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In this work, we describe a strategy for the detection and characterization of microorganisms associated with a potential biologi
ttack or a natural outbreak of an emerging infectious disease. This approach, termed TIGER (Triangulation Identification for th
valuation of Risks), relies on mass spectrometry-derived base composition signatures obtained from PCR amplification of broadly

egions of the microbial genome(s) in a sample. The sample can be derived from air filtration devices, clinical samples, or other so
o this approach are “intelligent PCR primers” that target broadly conserved regions of microbial genomes that flank variable reg
pproach requires that high-performance mass measurements be made on PCR products in the 80–140 bp size range in a hig
obust modality. As will be demonstrated, the concept is equally applicable to bacteria and viruses and could be further applied to
rotozoa. In addition to describing the fundamental strategy of this approach, several specific examples of TIGER are presented th

he impact this approach could have on the way biological weapons attacks are detected and the way that the etiologies of infectious
etermined. The first example illustrates how any bacterial species might be identified, usingBacillus anthracisas the test agent. The seco
xample demonstrates how DNA-genome viruses are identified using five members ofPoxviridaefamily, whose members includes Vario
irus, the agent responsible for smallpox. The third example demonstrates how RNA-genome viruses are identified using theAlphaviruses
VEE, WEE, and EEE) as representative examples. These examples illustrate how the TIGER technology can be applied to creat
dentification strategy for all pathogens, including those that infect humans, livestock, and plants.
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1. Introduction

Mass spectrometry-based methods for analysis of nu
acids continue to mature as hardware, software, and sa
purification protocols grow in sophistication. While there
a number of relatively simple methods one can use to
dress straightforward analytical questions related to nu
acids (e.g. slab gels, capillary gel electrophoresis), the r
tendency is to move towards more sophisticated analy
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platforms to answer more complex questions. In this work
we will introduce the concept of Triangulation Identifica-
tion for the Genetic Evaluation of Risks (TIGER). TIGER
employs high-performance electrospray mass spectrometry
(either FTICR or TOF) to derive base compositions of poly-
merase chain reaction (PCR) products. Core to this approach
are “intelligent PCR primers” that target broadly conserved
regions of microbial genomes that flank variable regions. This
approach requires that high-performance mass measurements
be made on PCR products in the 80–140 bp size range in a
high-throughput, robust modality. As will be demonstrated,
the concept is equally applicable to the detection of bacteria
and viruses and could be further applied to fungi and pro-
tozoa. In addition to describing the fundamental strategy of
this approach, we present several specific examples of TIGER
that illustrate the potential impact this approach could have
on the way we detect biological weapons attacks and the way
we determine the etiology of infectious diseases.

A key problem in determining the cause of a natural in-
fectious outbreak or a bioterrorist attack is the sheer variety
of organisms that can cause human disease. According to
a recent review[1], there are over 1400 organisms infec-
tious 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. This number does not include numer-
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present in the sample without anticipating which might be
present. TIGER is based upon the principle that, despite the
enormous diversity of microbes, all domains of life on earth
share sets of essential common features in the biomolecules
encoded in their genomes. We use these common features
in an identification strategy that relies on high-performance
ESI–MS analysis of broad-range PCR amplification products
and base-composition analysis. The base compositions from
multiple primer pairs are used to “triangulate” the identity of
the organisms present in the sample.

In this paper, we describe the basic principles of TIGER,
and provide examples of applications of the technology in
environmental surveillance for an aerosol attack with a bio-
logical weapon, or for analysis of a human clinical sample.
We describe three examples in which the TIGER approach
is used to detect and characterize microbes associated with a
potential BW attack or naturally occurring pathogen. The first
example describes how any bacterial species might be identi-
fied, usingBacillus anthracisas the test agent. The second ex-
ample demonstrates how DNA-genome viruses are identified
using five members ofPoxviridaefamily, whose members
includes Variola virus, the agent responsible for smallpox.
The third example demonstrates how RNA-genome viruses
are identified using theAlphaviruses (VEE, WEE, and EEE)
as representative examples. These examples illustrate how
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us strain variants, bioengineered versions, or pathogen
nfect plants or animals. Paradoxically, much of the new t
ology being developed for detection of biological weap

ncorporates a polymerase chain reaction step based
he use of highly specific primers and probes designed t
ectively detect certain pathogenic organisms. Although
pproach is appropriate for the most obvious bioterroris
anisms, like smallpox and anthrax, experience has s

hat it is very difficult to predict which of hundreds of po
ible pathogenic organisms might be employed in a te
st attack. Likewise, naturally emerging human diseases
ave caused devastating consequences to public healt
ome from unexpected families of bacteria, viruses, fung
rotozoa. Plants and animals also have their natural bu
f infectious disease agents and there are equally impo
iosafety and security concerns for agriculture.

A major conundrum for public health protection, bio
ense, and agricultural safety and security is the need
ble to rapidly identify and characterize infectious agents

here is no existing technology with the breadth of func
o meet this need. In this paper we describe broad-fun
echnology based on mass spectrometric detection tha
bles the rapid, sensitive, and cost-effective identificatio
broad range of infectious microorganisms, including

ral human pathogens, bioterrorist agents, and agricu
athogens. The use of such broad-function technology
e the most practical way to simultaneously survey fo

orms of pathogens.
To achieve this objective, we have abandoned the noti

etecting specific target organisms on a “one off” basis
nstead have developed a strategy to identify all the organ
t

e

he TIGER technology can be extended to create a s
ess biosensor network for the universal identification o
athogens.

. Experimental/materials and methods

.1. Bacterial genome isolation from air samples

Air samples were collected on a Spincon portable air s
ler system, model number PAS540-10 (Camber Corp

ion, Huntsville, AL) or on dry filter units (DFUs). The airflo
n the Spincon unit is approximately 450 L/min and the

erial is collected directly into a PBS/detergent liquid ma
or the DFUs, the airflow is approximately 850 L/min a

he material is collected onto a 2” polyester fiber filter. S
le times for each collection are indicated in the text. Fo
FUs, filters were collected from the units and up to f
lters were combined in 20 mL of phosphate buffered sa
pH 7.0) containing 0.1% Tween-20 detergent. The fi
nd solution were shaken by hand for 30 s prior to sto
t 4◦C. Prior to genomic extraction, the filters and solu
ere shaken again for 30 s and the resulting solution wa

ered through a 25 mm 0.2�m Supor-200 filter (Pall Corpo
ation, Ann Arbor, Michigan). Spincon material was filte
irectly by this same method. The resulting Supor-200 fi
ere then subjected to bead beating by placing the filte
.5 mL tube containing∼100�g of 0.7 mm zirconium bead
Biospec Products, Bartlesville, OK) and 350�L of ATL
uffer from Qiagen (Qiagen, Valencia, CA). The beads w
haken on a Retsch 300 MM mixer mill with a frequenc
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19 Hz for 10 min and then spun briefly to settle the beads and
larger particles. The supernatant, containing the nucleic acid
material, was then used as the starting material in a Qiagen
DNeasy Tissue Kit isolation on a Qiagen BioRobot 8000 (Qi-
agen, Valencia, CA) following the manufacturers protocol.

