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Abstract

In this work, we describe a strategy for the detection and characterization of microorganisms associated with a potential biological warfare
attack or a natural outbreak of an emerging infectious disease. This approach, termed TIGER (Triangulation Identification for the Genetic
Evaluation of Risks), relies on mass spectrometry-derived base composition signatures obtained from PCR amplification of broadly conserved
regions of the microbial genome(s) in a sample. The sample can be derived from air filtration devices, clinical samples, or other sources. 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-throughpu
robust modality. As will be demonstrated, the concept is equally applicable to bacteria and viruses and could be further applied to fungi and
protozoa. In addition to describing the fundamental strategy of this approach, several specific examples of TIGER are presented that illustrate
the impact this approach could have on the way biological weapons attacks are detected and the way that the etiologies of infectious diseases ar
determined. The first example illustrates how any bacterial species might be identified3asilhgs anthracisas the test agent. The second
example demonstrates how DNA-genome viruses are identified using five memBers/ofdaefamily, whose members includes Variola
virus, the agent responsible for smallpox. The third example demonstrates how RNA-genome viruses are identified Alpingvingses
(VEE, WEE, and EEE) as representative examples. These examples illustrate how the TIGER technology can be applied to create a universal
identification strategy for all pathogens, including those that infect humans, livestock, and plants.
© 2004 Elsevier B.V. All rights reserved.
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platforms to answer more complex questions. In this work present in the sample without anticipating which might be
we will introduce the concept of Triangulation Identifica- present. TIGER is based upon the principle that, despite the
tion for the Genetic Evaluation of Risks (TIGER). TIGER enormous diversity of microbes, all domains of life on earth
employs high-performance electrospray mass spectrometryshare sets of essential common features in the biomolecules
(either FTICR or TOF) to derive base compositions of poly- encoded in their genomes. We use these common features
merase chain reaction (PCR) products. Core to this approactin an identification strategy that relies on high-performance
are “intelligent PCR primers” that target broadly conserved ESI-MS analysis of broad-range PCR amplification products
regions of microbial genomes that flank variable regions. This and base-composition analysis. The base compositions from
approachrequires that high-performance mass measurementsiultiple primer pairs are used to “triangulate” the identity of
be made on PCR products in the 80—140 bp size range in athe organisms present in the sample.
high-throughput, robust modality. As will be demonstrated, In this paper, we describe the basic principles of TIGER,
the concept is equally applicable to the detection of bacteriaand provide examples of applications of the technology in
and viruses and could be further applied to fungi and pro- environmental surveillance for an aerosol attack with a bio-
tozoa. In addition to describing the fundamental strategy of logical weapon, or for analysis of a human clinical sample.
this approach, we present several specific examples of TIGERWe describe three examples in which the TIGER approach
that illustrate the potential impact this approach could have is used to detect and characterize microbes associated with a
on the way we detect biological weapons attacks and the waypotential BW attack or naturally occurring pathogen. The first
we determine the etiology of infectious diseases. example describes how any bacterial species might be identi-

A key problem in determining the cause of a natural in- fied, usingBacillus anthraciss the test agent. The second ex-
fectious outbreak or a bioterrorist attack is the sheer variety ample demonstrates how DNA-genome viruses are identified
of organisms that can cause human disease. According tousing five members oPoxviridaefamily, whose members
a recent review1], there are over 1400 organisms infec- includes Variola virus, the agent responsible for smallpox.
tious to humans; many of these have the potential to emergeThe third example demonstrates how RNA-genome viruses
suddenly in a natural epidemic or to be used in a malicious are identified using thalphavirusesVEE, WEE, and EEE)
attack by bioterrorists. This number does not include numer- as representative examples. These examples illustrate how
ous strain variants, bioengineered versions, or pathogens thathe TIGER technology can be extended to create a seam-
infect plants or animals. Paradoxically, much of the new tech- less biosensor network for the universal identification of all
nology being developed for detection of biological weapons pathogens.
incorporates a polymerase chain reaction step based upon
the use of highly specific primers and probes designed to se-
lectively detect certain pathogenic organisms. Although this 2. Experimental/materials and methods
approach is appropriate for the most obvious bioterrorist or-
ganisms, like smallpox and anthrax, experience has shown2.1. Bacterial genome isolation from air samples
that it is very difficult to predict which of hundreds of pos-
sible pathogenic organisms might be employed in a terror-  Air samples were collected on a Spincon portable air sam-
ist attack. Likewise, naturally emerging human diseases thatpler system, model number PAS540-10 (Camber Corpora-
have caused devastating consequences to public health haveéon, Huntsville, AL) or on dry filter units (DFUSs). The airflow
come from unexpected families of bacteria, viruses, fungi, or on the Spincon unit is approximately 450 L/min and the ma-
protozoa. Plants and animals also have their natural burdenterial is collected directly into a PBS/detergent liquid matrix.
of infectious disease agents and there are equally importantFor the DFUs, the airflow is approximately 850 L/min and
biosafety and security concerns for agriculture. the material is collected onto a 2" polyester fiber filter. Sam-

