

[0009] US. Pat. No. 5,965,363 discloses methods for 
screening nucleic acids for polymorphisms by analyZing 
ampli?ed target nucleic acids using mass spectrometric 
techniques and to procedures for improving mass resolution 
and mass accuracy of these methods. 

[0010] WO 99/14375 describes methods, PCR primers 
and kits for use in analyZing preselected DNA tandem 
nucleotide repeat alleles by mass spectrometry. 

[0011] WO 98/12355 discloses methods of determining 
the mass of a target nucleic acid by mass spectrometric 
analysis, by cleaving the target nucleic acid to reduce its 
length, making the target single-stranded and using MS to 
determine the mass of the single-stranded shortened target. 
Also disclosed are methods of preparing a double-stranded 
target nucleic acid for MS analysis comprising ampli?cation 
of the target nucleic acid, binding one of the strands to a 
solid support, releasing the second strand and then releasing 
the ?rst strand, Which is then analyZed by MS. Kits for target 
nucleic acid preparation are also provided. 

[0012] PCT WO97/33000 discloses methods for detecting 
mutations in a target nucleic acid by nonrandomly fragment 
ing the target into a set of single-stranded nonrandom length 
fragments and determining their masses by MS. 
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[0013] Us. Pat. No. 5,605,798 describes a fast and highly 
accurate mass spectrometer-based process for detecting the 
presence of a particular nucleic acid in a biological sample 
for diagnostic purposes. 

[0014] WO 98/21066 describes processes for determining 
the sequence of a particular target nucleic acid by mass 
spectrometry. Processes for detecting a target nucleic acid 
present in a biological sample by PCR ampli?cation and 
mass spectrometry detection are disclosed, as are methods 
for detecting a target nucleic acid in a sample by amplifying 
the target With primers that contain restriction sites and tags, 
extending and cleaving the ampli?ed nucleic acid, and 
detecting the presence of eXtended product, Wherein the 
presence of a DNA fragment of a mass different from 
Wild-type is indicative of a mutation. Methods of sequencing 
a nucleic acid via mass spectrometry methods are also 
described. 

[0015] WO 97/37041, WO 99/31278 and US. Pat. No. 
5,547,835 describe methods of sequencing nucleic acids 
using mass spectrometry. US. Pat. Nos. 5,622,824, 5,872, 
003 and 5,691,141 describe methods, systems and kits for 
eXonuclease-mediated mass spectrometric sequencing. 

[0016] Thus, there is a need for a method for bioagent 
detection and identi?cation Which is both speci?c and rapid, 
and in Which no nucleic acid sequencing is required. The 
present invention addresses this need. 