2.2. Bacterial genome isolation from cultures and
colonies

For genomic DNA isolation from bacterial cultures, cul-
tures were grown to log phase (OD600 of 0.1–0.3). A small
amount of this material (generally less than 50�L) was trans-
ferred into 300–350�L of ATL buffer (Qiagen, Valencia, CA)
containing about 100�g of 0.7 mm zirconium beads (Biospec
Products, Bartlesville, OK). The material was bead beaten
and isolated using the DNeasy Tissue Kit (Qiagen, Valencia,
CA) as described above.

2.3. Viral genome isolation

Viral RNA genomes were isolated from 250�L of infected
cells or culture supernatant spiked with 3�g of sheared poly
A DNA using Trizol or Trizol LS, respectively (Invitrogen
Inc., Carlsbad, CA) according to the manufacturer’s protocol.
For isolation of DNA or RNA genomes from virus-containing
samples in an automated fashion, samples were prepared as
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Sciences (Indianapolis, IN), 800�M dNTP mix (Stratagene,
La Jolla, CA), 100 ng of poly A RNA, 10 mM DTT, and
250 nM of each primer. The following RT-PCR cycling con-
ditions were used: 45◦C for 45 min followed by 95◦C for
10 min followed by eight cycles of 95◦C for 30 s, 48◦C for
30 s, and 72◦C 30 s with the 48◦C annealing temperature in-
creasing 0.9◦C with each of the eight cycles. The RT-PCR
was then continued for 37 additional cycles of 95◦C for 15 s,
56◦C for 20 s, and 72◦C 20 s.

2.6. PCR product purification

Following PCR amplification, amplicon mixtures were
rigorously desalted using a protocol based on a weak an-
ion exchange method. A detailed protocol for this approach
is published elsewhere[2]. Briefly, amplicons were bound to
a weak anion exchange resin directly from the PCR reaction
buffer. Unconsumed dNTP’s, salts, and other low molecular
weight species that might interfere with subsequent ESI–MS
analysis were removed by rinsing the resin with solutions
containing volatile salts (40 mM NH4HCO3) and organic
solvents (20% MeOH). Elution of the final purified/desalted
PCR products was accomplished by rinsing the resin with an
aliquot (typically 25�L) of a high pH buffer solution (1 M
NH4OH). The final electrospray buffer contained 35% MeOH
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bove for the Qiagen MDx BioRobot and the material isol
sing a QiaAmp Virus BioRobot MDx kit as described by
anufacturer. In both cases, the resulting material is r

or either PCR or RT-PCR as appropriate.

.4. PCR conditions

All PCR reactions were assembled in 50�L reaction vol-
mes in a 96-well microtiter plate format using a Pack
PII liquid handling robotic platform and M.J. Dyad th
ocyclers (MJ research, Waltham, MA). The PCR reac
ix consisted of 4 u of Amplitaq Gold, 1× buffer II (Applied
iosystems, Foster City, CA), 1.5 mM MgCl2, 0.4 M betaine
00�M dNTP mix and 250 nM of each primer. The follo

ng PCR conditions were used: 95◦C for 10 min followed by
ight cycles of 95◦C for 30 s, 48◦C for 30 s, and 72◦C 30 s
ith the 48◦C annealing temperature increasing 0.9◦C with
ach of the eight cycles. The PCR was then continued f
dditional cycles of 95◦C for 15 s, 56◦C for 20 s, and 72◦C
0 s.

.5. RT-PCR conditions

All RT-PCR reactions were assembled in 50�L reaction
olumes in a 96-well microtiter plate format using a Pack
PII liquid handling robotic platform and M.J. Dyad th
ocyclers (MJ research, Waltham, MA). The RT-PCR
ction mix consisted of 4 U of Amplitaq Gold, 1.5× buffer

I (Applied Biosystems, Foster City, CA), 1.5 mM MgC2,
.4 M betaine, 20 mM sorbitol, 1.2 U Superasin (Ambion
oodlands TX), 0.4�g T4 gene 32 protein (Roche Appli
nd 25 mM piperidine/imidizaole[3].

.7. ESI–FTICR mass spectrometry

The ESI–FTICR mass spectrometer used in this wo
ased on a Bruker Daltonics (Billerica, MA) Apex II 7
lectrospray ionization Fourier transform ion cyclotron
nance mass spectrometer that employs an actively sh
T superconducting magnet. The active shielding const

he majority of the fringing magnetic field from the sup
onducting magnet to a relatively small volume. Thus, c
onents that might be adversely affected by stray mag
elds, such as CRT monitors, robotic components, and
lectronics, can operate in close proximity to the FT
pectrometer. All aspects of pulse sequence control and
cquisition were performed on a 600 MHz Pentium II da

ation running Bruker’s Xmass software under Windows
.0 operating system. Sample aliquots, typically 15�L, were
xtracted directly from 96-well microtiter plates using a C
TS PAL autosampler (LEAP Technologies, Carrboro, N

riggered by the FTICR datastation. Samples were inje
irectly into a 10�L sample loop integrated with a fluidi
andling system that supplies the 100�L/h flow rate to the
SI source. Ions were formed via electrospray ionization
odified Analytica (Branford, CT) source employing an
xis, grounded electrospray probe positioned ca. 1.5 cm

he metalized terminus of a glass desolvation capillary.
tmospheric pressure end of the glass capillary was bia
000 V relative to the ESI needle during data acquisitio
ounter-current flow of dry N2 was employed to assist in t
esolvation process. Ions were accumulated in an extern
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reservoir comprised of an rf-only hexapole, a skimmer cone,
and an auxiliary gate electrode, prior to injection into the
trapped ion cell where they were mass analyzed. Ionization
duty cycles >99% were achieved by simultaneously accumu-
lating ions in the external ion reservoir during ion detection
[4]. Each detection event consisted of 1 M data points digi-
tized over 2.3 s. To improve the signal-to-noise ratio (S/N), 32
scans were co-added for a total data acquisition time of 74 s.

2.8. ESI–TOF mass spectrometry

The ESI–TOF mass spectrometer used in this work is
based on a Bruker Daltonics MicroTOF. Ions from the ESI
source undergo orthogonal ion extraction and are focused
in a reflectron prior to detection. The TOF and FTICR are
equipped with the same automated sample handling and flu-
idics described above. Ions are formed in the standard Mi-
croTOF ESI source that is equipped with the same off-axis
sprayer and glass capillary as the FTICR ESI source. Conse-
quently, source conditions were the same as those described
above. External ion accumulation was also employed to im-
prove ionization duty cycle during data acquisition. Each de-
tection event on the TOF was comprised of 75,000 data points
digitized over 75�s. To maintain the same 74 s data acquisi-
tion time on the TOF as used for FTICR, 980,000 scans were
co-added for each mass spectrum. For more rapid analyses
(

to be
r rate
a flow
r m-
p inse
t tam-
i pler
i d to
l ui-
s sam-
p r to
r o sy-
r mize
s new
s y we
h eedle
w cil-
i nder
o

2

n-
t n step
o stan
d mass
s

at
m me
b cali-

brated such that individual molecular arrivals (or detections)
are counted and scale such that the output distribution is Pois-
son; this is done by solving for the unique scale factor that
causes the mean to equal the variance, drawing upon a fun-
damental characteristic of the Poisson distribution.