A major conundrum for public health protection, biode- ple times for each collection are indicated in the text. For the
fense, and agricultural safety and security is the need to beDFUs, filters were collected from the units and up to four
able to rapidly identify and characterize infectious agents, yet filters were combined in 20 mL of phosphate buffered saline
there is no existing technology with the breadth of function (pH 7.0) containing 0.1% Tween-20 detergent. The filters
to meet this need. In this paper we describe broad-functionand solution were shaken by hand for 30 s prior to storage
technology based on mass spectrometric detection that enat 4°C. Prior to genomic extraction, the filters and solution
ables the rapid, sensitive, and cost-effective identification of were shaken again for 30 s and the resulting solution was fil-
a broad range of infectious microorganisms, including nat- tered through a 25 mm 0i2m Supor-200 filter (Pall Corpo-
ural human pathogens, bioterrorist agents, and agriculturalration, Ann Arbor, Michigan). Spincon material was filtered
pathogens. The use of such broad-function technology maydirectly by this same method. The resulting Supor-200 filters
be the most practical way to simultaneously survey for all were then subjected to bead beating by placing the filter in a
forms of pathogens. 1.5 mL tube containing-100u.g of 0.7 mm zirconium beads

To achieve this objective, we have abandoned the notion of (Biospec Products, Bartlesville, OK) and 35D of ATL
detecting specific target organisms on a “one off” basis, and buffer from Qiagen (Qiagen, Valencia, CA). The beads were
instead have developed a strategy to identify all the organismsshaken on a Retsch 300 MM mixer mill with a frequency of
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19 Hz for 10 min and then spun briefly to settle the beads and Sciences (Indianapolis, IN), 8¢ dNTP mix (Stratagene,
larger particles. The supernatant, containing the nucleic acidLa Jolla, CA), 100 ng of poly A RNA, 10mM DTT, and
material, was then used as the starting material in a Qiagen250 nM of each primer. The following RT-PCR cycling con-

DNeasy Tissue Kitisolation 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 (@49 of 0.1-0.3). A small
amount of this material (generally less thandQ was trans-
ferred into 300-35Q.L of ATL buffer (Qiagen, Valencia, CA)
containing about 10Qg 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 2pQ of infected
cells or culture supernatant spiked with.8 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 a

above for the Qiagen MDx BioRobot and the material isolated
using a QiaAmp Virus BioRobot MDx kit as described by the

manufacturer. In both cases, the resulting material is ready

for either PCR or RT-PCR as appropriate.
2.4. PCR conditions

All PCR reactions were assembled ingpld reaction vol-
umes in a 96-well microtiter plate format using a Packard
MPII liquid handling robotic platform and M.J. Dyad ther-
mocyclers (MJ research, Waltham, MA). The PCR reaction
mix consisted of 4 u of Amplitag Gold 4 buffer Il (Applied
Biosystems, Foster City, CA), 1.5 mM Mg£;0.4 M betaine,
800uM dNTP mix and 250 nM of each primer. The follow-
ing PCR conditions were used: 96 for 10 min followed by
eight cycles of 95C for 30s, 48C for 30s, and 72C 30s
with the 48°C annealing temperature increasing @with

ditions were used: 48C for 45 min followed by 95C for
10 min followed by eight cycles of 95 for 30's, 48C for
30s, and 72C 30 s with the 48C annealing temperature in-
creasing 0.9C with each of the eight cycles. The RT-PCR
was then continued for 37 additional cycles of@5for 15's,
56°C for 20s, and 72C 20s.