SUMMARY OF THE INVENTION 

[0017] One embodiment of the present invention is a 
method of identifying a major histocompatibility antigen in 
an organ recipient or donor organ comprising a) contacting 
nucleic acid encoding said major histocompatibility antigen 
With at least one pair of oligonucleotide primers that hybrid 
iZe to sequences of the nucleic acid and ?ank a variable 
nucleic acid sequence; b) amplifying the variable nucleic 
acid sequence to produce an ampli?cation product; c) deter 
mining the molecular mass of the ampli?cation product; and 
d) comparing the molecular mass to one or more molecular 
masses of ampli?cation products obtained by performing 
steps a)-c) on a plurality of knoWn organisms, Wherein a 
match identi?es the major histocompatibility antigen. In one 
aspect of the invention, the sequences to Which the at least 
one pair of oligonucleotide primers hybridiZe are highly 
conserved. Preferably, the amplifying step comprises poly 
merase chain reaction. Alternatively, the amplifying step 
comprises ligase chain reaction or strand displacement 
ampli?cation. In one aspect of the invention, the major 
histocompatibility antigen induces a graft versus host or host 
versus graft response. Advantageously, the nucleic acid is 
RNA. In another aspect, the nucleic acid encodes an HLA 
antigen. Preferably, the ampli?cation product is ioniZed 
prior to molecular mass determination. The method may 
further comprise the step of isolating nucleic acid encoding 
the major histocompatibility antigen prior to contacting the 
nucleic acid With the at least one pair of oligonucleotide 
primers. The method may further comprise the step of 
performing steps a)-d) using a different oligonucleotide 
primer pair and comparing the results to one or more 
molecular mass ampli?cation products obtained by perform 
ing steps a)-c) on a different plurality of knoWn organisms 
from those in step d). Preferably, the one or more molecular 
mass is contained in a database of molecular masses. In 
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another aspect of the invention, the ampli?cation product is 
ioniZed by electrospray ioniZation, matrix-assisted laser 
desorption or fast atom bombardment. Advantageously, the 
molecular mass is determined by mass spectrometry. Pref 
erably, the mass spectrometry is Fourier transform ion 
cyclotron resonance mass spectrometry (FT-ICR-MS), ion 
trap, quadrupole, magnetic sector, time of ?ight (TOF), 
Q-TOF or triple quadrupole. The method may further com 
prise performing step b) in the presence of an analog of 
adenine, thymidine, guanosine or cytidine having a different 
molecular Weight than adenosine, thymidine, guanosine or 
cytidine. In one aspect, the oligonucleotide primer com 
prises a base analog or substitute base at positions 1 and 2 
of each triplet Within the primer, Wherein the base analog or 
substitute base binds With increased af?nity to its comple 
ment compared to the native base. Preferably, the primer 
comprises a universal base at position 3 of each triplet Within 
the primer. The base analog or substitute base may be 
2,6-diaminopurine, propyne T, propyne G, phenoXaZines or 
G-clamp. Preferably, the universal base is inosine, guani 
dine, uridine, 5-nitroindole, 3-nitropyrrole, dP or dK, or 
1-(2-deoXy-[3-D-ribofuranosyl)-imidaZole-4-carboXamide. 
[0018] Another embodiment of the present invention is a 
method of identifying a major histocompatibility antigen in 
an organ recipient or donor organ comprising a) contacting 
nucleic acid encoding said major histocompatibility antigen 
With at least one pair of oligonucleotide primers that hybrid 
iZe to sequences of the nucleic acid and ?ank a variable 
nucleic acid sequence; b) amplifying the variable nucleic 
acid sequence to produce an ampli?cation product; c) deter 
mining the base composition of the ampli?cation product; 
and d) comparing the base composition to one or more base 
compositions of ampli?cation products obtained by per 
forming steps a)-c) on a plurality of knoWn organisms, 
Wherein a match identi?es the major histocompatibility 
antigen. In one aspect of the invention, the sequences to 
Which the at least one pair of oligonucleotide primers 
hybridiZe are highly conserved. Preferably, the amplifying 
step comprises polymerase chain reaction. Alternatively, the 
amplifying step comprises ligase chain reaction or strand 
displacement ampli?cation. In one aspect of the invention, 
the major histocompatibility antigen induces a graft versus 
host or host versus graft response. Advantageously, the 
nucleic acid is RNA. In another aspect, the nucleic acid 
encodes an HLA antigen. Preferably, the ampli?cation prod 
uct is ioniZed prior to molecular mass determination. The 
method may further comprise the step of isolating nucleic 
acid from the major histocompatibility antigen prior to 
contacting the nucleic acid With the at least one pair of 
oligonucleotide primers. The method may further comprise 
the step of performing steps a)-d) using a different oligo 
nucleotide primer pair and comparing the results to one or 
more base composition signatures of ampli?cation products 
obtained by performing steps a)-c) on a different plurality of 
knoWn organisms from those in step d). Preferably, the one 
or more base compositions is contained in a database of base 
compositions. In another aspect of this preferred embodi 
ment, the ampli?cation product is ioniZed by electrospray 
ioniZation, matriX-assisted laser desorption or fast atom 
bombardment. Advantageously, the molecular mass is deter 
mined by mass spectrometry. Preferably, the mass spectrom 
etry is Fourier transform ion cyclotron resonance mass 
spectrometry (FT-ICR-MS), ion trap, quadrupole, magnetic 
sector, time of ?ight (TOF), Q-TOF or triple quadrupole. 
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The method may further comprise performing step b) in the 
presence of an analog of adenine, thymidine, guanosine or 
cytidine having a different molecular Weight than adenosine, 
thymidine, guanosine or cytidine. In one aspect, the oligo 
nucleotide primer comprises a base analog or substitute base 
at positions 1 and 2 of each triplet Within the primer, Wherein 
the base analog or substitute base binds With increased 
af?nity to its complement compared to the native base. 
Preferably, the primer comprises a universal base at position 
3 of each triplet Within the primer. The base analog or 
substitute base may be 2,6-diaminopurine, propyne T, pro 
pyne G, phenoxaZines or G-clamp. Preferably, the universal 
base is inosine, guanidine, uridine, S-nitroindole, 3-nitropy 
rrole, dP or dK, or 1-(2-deoxy-[3-D-ribofuranosyl)-imida 
Zole-4-carboxamide. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0019] FIGS. 1A-1H and FIG. 2 are consensus diagrams 
that shoW examples of conserved regions from 16S rRNA 
(FIGS. 1A, 1A-2, 1A-3, 1A-4, 1B, 1B-1, and 1B-2), 23S 
rRNA (3‘-half, FIGS. 1C-1, 1C-2, and 1D; 5‘-half, FIG. 
1E-F), 23S rRNA Domain I (FIG. 1G), 23S rRNA Domain 
IV (FIG. 1H) and 16S rRNA Domain III (FIG. 2) Which are 
suitable for use in the present invention. Where there is 
overlap or redundancy betWeen the ?gures, the overlap is 
simply provided as an orientation aid and no additional 
members of the sequence are implied thereby. Lines With 
arroWs are examples of regions to Which intelligent primer 
pairs for PCR are designed. The label for each primer pair 
represents the starting and ending base number of the 
ampli?ed region on the consensus diagram. Bases in capital 
letters are greater than 95% conserved; bases in loWer case 
letters are 90-95% conserved, ?lled circles are 80-90% 
conserved; and open circles are less than 80% conserved. 
The label for each primer pair represents the starting and 
ending base number of the ampli?ed region on the consen 
sus diagram. The nucleotide sequence of the 16S rRNA 
consensus sequence is SEQ ID NO:3 and the nucleotide 
sequence of the 23S rRNA consensus sequence is SEQ ID 
NO:4. 