These precise calibrations enable maximum likelihood es-
timation of molecular abundance at the MS input versusm/z
axis. With use of a PCR calibrant, described in Section 3.4.3,
this enables maximum likelihood estimation of input genome
abundance for each microbial species present in the input
sample.

3. Results and discussion

3.1. Principle of operation

The TIGER process is illustrated inFig. 1and is summa-
rized briefly in this section. The process begins (Fig. 1, Step
#1) with the extraction of all nucleic acids present in a sam-
ple. The resulting nucleic acid material is divided into wells
of a micro titer plate that each contain a pair of broad-range
primers for PCR. The broad-range primers are designed to
amplify a product from a broad group of organisms within a
selected domain of microbial life, for example, all bacteria
o nge
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<1 min/spectrum) 660,000 scans were coadded.
The sample delivery scheme allows sample aliquots

apidly injected into the electrospray source at high flow
nd subsequently be electrosprayed at a much lower
ate for improved ESI sensitivity. Prior to injecting a sa
le, a bolus of buffer was injected at a high flow rate to r

he transfer line and spray needle to avoid sample con
nation/carryover. Following the rinse step, the autosam
njected the next sample and the flow rate was switche
ow flow. Following a brief equilibration delay, data acq
ition commenced. As spectra were co-added, the auto
ler continued rinsing the syringe and picking up buffe
inse the injector and sample transfer line. In general, tw
inge rinses and one injector rinse were required to mini
ample carryover. During a routine screening protocol a
ample mixture was injected every 106 s. More recentl
ave implemented a fast wash station for the syringe n
hich, when combined with shorter acquisition times, fa

tates the acquisition of mass spectra at a rate of just u
ne minute/spectrum.

.9. Mass-to-charge and amplitude calibration

Mass-to-charge (x-axis) calibration is obtained using i
ernal mass standards which are added during the elutio
f the desalting protocol. The same peptide-based mass
ards are used to calibrate both the FTICR and TOF
pectrometers.

Amplitude calibration (y-axis) is achieved by noting th
olecular arrivals in either a frequency bin (FTICR) or ti
in (TOF) are Poisson-distributed. Each instrument is
-

r specific bacterial divisions. The result of the broad-ra
CR reactions is typically a mixture of products reflec

he complexity of the original mixture of bacteria or vir
resent in the starting sample.

The products from the PCR reactions are desalted
6-well plate format and sequentially electrosprayed in
ass spectrometer (Fig. 1, Step #2). The spectral signals
rocessed to determine the masses of each of the PCR
cts present in each sample with sufficient accuracy tha
ase composition of adenosines, guanosines, cytidine

hymidines can be unambiguously deduced, vide infra (Fig. 1,
tep #3). Using combined base compositions from mul
CR reactions, the species of bacteria and their relative
entrations in the starting sample can be determined.

The fundamental distinction between this strategy and
itional (specific) PCR strategies is the nature of the que
eing asked. Traditional PCR answers the question: “i

ectious organism X in my sample?” The TIGER meth
nswers the question: “which infectious organisms are i
ample?” In effect, this is equivalent to running many th
ands of specific PCR reactions because the identity o

nfectious organism being detected does not need to b
icipated.

What enables this approach is, first, the use of broad-r
rimers to amplify PCR products from broad groupings o
anisms, rather than single organisms, and second, the
ass spectrometry and base composition determinati
nalyze the products. Unlike nucleic acid probes or ar
ass spectrometry does not require anticipation of pro
nalyzed, but simply measures the masses of the nucleic
resent in the sample. The analog signal of mass is conv
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Fig. 1. Step by step TIGER process.

to a digital signal of base composition based upon the accu-
racy of the mass measurement and the discrete masses as-
sociated with different combinations of the four nucleotide
bases. Mass spectrometry is remarkably sensitive and can
measure the mass and determine the base composition from
small quantities of nucleic acids in a complex mixture with
a throughput of about one sample per minute. The ability to
detect and determine the base composition of a large num-
ber of PCR amplicons in a mixed sample enables analysis
and identification of broad-range PCR products essentially
instantaneously.

3.2. Base composition as a metric of infectious microbes

Base composition is a remarkably useful metric for iden-
tification of infectious microbes. A base-composition signa-
ture can be thought of as a unique index of a specific gene
from a specific organism. Our detection algorithm searches
a database that links each sequence for a particular organ-
ism to a composition signature so that the presence of the
organism can be inferred from the presence of the signature.
Base compositions, like sequences, vary slightly from isolate
to isolate within species. We have shown that it is possible



28 S.A. Hofstadler et al. / International Journal of Mass Spectrometry 242 (2005) 23–41

Fig. 2. Base composition cloud for a region of the RNA polymerase B gene
from a cluster of enterobacteria. The darker spheres represent the actual base
composition of the organisms. The lighter spheres represent the transition
changes observed in different isolates of the same organism. Optimal primer
design maximizes the separation between different species. Where the clouds
overlap are regions that might cause a misclassification. This problem is
overcome by selection of additional primer sets that provide orthogonal
information resulting in maximum separation of species.

to manage this diversity by building probability “clouds”
around the composition constraints for each species. This
permits identification of organisms in a fashion similar to se-
quence analysis, albeit with somewhat lower resolution. A
pseudo four-dimensional plot can be used to visualize the
concept of base composition clouds (Fig. 2). It is counterin-
tuitive that base composition has sufficient resolving power
to distinguish organisms (one might suspect that sequences
from different organisms will degenerate to similar overlap-
ping compositions). A rigorous mathematical analysis (Sam-
path et al., in preparation) has shown, however, that base
composition from multiple regions of microbial genomes
retains more than sufficient information to identify spe-
cific species, provided the target sequences are strategically
selected.

It is important to note that, in contrast to probe-based
techniques, mass spectrometry-based determination of base
composition does not require prior knowledge of the compo-
sition in order to make the measurement, only to interpret the
results. In this regard, the TIGER strategy is like DNA se-
quencing and phylogenetic analysis, but at lower resolution.
However, the resolution provided by this analysis is more
than sufficient to identify the presence or absence of any or-
ganism.

3

uld
h is be-

coming more and more routine. In fact, in the past 20 years,
analysis of nucleic acids has undergone somewhat of a re-
naissance. In 1981 Macfarlane[5] published a seminal paper
in which they acquired a mass spectrum of a 20-mer DNA
oligonucleotide using252Cf desorption and TOF detection.
The spectrum, clearly the highest quality mass spectrum of an
oligonucleotide acquired at the time the work was published,
exhibited a mass resolution of about 25 (FWHM) and boasted
a ±5 Da uncertainty (± 800 ppm). In contrast, we recently
demonstrated that, after a high-throughput purification pro-
tocol, ESI–FTICR spectra of∼120 bp DNA oligonucleotides
could be acquired at a rate of∼1 spectrum/min with mass
measurement errors of∼1 ppm (internally calibrated) with
a concomitant average resolving power exceeding 150,000
(FWHM) [2].

Amplification of specific DNA sequences utilizing the
polymerase chain reaction has widespread applications in
many scientific disciplines including microbiology, medi-
cal research, forensic analysis, and clinical diagnostics[6,7].
Most often, PCR products are “sized” using traditional bio-
chemical techniques such as standard gel electrophoresis us-
ing either intercalating dyes or fluorescently labeled primers.
The Taqman assay, widely used in a number of PCR-based
diagnostic kits, confirms the presence (or absence) of a spe-
cific PCR product but provides no direct read out on the
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.3. Mass spectrometry of nucleic acids

Mass spectrometric analysis of oligonucleotides wo
ave been considered “heroic” several years ago, but
ize of the amplicon[8]. So called “real-time” PCR device
hich measure the laser induced fluorescence of the
roduct during the amplification cycles, are used to q

ify the amplification of DNA from a given DNA templa
nd primer set[9–11]. These methods have limited util

or amplicons of less than 150 bp due to the proportiona
igh fluorescence background, and do not provide an

ormation with respect to amplicon heterogeneity or e
ength.

Compared to these traditional methods, mass spectr
ry has several potential advantages as a platform for
cterization of PCR products including speed, sensit
nd mass accuracy[12–16]. Mass spectrometry has be
hown to be viable platform for analysis of single nucleo
olymorphisms (SNPs); in recent years MALDI–TOF
merged as the “gold standard” for SNP counting an
t the core of several large-scale SNP counting pro

17]. Since the exact mass of each of the bases w
omprise DNA are known with great accuracy, a high
ision mass measurement obtained via mass spectro
an be used to derive a base composition (or constr
ist of base compositions) within the experimentally
ained mass measurement uncertainty[18,19]. This list
f possible base composition can be further constra
y taking into account base complementarity (the
trands of the PCR product are by definition complem
ary thus the number of G’s in one strand must equa
umber of C’s in the other strand) and the known b
omposition of the primers (e.g. a primer with five
an only produce an amplicon containing five or m
’s).
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3.4. Example 1: detecting bacteria

3.4.1. Triangulation principles
TIGER is based upon the principle that, despite the enor-

mous diversity of microbes, all forms of life on earth share
sets of essential common features in the biomolecules en-
coded in their genomes. Bacteria, for example, have highly
conserved sequences in a variety of locations on their
genome. Most notable is the universally conserved region
of the ribosome, but there are also conserved elements in
other non-coding RNAs, including RNAse P and the signal
recognition particle among others. There are also conserved
motifs in essential protein-encoding genes.

The basis of TIGER is the use of these common, conserved
features as anchors for broad-range PCR priming to generate
amplicons from all organisms in an environmental or clini-
cal sample without prejudice. The trade-off in broad-range
priming compared to specific PCR is that PCR is a zero-sum
game. The total yield of amplified product has an upper limit
value that must be divided among all the targets amplified.
It is essential that the technology detects and identifies the
signal from the threatening organism in the background of
an excess of harmless organisms. While cloning and exhaus-
tively sequencing many colonies can solve this, this cannot be
done in a rapid diagnostic device. The strategic breakthrough
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3.4.2. Primers
A schematic of the primer selection and validation pro-

cess is outlined inFig. 3. Public bacterial genome sequenc-
ing projects have provided extraordinarily valuable data that
has led to a basic understanding of both the breadth of diver-
sity and the common features shared by bacteria. Many of
the important pathogens, including the organisms of greatest
concern as biological weapons agents, have been completely
sequenced. This effort has greatly facilitated the design of
primers and probes for the detection of bacteria. Using full-
length sequences from over 225 bacterial genomes, we have
generated alignments of the essential genes that are conserved
either broadly across all organisms or within members of spe-
cific, related phylogenetic groups. In bacteria, for instance,
we have alignments from over 160 housekeeping genes that
are present in almost all major bacterial divisions (Fig. 4).
These genes have been used for identification of broad di-
agnostic primers. PCR primer selection and optimization has
been largely automated. A number of genes, in addition to 16S
rRNA, are targets of “broad-range” primers, thus increasing
the redundancy of detection and classification, while mini-
mizing potential missed detections (Fig. 5). Many of these
genes are, expectedly, essential to information processing,
with more than half being associated with the translational
machinery, such as elongation factors, ribosomal proteins,
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nd identification of broad-range PCR products essen

nstantaneously.
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Fig. 4. Heat map of 160 bacterial housekeeping genes (abscissa) and approximately equal number of complete or nearly complete bacterial genomes.
Fig. 5. Description of primer target ge
nes and their breadth of coverage.
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Fig. 6. Graphic representation of broad-range primers and their breadth of coverage.

coverage map of bacterial phylogeny is graphically illustrated
in Fig. 6.

We have developed a strategy to survey environmental
and clinical samples that allows detection and identifica-
tion of all bacteria for which we have sequence information
(Fig. 7). A set of 12 broad-range PCR primers was used.
Six of the 12 primers are “universal” primers, targeted to
universally conserved sequences and six are “division-wide”
primers, targeted to broad divisions of bacteria (i.e. Bacil-
lus/Clostridia group or gamma-proteobacteria). The division-
wide primers have more focused coverage and tend to provide
higher species resolution. Using these 12 primers, >98% of
all known bacteria can be identified at the species level. Us-
ing additional primers, in what we term thesurvey/drill-down
strategy, additional information about identified organisms,
such as antibiotic susceptibility, virulence, strain type, etc.
can be obtained. However, this information is only neces-
sary once an organism is detected, and its nature varies with
the organism. Using a recursivesurvey/drill-down strategy,
detection, confirmation, and additional information can be

provided within hours. Moreover, the drill-down strategy can
be focused to identify bioengineering events, such as the in-
sertion of a toxin gene into a bacterial species that does not
normally make the toxin. Effectively, the TIGER technology
provides a digital barcode in the form of a series of base
composition signatures, the combination of which is unique
for each known organism. This capability enables real-time
infectious disease monitoring across broad geographic lo-
cations, which may be essential in a simultaneous disease
outbreak or attack in different cities.