[0020] FIG. 2 shoWs a typical primer ampli?ed region 
from the 16S rRNA Domain III shoWn in FIG. 1C. 

[0021] FIG. 3 is a schematic diagram shoWing conserved 
regions in RNase P. Bases in capital letters are greater than 
90% conserved; bases in loWer case letters are 80-90% 
conserved; ?lled circles designate bases Which are 70-80% 
conserved; and open circles designate bases that are less 
than 70% conserved. 

[0022] FIG. 4 is a schematic diagram of base composition 
signature determination using nucleotide analog “tags” to 
determine base composition signatures. 

[0023] FIG. 5 shoWs the deconvoluted mass spectra of a 
Bacillus anthracis region With and Without the mass tag 
phosphorothioate A The tWo spectra differ in that the 
measured molecular Weight of the mass tag-containing 
sequence is greater than the unmodi?ed sequence. 

[0024] FIG. 6 shoWs base composition signature (BCS) 
spectra from PCR products from Staphylococcus aureus (S. 
aureus 16Si1337F) and Bacillus anthracus (B. anthr'. 16Si 
1337F), ampli?ed using the same primers. The tWo strands 
differ by only tWo (AT—>CG) substitutions and are clearly 
distinguished on the basis of their BCS. 
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[0025] FIG. 7 shoWs that a single difference betWeen tWo 
sequences (A14 in B. anthracis vs. A15 in B. cereus) can be 
easily detected using ESI-TOF mass spectrometry. 

[0026] FIG. 8 is an ESI-TOF of Bacillus anthracis spore 
coat protein sspE 56mer plus calibrant. The signals unam 
biguously identify B. anthracis versus other Bacillus spe 
cies. 

[0027] FIG. 9 is an ESI-TOF of a B. anthracis synthetic 
16Si1228 duplex (reverse and forWard strands). The tech 
nique easily distinguishes betWeen the forWard and reverse 
strands. 

[0028] FIG. 10 is an ESI-FTICR-MS of a synthetic B. 
anthracis 16Si1337 46 base pair duplex. 

[0029] FIG. 11 is an ESI-TOF-MS of a 56 mer oligo 
nucleotide (3 scans) from the B. anthracis saspB gene With 
an internal mass standard. The internal mass standards are 

designated by asterisks. 

[0030] FIG. 12 is an ESI-TOF-MS of an internal standard 
With 5 mM TBA-TFA buffer shoWing that charge stripping 
With tributylammonium tri?uoroacetate reduces the most 
abundant charge state from [M-8H+]8_to [M—3H+]3_. 

DETAILED DESCRIPTION OF EMBODIMENTS 

[0031] The present invention provides a combination of a 
non-PCR biomass detection mode, preferably high-resolu 
tion MS, With PCR-based BCS or mass technology using 
“intelligent primers” Which hybridiZe to conserved sequence 
regions of nucleic acids derived from a bioagent and Which 
bracket variable sequence regions that uniquely identify the 
bioagent. The high-resolution MS technique is used to 
determine the molecular mass and/or base composition 
signature (BCS) of the ampli?ed sequence region. This 
unique mass or unique “base composition signature” (BCS) 
is then input to a maximum-likelihood detection algorithm 
for matching against a database of masses or base compo 
sition signatures in the same ampli?ed region. The present 
method combines PCR-based ampli?cation technology 
(Which provides speci?city) and a molecular mass detection 
mode (Which provides speed and does not require nucleic 
acid sequencing of the ampli?ed target sequence) for bio 
agent detection and identi?cation. 

[0032] The present method alloWs extremely rapid and 
accurate detection and identi?cation of bioagents compared 
to existing methods. Furthermore, this rapid detection and 
identi?cation is possible even When sample material is 
impure. The method leverages ongoing biomedical research 
in virulence, pathogenicity, drug resistance and genome 
sequencing into a method Which provides greatly improved 
sensitivity, speci?city and reliability compared to existing 
methods, With loWer rates of false positives. Thus, the 
methods are useful in a Wide variety of ?elds, including, but 
not limited to, those ?elds discussed beloW. 

[0033] In some embodiments of the invention, the meth 
ods disclosed herein can be used for environmental testing. 
Detection and discrimination of pathogenic vs. non-patho 
genic bacteria, viruses, parasites, fungi and the like, in 
samples of Water, land, air, or other samples, can be carried 
out. Water samples can be obtained from, for example, lakes, 
rivers, oceans, streams, Water treatment systems, rainWater, 
groundWater, Water table, reservoirs, Wells, bottled Water, 



US 2004/0121335 A1 

and the like. Air samples can be obtained from ventilation 
systems, airplane cabins, schools, hospitals, mass transit 
locations such as subways, train stations, airports, and the 
like. Conditions such as sick building syndrome can be 
detected. Land samples can be obtained from any location. 

[0034] In other embodiments of the invention, the meth 
ods disclosed herein can be used to screen blood and other 
bodily ?uids and tissues for pathogenic and non-pathogenic 
bacteria, viruses, parasites, fungi and the like. Animal 
samples, including but not limited to, blood and other bodily 
?uid and tissue samples, can be obtained from living ani 
mals, Who are either knoWn or not knoWn to or suspected of 
having a disease, infection, or condition. Alternately, animal 
samples such as blood and other bodily ?uid and tissue 
samples can be obtained from deceased animals. Blood 
samples can be further separated into plasma or cellular 
fractions and further screened as desired. Bodily ?uids and 
tissues can be obtained from any part of the animal or human 
body. Animal samples can be obtained from, for example, 
mammals and humans. 