3.4.3. Calibrant
A key element of the TIGER system is the ability to quan-

tify the levels of genomic material present in the samples.
To accomplish this, we include an internal calibrant in each
PCR reaction performed. The calibrant consists of a specially
designed nucleic acid sequence that is similar to, but abso-
lutely distinguishable from, any potential sequence we might
to detect. Specifically, a calibrant sequence is designed and
synthesized for each primer pair tested in the system and
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Fig. 7. The survey/drill-down strategy. Twelve pairs of PCR primers are used simultaneously to parse bacteria to near 100% resolution at the species level.
Following identification of specific organisms, specific drill-down primers are applied to the sample to determine additional information as desired.

inserted into a plasmid. Initially, alignments of all available
sequence information are assembled and a calibrant sequence
is designed that is identical to the desired target organism
except for a two to five nucleotide deletion internal to the
amplified region of the target sequence (Fig. 8A). These cal-
ibrant molecules will amplify with an efficiency similar to
that of target sample molecules since the sequences are nearly
identical. Each reaction contains an amount of calibrant de-
signed to be detected without overwhelming the signal from
an organism present at low concentration. Following ampli-
fication of the target sample and the calibrant present in the
reaction, a direct comparison of the resultant product levels
will lead to an estimate of the quantity of the unknown ele-
ment. Due to the length differences of the calibrant and the
target sequences, they will be clearly separated in the mass
spectrum (Fig. 8B). The relative abundances of the end prod-
ucts (as measured by the peak heights in the mass spectrum)
can be used in conjunction with the starting concentration
of the calibrant to get an accurate estimate of the amount of
target sequence in the starting sample. These measurements
are highly reproducible over a wide range of concentrations
(Fig. 8C) and provide improved confidence for the determi-
nation of the quantity of the organisms in the sample. The
calibrant molecules in each reaction serve several purposes.
Foremost is the use as a quantifying element in the reaction.
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that out-compete the calibrant, but in these cases the presence
of the product indicates an obviously successful PCR reac-
tion, but quantitation can only be reported as >100–1000 fold
the calibrant concentration.

Fig. 8. Using calibrated PCR reactions to quantitate input material levels in
unknown samples. (A) Design of calibrant molecules for use in PCR reac-
tions. Calibrant molecules are designed to produce a unique amplicon using
alignments of all known potentially amplified species. (B) Use of calibrant
molecules in a PCR reaction. PCR reactions containing 100 molecules of
calibrant were spiked with either 0 or 100 molecules of input material. The
a nd the
q ated.
( CR
r per-
f n, the
a used.
The linearity of the plot indicates that this method of quantitation can be
used over a wide range of input sample material.
nother is the use of the molecule as an internal positive
rol. Even in the absence of any input genome, the calib
hould always amplify and be detected. Failure to detec
alibrant in this type of sample indicates a failed PCR
ction, a failed desalting protocol, or a malfunction in
utosampler or mass spectrometer. Calibrant may also n
etected in samples with large quantities of amplifiable D
mplitude of the calibrant and the input material can be compared a
uantity of input material in the original sample can be accurately estim
C) Linearity of input material quantitation. As described in the text, P
eactions containing a series of dilutions of unknown material were
ormed in the presence of 1200 molecules of calibrant. For each dilutio
mount of input material was calculated and plotted vs. the dilution
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3.5. Example 1: bacteria—B. anthracis

The mass accuracy provided by the FTICR and TOF mass
spectrometers limits the base composition of each strand to
a finite number of possibilities. As demonstrated by Aaserud
et al.[20] and by Muddiman et al.[19], high precision mass
measurements can be used to unambiguously derive base
compositions of PCR products. For example,Fig. 9 shows
mass spectra of PCR products derived from a sample con-
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tainingB. anthracisand 100 copies of the plasmid calibrant
amplified using primer pair 356 (see Section2). Spectra from
identical aliquots were analyzed on a 7 T ESI–FTICR mass
spectrometer (Fig. 9a) and on the ESI–TOF mass spectrom-
eter (Fig. 9b). As shown in the inset inFig. 9c, the FTICR
provides isotopic resolution with an average resolution of
150,000 (FWHM) while the TOF spectrum is not isotopi-
cally resolved. The TOF spectrum exhibits an average res-
olution of 3500 (FWHM), which approaches the theoretical
limit achievable for a non-resolved isotope distribution for
a species in this molecular weight regime. The addition of
low molecular weight peptides that bracket them/z range of
interest provide a straightforward internal calibrant for post-
calibration. For the FTICR spectra the monoisotopic molec-
ular weights for the complementary strands, derived using an
“averageine-like” fitting routine[21], were determined to be
37374.226 and 37231.153 Da with an average mass measure-
ment uncertainty of∼1.5 ppm (∼0.045 Da).

Table 2 lists the number of base compositions consis-
tent with determined molecular weights within a range of
mass measurement uncertainties from 1 to 100 ppm. A mass
measurement of either strand by itself, even at 1 ppm mass
measurement error is consistent with more than 100 base
compositions for each strand, while a 20 ppm mass measure-
ment error would yield more than 1200 base compositions.
T ions
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a and at
a osi-
t ntar-
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m igh-
ig. 9. ESI–MS spectra of PCR products derived from 1500 copies ofBacil-
us anthracisin the presence of 100 copies of the plasmid calibrant using
rimer 356 (seeTable 1). Spectra were acquired using (a) ESI–TOF and,
b) ESI–FTICR mass spectrometers following a rigorous desalting protocol
see text). Accurate mass measurements of the complementary strands al
ow unambiguous base composition determination of theBacillus anthracis
Ba) amplicon. The internal plasmid calibrant (C) is used to calculate the
elative gain of the PCR reaction. As illustrated by the deconvoluted spec-
rum of one of the amplicon strands in (c), the FTICR spectrum exhibits a
esolving power of∼150,000 (FWHM) while the effective resolution of the
on-isotopically resolved TOF spectrum is∼3500 (FWHM).
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n which the base composition of strand 1 is complem
ary to that of strand 2. Although 1200 base composit
re consistent with the measured masses of each str
n error of 20 ppm, only one combination of base comp

ions strand 1 and strand 2 is consistent when compleme
ty is considered. Importantly, recent advances in ESI–

ass spectrometry facilitate the acquisition of relatively h
esolution mass spectra (>10,000 FWHM) with excel
ass accuracy (2–5 ppm for isotopically resolved spe
ith an internal mass standard). As illustrated inFig. 9b and
, ESI–TOF spectra of PCR products in this molecular we

ange are not isotopically resolved, but using a low molec
eight internal standard we are able to acquire high qu
ass spectra with mass measurement errors in the 5–1

egime. As illustrated inTable 2, this mass accuracy is mo
han adequate to derive unambiguous base compositio
mplicons in the size range employed by TIGER. We are
ently designing an integrated TIGER system that emp
he Bruker MicroTOF detector. Such an integrated sys
ould be significantly reduced in size compared to the

sting laboratory-based system and would be amenab
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An additional advantage of the TOF platform for this
lication is that it is less prone to problems when ana
oncentrations are high than is the FTICR platform. At
tively high analyte concentrations (i.e. high ion numbe

he FTICR trapped ion cell) the accuracy of FTICR m
urements can be adversely affected leading to poor
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Table 1
Forward and reverse primer sequences for broad-range PCR primers described in Section3.4.2are listed in the following table