[0035] In other embodiments of the invention, the meth 
ods disclosed herein can be used for forensics. For example, 
medical examiners can use the present invention to deter 
mine the cause of death. In addition, epidemiologists, for 
example, can use the present methods to determine the 
geographic origin of a particular strain of bacteria or virus. 
For example, a particular strain of bacteria or virus may have 
a sequence difference that is associated With a particular area 
of a country or the World and identi?cation of such a 
sequence difference can lead to the identi?cation of the 
geographic origin and epidemiological tracking of the 
spread of the particular disease, disorder or condition asso 
ciated With the detected virus or bacteria. In addition, 
carriers of particular DNA or diseases, such as mammals, 
non-mammals, birds, insects, and plants, can be tracked by 
screening SNPs, VNTRs, or polyA, for example. Diseases, 
such as malaria, can be tracked by screening commensals, 
such as mosquitos. 

[0036] In other embodiments of the invention, the meth 
ods disclosed herein can be used for detecting the presence 
of pathogenic and non-pathogenic bacteria, viruses, para 
sites, fungi and the like in samples of foodstuff or cosmetics. 
For example, food and Wine can be examined for the 
presence of pathogenic and non-pathogenic bacteria, 
viruses, parasites, fungi and the like. Particular types of 
foods susceptible to bioagent contamination, such as agri 
cultural products, meat products and eggs, can be examined 
for pathogenic organisms such as E. Coli and Salmonella 
species. Such examination procedures can be used by, for 
example, the Wholesalers of foodstuffs and beverages, or by 
regulatory agencies such as the US. Department of Agri 
culture and the Food and Drug Administration. In addition, 
grapes and Wines, for example, can be examined using the 
present methods to detect particular strains of bacteria or 
yeast that may indicate a particular time upon Which to 
harvest the grapes or alter the Wine-making process. 

[0037] In other embodiments of the invention, the meth 
ods disclosed herein can be used for detecting the presence 
of bioagents in a container, such as a package, box, enve 
lope, mail tube, railroad box car, and the like. For example, 
mail and package delivery entities and agencies, both 
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domestic and abroad, as Well investigative agencies such as 
the FBI and ATP can use the present methods to detect 
bioagents in containers. 

[0038] In other embodiments of the invention, the meth 
ods disclosed herein can be used for detecting the presence 
of pathogenic and non-pathogenic bacteria, viruses, para 
sites, fungi and the like in organ donors and/or in organs 
from donors. Such examination can result in the prevention 
of the transfer of, for example, viruses such as West Nile 
virus, hepatitis viruses, human immunode?ciency virus, and 
the like from a donor to a recipient via a transplanted organ. 
The methods disclosed herein can also be used for detection 
of host versus graft or graft versus host rejection issues 
related to organ donors by detecting the presence of par 
ticular antigens knoWn or suspected of causing such rejec 
tion. 

[0039] In other embodiments of the invention, the meth 
ods disclosed herein can be used for detection and identi? 
cation of livestock infections such as, for example, mad coW 
disease, hoof and mouth disease, and the like. Livestock 
includes, but is not limited to, coWs, pigs, sheep, chickens, 
turkeys, goats, and other farm animals. 

[0040] In other embodiments of the invention, the meth 
ods disclosed herein can be used for pharmacogenetic analy 
sis and medical diagnosis including, but not limited to, 
cancer diagnosis based on mutations and polymorphisms, 
drug resistance and susceptibility testing, screening for 
and/or diagnosis of genetic diseases and conditions, and 
diagnosis of infectious diseases and conditions. The present 
methods can also be used to detect and track emerging 
infectious diseases, such as West Nile virus infection, mad 
coW disease, and HIV-related diseases. 

[0041] The present methods can be used to detect and 
classify any biological agent, including bacteria, viruses, 
fungi and toxins. As one example, Where the agent is a 
biological threat, the information obtained is used to deter 
mine practical information needed for countermeasures, 
including toxin genes, pathogenicity islands and antibiotic 
resistance genes. In addition, the methods can be used to 
identify natural or deliberate engineering events including 
chromosome fragment sWapping, molecular breeding (gene 
shuf?ing) and emerging infectious diseases. 
[0042] Bacteria have a common set of absolutely required 
genes. About 250 genes are present in all bacterial species 
(Proc. Natl. Acad. Sci. USA. 93:10268, 1996; Science 
2701397, 1995), including tiny genomes like Mycoplasma, 
Ureaplasma and Rickettsia. These genes encode proteins 
involved in translation, replication, recombination and 
repair, transcription, nucleotide metabolism, amino acid 
metabolism, lipid metabolism, energy generation, uptake, 
secretion and the like. Examples of these proteins are DNA 
polymerase III beta, elongation factor TU, heat shock pro 
tein groEL, RNA polymerase beta, phosphoglycerate kinase, 
NADH dehydrogenase, DNA ligase, DNA topoisomerase 
and elongation factor G. Operons can also be targeted using 
the present method. One example of an operon is the bfp 
operon from enteropathogenic E. Coli. Multiple core chro 
mosomal genes can be used to classify bacteria at a genus or 
genus species level to determine if an organism has threat 
potential. The method can also be used to detect pathoge 
nicity markers (plasmid or chromosomal) and antibiotic 
resistance genes to con?rm the threat potential of an organ 
ism and to direct countermeasures. 
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[0043] A theoretically ideal bioagent detector Would iden 
tify, quantify, and report the complete nucleic acid sequence 
of every bioagent that reached the sensor. The complete 
sequence of the nucleic acid component of a pathogen Would 
provide all relevant information about the threat, including 
its identity and the presence of drug-resistance or pathoge 
nicity markers. This ideal has not yet been achieved. HoW 
ever, the present invention provides a straightforward strat 
egy for obtaining information With the same practical value 
using base composition signatures (BCS). While the base 
composition of a gene fragment is not as information-rich as 
the sequence itself, there is no need to analyZe the complete 
sequence of the gene if the short analyte sequence fragment 
is properly chosen. Adatabase of reference sequences can be 
prepared in Which each sequence is indexed to a unique base 
composition signature, so that the presence of the sequence 
can be inferred With accuracy from the presence of the 
signature. The advantage of base composition signatures is 
that they can be quantitatively measured in a massively 
parallel fashion using multiplex PCR (PCR in Which tWo or 
more primer pairs amplify target sequences simultaneously) 
and mass spectrometry. These multiple primer ampli?ed 
regions uniquely identify most threat and ubiquitous back 
ground bacteria and viruses. In addition, cluster-speci?c 
primer pairs distinguish important local clusters (e.g., 
anthracis group). 

[0044] In the context of this invention, a “bioagent” is any 
organism, living or dead, or a nucleic acid derived from such 
an organism. Examples of bioagents include but are not 
limited to cells (including but not limited to human clinical 
samples, bacterial cells and other pathogens) viruses, para 
sites, fungi, toxin genes and bioregulating compounds. 
Samples may be alive or dead or in a vegetative state (for 
example, vegetative bacteria or spores) and may be encap 
sulated or bioengineered. 

[0045] As used herein, a “base composition signature” 
(BCS) is the exact base composition from selected frag 
ments of nucleic acid sequences that uniquely identi?es the 
target gene and source organism. BCS can be thought of as 
unique indexes of speci?c genes. 

[0046] As used herein, “intelligent primers” are primers 
Which bind to sequence regions Which ?ank an intervening 
variable region. In a preferred embodiment, these sequence 
regions Which ?ank the variable region are highly conserved 
among different species of bioagent. For example, the 
sequence regions may be highly conserved among all Bacil 
lus species. By the term “highly conserved”, it is meant that 
the sequence regions exhibit betWeen about 80-100%, more 
preferably betWeen about 90-100% and most preferably 
betWeen about 95-100% identity. Examples of intelligent 
primers Which amplify regions of the 16S and 23S rRNA are 
shoWn in FIGS. 1A-1I. A typical primer ampli?ed region in 
16S rRNA is shoWn in FIG. 2. The arroWs represent primers 
Which bind to highly conserved regions Which ?ank a 
variable region in 16S rRNA domain III. The ampli?ed 
region is the stem-loop structure under “1100-1188.” 