Primer # Forward primer Reverse primer

346 TAGAACACCGATGGCGAAGGC TCGTGGACTACCAGGGTATCTA
347 TGGATTAGAGACCCTGGTAGTCC TGGCCGTACTCCCCAGGCG
348 TTTCGATGCAACGCGAAGAACCT TACGAGCTGACGACAGCCATG
349 TCTGTTCTTAGTACGAGAGGACC TTTCGTGCTTAGATGCTTTCAG
352 TTGCTCGTGGTGCACAAGTAACGGATATTA TTGCTGCTTTCGCATGGTTAATTGCTTCAA
354 TCTGGCAGGTATGCGTGGTCTGATG TCGCACCGTGGGTTGAGATGAAGTAC
355 TCAAGCAAACGCACAATCAGAAGC TTGCACGTCTGTTTCAGTTGCAAATTC
356 TGACCTACAGTAAGAGGTTCTGTAATGAACC TTCCAAGTGCTGGTTTACCCCATGG
358 TCGTGGCGGCGTGGTTATCGA TCGGTACGAACTGGATGTCGCCGTT
359 TTATCGCTCAGGCGAACTCCAAC TGCTGGATTCGCCTTTGCTACG
360 TTTAAGTCCCGCAACGAGCGCAA TTGACGTCATCCCCACCTTCCTC
361 TCTGACACCTGCCCGGTGC TGACCGTTATAGTTACGGCC
362 TGGGCAGCGTTTCGGCGAAATGGA TGTCCGACTTGACGGTCAACATTTCCTG
363 TCAGGAGTCGTTCAACTCGATCTACATGAT TACGCCATCAGGCCACGCAT
367 TCCACACGCCGTTCTTCAACAACT TGGCATCACCATTTCCTTGTCCTTCG
449 TCCACACGGTGGTGGTGAAGG TGTGCTGGTTTACCCCATGGAG

measurement accuracy. Alternatively, the ESI–TOF platform
is relatively immune to these space charge affects and can
effectively analyze a broader range of analyte concentra-
tions. This allows high quality, high signal to noise spec-
tra to be acquired in rapid succession on the TOF platform.
Fig. 10depicts the ESI–TOF spectra of a calibratedB. an-
thracissample. ESI–TOF spectra were acquired at a rate of
∼1 spectrum/min (50 s of spectral co-adding, 9 s of autosam-
pler overhead). Each spectrum was derived from a different
primer pair (Table 1) and contains both plasmid calibrant and
B. anthracisgenome.
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3.5.1. TIGER sensitivity
Since the TIGER assay relies on polymerase chain reac-

tion amplification, its inherent sensitivity is similar to other
assays that likewise incorporate PCR. As long as at least
one genome copy is present in the PCR reaction well, the
amplification gain is sufficient to produce measurable prod-
uct. Sensitivity is limited by material transfer efficiency of
all processes upstream of PCR. For TIGER these include
filter capture efficiency, recovery efficiency, spore/cell lysis,
pipette transfer, and nucleic acid isolation.

We have conducted dilution-to-extinction experiments to
verify the TIGER sensitivity and from this test have estimated
the combined efficiency of spore/cell lysis, pipette transfer,
and nucleic acid isolation. The tests comprised 576 inde-
pendent PCR reactions and mass spectra: 32 repetitions of
each of 6 organism dilution levels for three different primer
sets.B. anthracis(Sterne 34F2 vaccine strain) spores from
Colorado Serum at an initial concentration of 5× 106 mL−1

were used. The organism concentration of the suspension was
independently estimated by Picogreen evaluation post-lysis
DNA concentration.

The spore suspension was processed by manually filter-
ing, bead beating, and extracting nucleic acids as described

Table 2
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ig. 10. High throughput ESI–TOF analysis ofBacillus anthracis(Ba)
resent at 1500 copies/well in the presence of plasmid calibrant (C).

ra were acquired at 1 min intervals in which 50 s of spectral acquisiti
receded by 9 s of autosampler overhead and between-sample buffer
rom top to bottom primers employed were 346, 347, 359, 349, 361
67 (seeTable 1). Note that primers 359 and 367 are not expected to am
a and produce only calibrant amplicons.
.

umber of base compositions consistent with molecular weight as a fu
f mass measurement uncertainty

pm Strand 1
(33374.266 Da)

Strand 2
(37231.153 Da)

Complementary
pairs

1 101 130 1
5 519 631 1

10 933 934 1
20 1321 1214 1
50 3703 3524 20
00 7377 7179 81

ote that at 20 ppm (or better) the base composition of the
licon pair is constrained to a single, unique base compos
A34G31C29T27/A27G29C31T34) due to the fact that the base composi
f strand 1 must be complementary to that of strand 2.
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in Section2. Dilutions of the isolated DNA were prepared to
be added into the PCR reaction wells to give 1000, 100, 10,
1, 0.1, and 0 spore equivalents per well, as measured in the
original suspension. Three different primer pairs that ampli-
fied chromosomal protein synthesis gene (sspE) and protein
synthesis genes cya and lef were used. Genes cya and lef
are contained on the px01 plasmid. Each organism of this
Ba strain has one copy of the sspE gene and three copies
of the px01 plasmid, and, therefore, three lef and three cya
template copies. Six 96-well microtiter plates were prepared
with all necessary reagents (e.g. buffer, primers, magnesium
salts, dNTPs, etc.) The isolated DNA and polymerase were
added just before PCR amplification as described in Section
2. Desalting and FTICR analysis was performed as described
above.

The mass spectra for each well were analyzed in-
dependently using a maximum-likelihood processor. This
processor, referred to as GenX, first makes maximum like-
lihood estimates of the input to the mass spectrometer for
each primer by running matched filters for each base com-
position aggregate on the input data. This includes the GenX
response to a calibrant for each primer. The amplitudes of
all base compositions for each primer are calibrated and a fi-
nal maximum likelihood amplitude estimate per organism is
made based upon the multiple single primer estimates. Mod-
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P(product)= 1 − e−λ

The binary data analysis results for each well are simply
Bernoulli trials; therefore, the statistical properties for each
dilution can be characterized by Binomial probability distri-
butions. Data error bounds can be evaluated as a function of
the number of trials and the number of wells exceeding the
threshold.