[0047] One main advantage of the detection methods of 
the present invention is that the primers need not be speci?c 
for a particular bacterial species, or even genus, such as 
Bacillus or Streptomyces. Instead, the primers recogniZe 
highly conserved regions across hundreds of bacterial spe 
cies including, but not limited to, the species described 
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herein. Thus, the same primer pair can be used to identify 
any desired bacterium because it Will bind to the conserved 
regions Which ?ank a variable region speci?c to a single 
species, or common to several bacterial species, alloWing 
nucleic acid ampli?cation of the intervening sequence and 
determination of its molecular Weight and base composition. 
For example, the 16Si971-1062, 16Si1228-1310 and 
16Si1100-1188 regions are 98-99% conserved in about 900 
species of bacteria (16S=16S rRNA, numbers indicate 
nucleotide position). In one embodiment of the present 
invention, primers used in the present method bind to one or 
more of these regions or portions thereof. 

[0048] The present invention provides a combination of a 
non-PCR biomass detection mode, preferably high-resolu 
tion MS, With nucleic acid ampli?cation-based BCS tech 
nology using “intelligent primers” Which hybridiZe to con 
served regions and Which bracket variable regions that 
uniquely identify the bioagent(s). Although the use of PCR 
is preferred, other nucleic acid ampli?cation techniques may 
also be used, including ligase chain reaction (LCR) and 
strand displacement ampli?cation (SDA). The high-resolu 
tion MS technique alloWs separation of bioagent spectral 
lines from background spectral lines in highly cluttered 
environments. The resolved spectral lines are then translated 
to BCS Which are input to a maximum-likelihood detection 
algorithm matched against spectra for one or more knoWn 
BCS. Preferably, the bioagent BCS spectrum is matched 
against one or more databases of BCS from vast numbers of 
bioagents. Preferably, the matching is done using a maxi 
mum-likelihood detection algorithm. 

[0049] In a preferred embodiment, base composition sig 
natures are quantitatively measured in a massively parallel 
fashion using the polymerase chain reaction (PCR), prefer 
ably multiplex PCR, and mass spectrometric (MS) methods. 
Sufficient quantities of nucleic acids must be present for 
detection of bioagents by MS. A Wide variety of techniques 
for preparing large amounts of puri?ed nucleic acids or 
fragments thereof are Well knoWn to those of skill in the art. 
PCR requires one or more pairs of oligonucleotide primers 
Which bind to regions Which ?ank the target sequence(s) to 
be ampli?ed. These primers prime synthesis of a different 
strand of DNA, With synthesis occurring in the direction of 
one primer toWards the other primer. The primers, DNA to 
be ampli?ed, a thermostable DNA polymerase (e.g. Taq 
polymerase), the four deoxynucleotide triphosphates, and a 
buffer are combined to initiate DNA synthesis. The solution 
is denatured by heating, then cooled to alloW annealing of 
neWly added primer, folloWed by another round of DNA 
synthesis. This process is typically repeated for about 30 
cycles, resulting in ampli?cation of the target sequence. 

[0050] The “intelligent primers” de?ne the target sequence 
region to be ampli?ed and analyZed. In one embodiment, the 
target sequence is a ribosomal RNA (rRNA) gene sequence. 
With the complete sequences of many of the smallest 
microbial genomes noW available, it is possible to identify 
a set of genes that de?nes “minimal life” and identify 
composition signatures that uniquely identify each gene and 
organism. Genes that encode core life functions such as 
DNA replication, transcription, ribosome structure, transla 
tion, and transport are distributed broadly in the bacterial 
genome and are preferred regions for BCS analysis. Ribo 
somal RNA (rRNA) genes comprise regions that provide 
useful base composition signatures. Like many genes 


































































