Fig. 11a presents a comparison between the theoretical
probability and measured amount of PCR products for the
plasmid genes verses the nominal number of organisms per
well (c v). The theoretical probability curves, based on Pois-
son distributions and considering that there are three copies of
the PX01 plasmid per organism, are shown for material trans-
fer efficiencies (η) of 100% (blue) and 50% (green) from the
point of sample insertion to the PCR well. The experimen-
tal data are plotted for thelef andcyagenes separately. The
data points arex/n wherex wells have product detected out
of n trials. Error bars were evaluated for a 20–80 percentile
or a 60% confidence window for each point. Note that the
errors are greater for the lower dilutions with fewer detec-
tions. The data for 10, 100, and 1000 spore equivalents per
well validates the test; when the probability of having no
templates was very low, we observedN out ofN successful
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ikelihood calculation. The processor reported the numb

olecules of each base composition contained in the sp
he quantity of PCR product corresponding to the appro
te primer set was reported for each well. The quantitie
rimers remaining in each well are also reported. The am
f PCR product was compared to a relatively low thres

o allow for detection of wells containing only a single co
f theB. anthracisgenome. This binary statistic is used

he analysis as described below.
When equal aliquots are taken from the DNA stock

utions and distributed to wells for PCR, the actual n
er of templates deposited in each well varies about a m
alue according to a Poisson distribution. The most us
ata is produced at levels sufficiently dilute that, by chan
oderate fraction of the wells contain no genomic templ
iven a starting concentration,c; pre-PCR process efficienc
; and volume,v; the average number of genomes pre

n each well is,λ= η c v. The probability of having exact
molecules in each well is given by a Poisson probab

istribution:

(x = m) = e−λλm

m!
, λ > 0, m = 0, 1, 2, . . .

Since data analysis distinguishes one or more gen
opies per well (expected PCR product measured) from
opies per well (i.e. no product expected), the above ca
educed to a more appropriate expression giving the p
ility of having a product,P(product), for a given concen

ration,λ (specifically, one minus the Poisson probability
CR amplifications. The only cases with no product wer
he most dilute samples. The dilution to extinction statis
esult corresponds very closely, within the 60% confide
nterval, to the theoretical curve for 50% efficiency.

Fig. 11b presents a similar plot for thesspEgene, with on
opy per organism. The theoretical probability and meas
requency of producing the PCR amplicon is compare
he nominal number of organisms per well. Except for
eftmost point (one-tenth organism per well) the data
esponds very closely to the theoretical curve for 50%
iency. The lowest concentration result falls slightly bey
he standard error bars, corresponding to the 5th percent
ummary, the combined efficiency of spore/cell lysis, pip
ransfer, and nucleic acid isolation is approximately 50%
he TIGER sample processing protocol.

.6. Example 2: DNA genome viruses—orthopox

Viral identification poses a different kind of challen
han bacterial identification. While we have over 25,000
al sequences covering important pathogenic viruses i
atabase, no single gene is essential and conserved
ll viral families. Therefore, viral identification is achiev
ithin smaller groups of related viruses, for instance ac
ll members of a particular viral family or genera. The R
olymerase family of genes, including the retroviral rev

ranscriptase (RT) and RNA-dependent RNA polymera
re present in all single-stranded RNA viruses. We hav
embled family-specific alignments of these polymerase
ave shown that we can achieve broad priming as we
esolution within these families. We have also collected
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Fig. 11. (a) Theory–data comparison for sensitivity determination using twoB. anthracisvirulence plasmid genes (PX01). (b) Theory–data comparison for a
B. anthracischromosomal gene (sspE).

aligned other gene targets that could provide resolution to the
level of strain typing. Some specific examples of viral family
detections are described in sections below.

Smallpox is caused by a DNA virus, the variola virus,
which is a member of the genus Orthopoxvirus. The Or-
thopoxvirus genus contains several potential biowarfare
agents, including smallpox (variola), and monkeypox viruses
and other human and animal pathogens such as vaccinia virus,
rabbitpox, cowpox, camelpox, and ectromelia virus. Several
members of this group have very similar nucleic acid and
amino acid sequences (for instance vaccinia and variola share
>95% similarity in their nucleotide sequence). A system that
can rapidly identify and reliably distinguish these species
from one another would have significant impact on both BW
detection and clinical diagnostics. Using the TIGER process

described above, we have developed multiple PCR primers
to essential conserved genes across all members of the Or-
thopoxvirus genus group that can be used to identify all of the
species mentioned above and their variants, and distinguish
them from other members of thePoxviridaefamily by base
composition analysis.

We analyzed all available sequences for Orthopox viruses
(GenBank, Poxvirus DB[22]) to select suitable primer re-
gions for TIGER analysis and identified primer sites on
several essential viral genes (DNA polymerase, RNA poly-
merase, DNA helicase and RNA helicase) that would enable
unambiguous detection and identification (Fig. 12). TIGER
primers are designed across regions of high conservation, the
likelihood of missed detection due to sequence variations at
these sites is minimized, and essentially reduced to zero, by
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Fig. 12. (a) Orthopoxvirus conserved gene and primer selection strategy and (b) loci.

using multiple targets. The target amplicons in the interven-
ing region between the conserved primers provide the unique
signature needed to identify organisms. None of the primers
are expected to amplify other viruses or any other known
DNA. All the primers were tested against all available se-
quences from GenBank using electronic PCR (e-PCR) for
potential background priming (data not shown).

We obtained DNA from five different Orthopoxvirus
species from the laboratory of Dr. Chris Upton at UVIC:
monkeypox (MPXV-VR267), cowpox (BR), rabbitpox
(Utrecht), vaccinia (WR) and ectromelia (Moscow); we
were unable to obtain a variola virus DNA sample. Results
from amplification of the DNA polymerase and the DNA
helicase genes from each of the available species are shown
in Fig. 13a and b. PCR products were generated from
each of the test viruses using the above-described primers,
desalted, and analyzed by mass spectrometry. Deconvolved
spectral signals showing the sense and antisense strands of
the PCR products from each sample are shown inFig. 13c
and d. These spectra were processed by an algorithm that
converts mass spectrometry signals to base composition
data as described previously. All detected masses could
be unambiguously mapped to specific base compositions,
which were compared to the pre-compiled database of
expected products from each of these viruses.

ions
( in a
f pre-

sented by the tilt of the cone), overlaid on the expected base
count distributions (hollow spheres) of the base compositions
from all available Orthopoxvirus species. The TIGER de-
rived base compositions agreed with compositions expected
from the sequences in GenBank for all five viruses tested.
Vaccinia and ectromelia viruses gave expected products con-
sistent with the database sequence entry in each primer re-
gion. In the case of the rabbitpox virus, the sequence of the
target region was identical to vaccinia virus in all primer
regions selected (these two species are >98% identical across
their entire genome, Dr. Upton, personal communication),
and were not distinguished by these primers. At the time
of primer design, the only strain of monkeypox virus de-
posited in GenBank was the Zaire 96I-16 strain. TIGER-
determined base compositions for the MPXV-VR267 strain
were different from those for the Zaire strain. The exper-
imentally determined based-counts were subsequently val-
idated by comparison to the full genome sequence for the
VR267 strain (unpublished data obtained from Dr. Upton).
Thus we were able to correctly identify a new variant of a
known Orthopoxvirus species with the same technology used
for primary detection, without additional primer design or
analysis. Finally, while we were analyzing these test species,
the whole genome sequence for a new strain of cowpox,
the GRI-90 strain, was published[23]. Analysis of several
c ra re-
v d to
v ton
Fig. 13e and f show the deconvoluted base composit
solid cones) of the experimentally measured spectra
our-dimensional plot (A, G, C axes, with the T counts re
onserved genes across all of the Orthopoxvirus gene
ealed that the GRI-90 strain was more closely relate
accinia strains than it was to the previously known Brigh
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Fig. 13. Orthopoxvirus triangulation primers and TIGER resolution. (a, b) primer regions on two different Orthopoxvirus essential genes, DNA polymerase
(E9L) and DNA helicase (A18R). All primers were propynylated at conserved positions (shown with a “P”). (c, d) TIGER MS spectra for the five lab test
strains for each primer are shown. Peaks correspond to the sense and anti-sense amplicons generated by PCR. A third peak corresponding to non-templated
end-adenylation (M= 313.053 Da) of one of the two strands was also often seen. (e, f) 3-D plots of base compositions. Axes represent [A], [C] and [G] counts
([T] counts shown by the rotation of the cone). Distribution of base compositions for all the species in GenBank that were expected to prime with the two
primers are represented as a sphere. Each entry here represents a unique base composition in this pseudo four-dimensional space. Multiple isolates of the same
species that show different base compositions are shown individually. Experimentally determined base compositions for the test strains are shown as a solid
cone projected onto the same plot.

Red (BR) strains of cowpox. The material that was tested
in the lab was clearly the BR strain as evidenced by the
perfect match to the expected base counts for these in the
database.

Table 3shows the expected base counts of the various Or-
thopoxvirus species for all primer regions tested. For every
species, the experimentally measured signals matched pre-
dicted base compositions. The color scheme used in this table
groups identical base compositions within a primer region.

As is typically the case with TIGER, while a single primer
target region does not resolve all species unambiguously,
species can be clearly identified and differentiated from one
another using the triangulation strategy across multiple loci.

3.7. Example 3: RNA genome viruses—alphaviruses

Viral encephalitis is caused by a number of different
viruses from different viral families. Important amongst these
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Table 3
Database of Orthopoxvirus species base compositions for each selected TIGER primer region (shown in columns)

Identical base compositions within a column are grouped by color. All the test isolates (see column 1) showed perfect match to the expected base compositions
where prior data was known.

are positive-strand RNA viruses belonging to the genus
Alphavirus (Togaviridae family), including the Venezuelan
equine encephalitis (VEE), the western equine encephalitis
(WEE) and the eastern equine encephalitis (EEE) complex
viruses. All of these viruses have the potential to cause severe
disease of veterinary and human health consequences. VEE
complex viruses represent 13 serologically distinct types be-
longing to six antigenic subtypes (I–VI), the majority are
enzootic and are not (or are only rarely) transmitted to humans
[24]. The epidemic or epizootic VEE viruses belong primar-
ily to types IAB and IC and are believed to have emerged
from closely related lineages. The EEE virus antigenic com-
plex has four antigenic subtypes (I–IV), spanning the North
and South American isolates[25]. Both VEE and EEE are on
the CDC and USDA list of select agents. The WEE complex
viruses include Old World (Sindbis virus) and New World
viruses (Aura, Highlands J, WEE, etc.)[26].

These viruses are extremely diverse at the nucleotide
and protein levels and pose a great challenge for most
detection and diagnostic techniques. Several species-specific,
genus-specific, and multiplex molecular detection meth-
ods (RT-PCR) have been described[27–29]. The TIGER
broad-priming approach allows the rapid identification of all

alphaviruses. We designed several primers that broadly target
various members of this family of viruses and used propyny-
lated primers to enhance primer hybridization. Primer pairs
targeting conserved sites in the 5’-end of the RNA virus
genome (nonstructural protein, nsP1 gene) were designed
and tested against a number of different viral isolates from the
three major complexes. InFig. 14a, the primer sequences are
shown overlaid on an alignment of viral sequences, with the
dots indicating identity to the primer sequence. Propynylated
bases are indicated. Theoretical distribution of expected prod-
ucts based on all known Alphavirus sequences in GenBank
showed resolution of the various subtypes of VEE, as well
as other major members of this genus using TIGER primers
(Fig. 14b). None of these primers will produce spurious prod-
ucts from other unrelated sequences (results not shown).

We obtained several Alphavirus isolates of VEE and WEE
from Dr. Scott Weaver at the UTHSC, Galveston and a full-
length cDNA clone of EEE from Dr. Mike Parker, USAM-
RIID (Table 4). Five different primer pairs targeting two
distinct regions on the Alphavirus genome were used to am-
plify regions from these isolates.Table 4shows the TIGER-
determined base compositions for these isolates. All the test
isolates showed perfect match to the expected base compo-

Table 4
A er regio

E ere ob w did not
h

lphavirus species base compositions for each selected TIGER prim

EE was obtained from Mike Parker, USAMRIID. All other isolates w
ave prior sequence data and represent new measurements.
n (shown in columns)

tained from Scott Weaver, UTHSC. Test isolates highlighted in yello
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Fig. 14. (a) Alignment ofAlphavirussequences showing conservation of PCR primer regions within this viral family, flanking a region of species-specific
variations. “Dots” in a column represent homology to the reference sequence above. Any variant is explicitly shown with the varying nucleotide. The consistent
pattern of base changes predicted between species shown here is sufficient to resolve these organisms in the high-performance TIGER FTICR. (b) Epidemic,
epizootic VEE viruses IAB-IC along with the closely related ID sequences (see text) are clearly distinguishable from enzootic types II–VI and IE–IF.

sitions where prior data was known. Sequences of the three
WEE isolates and the EEE isolate shown highlighted in yel-
low have not been sequenced and represent new measure-
ments. Identical base compositions for different isolates for
a particular primer pair are shown grouped by the same color.
The four VEE isolates tested include VEE-3908 and VEE-
24937 (type IC) VEE-66637 (type ID) and VEE-68U201
(type IE). All of these can be resolved from each other using
the primer pairs shown inTable 4. The two Group B WEEs
tested here, WEE-OR71 and WEE-SD83[26], were indis-
tinguishable using the two regions shown here. Additional
primer pairs will be required to distinguish these isolates. On
the other hand, the two group A WEEs tested, the Fleming

and ON41 isolates, were resolved from each other. The EEE
test isolate was distinguishable from all other isolates.

4. Conclusions

We have demonstrated that the TIGER strategy can be ap-
plied to the detection and identification of a wide variety of
bacteria, DNA-genome viruses, and RNA genome-viruses.
Broad-range PCR reactions are capable of producing prod-
ucts from groups of organisms, rather than single species,
and the information content of each PCR reaction is poten-
tially very high. The mass spectrometer is capable of ana-
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lyzing complex PCR products at a rate of approximately one
minute per sample. Because the process is performed in an
automated, microtiter plate format, it is possible to examine
large numbers of samples, making it practical for large-scale
analysis of clinical specimens or for environmental surveil-
lance. This approach can be extended to other viral, bacte-
rial, fungal, or protozoal pathogen groups and is a powerful
new paradigm for timely identification of a broad range of
organisms that cause disease in humans or animals, and for
monitoring the progress of epidemics in biological weapons
surveillance.
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