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 elsewhefg]. 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 NHHCOs) and organic
solvents (20% MeOH). Elution of the final purified/desalted
PCR products was accomplished by rinsing the resin with an
aliquot (typically 25uL) of a high pH buffer solution (1M
§H4OH). The final electrospray buffer contained 35% MeOH
and 25 mM piperidine/imidizaclg3].

2.7. ESI-FTICR mass spectrometry

The ESI-FTICR mass spectrometer used in this work is
based on a Bruker Daltonics (Billerica, MA) Apex Il 70e
electrospray ionization Fourier transform ion cyclotron res-
onance mass spectrometer that employs an actively shielded
7 T superconducting magnet. The active shielding constrains
the majority of the fringing magnetic field from the super-
conducting magnet to a relatively small volume. Thus, com-
ponents that might be adversely affected by stray magnetic
fields, such as CRT monitors, robotic components, and other
electronics, can operate in close proximity to the FTICR
spectrometer. All aspects of pulse sequence control and data
acquisition were performed on a 600 MHz Pentium Il datas-
tation running Bruker's Xmass software under Windows NT

each of the eight cycles. The PCR was then continued for 3740 operating system. Sample aliquots, typicallyl5were

additional cycles of 95C for 15, 56°C for 20's, and 72C
20s.

2.5. RT-PCR conditions

All RT-PCR reactions were assembled inj@0reaction
volumes in a 96-well microtiter plate format using a Packard
MPII liquid handling robotic platform and M.J. Dyad ther-
mocyclers (MJ research, Waltham, MA). The RT-PCR re-
action mix consisted of 4U of Amplitag Gold, x5buffer
Il (Applied Biosystems, Foster City, CA), 1.5 mM Mgg£l
0.4 M betaine, 20 mM sorbitol, 1.2 U Superasin (Ambion Inc,
Woodlands TX), 0.4.g T4 gene 32 protein (Roche Applied

extracted directly from 96-well microtiter plates usinga CTC
HTS PAL autosampler (LEAP Technologies, Carrboro, NC)
triggered by the FTICR datastation. Samples were injected
directly into a 1QuL sample loop integrated with a fluidics
handling system that supplies the 300h flow rate to the

ESl source. lons were formed via electrospray ionization in a
modified Analytica (Branford, CT) source employing an off
axis, grounded electrospray probe positioned ca. 1.5 cm from
the metalized terminus of a glass desolvation capillary. The
atmospheric pressure end of the glass capillary was biased at
6000 V relative to the ESI needle during data acquisition. A
counter-current flow of dry Blwas employed to assist in the
desolvation process. lons were accumulated in an externalion
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reservoir comprised of an rf-only hexapole, a skimmer cone, brated such that individual molecular arrivals (or detections)
and an auxiliary gate electrode, prior to injection into the are counted and scale such thatthe output distribution is Pois-
trapped ion cell where they were mass analyzed. lonization son; this is done by solving for the unique scale factor that
duty cycles >99% were achieved by simultaneously accumu- causes the mean to equal the variance, drawing upon a fun-
lating ions in the external ion reservoir during ion detection damental characteristic of the Poisson distribution.
[4]. Each detection event consisted of 1 M data points digi-  These precise calibrations enable maximum likelihood es-
tized over 2.3 s. To improve the signal-to-noise ratio (S/N), 32 timation of molecular abundance at the MS input versirs
scans were co-added for a total data acquisition time of 74 s.axis. With use of a PCR calibrant, described in Section 3.4.3,
this enables maximum likelihood estimation of input genome
2.8. ESI-TOF mass spectrometry abundance for each microbial species present in the input

The ESI-TOF mass spectrometer used in this work is sample.

based on a Bruker Daltonics MicroTOF. lons 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. lons 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 describe
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 75us. To maintain the same 74 s data acquisi- . . =
tion time on the TOF as used for FTICR, 980,000 scans were amplify a product from a broad group of organisms within a

co-added for each mass spectrum. For more rapid analyse% ?Isecéi?ﬁg%rgg'grg; g:\'/?;?:g I_'I_fﬁ’effersiﬁa;?ﬂi’ l?rl l):c?-crfr:lae
(<1 min/spectrum) 660,000 scans were coadded. b ‘ 9

The sample delivery scheme allows sample aliquots to be PCR reactions is typically a mixture of products reflecting

rapidly injected into the electrospray source at high flow rate the complexity of the original mixture of bacteria or virus

resent in the starting sample.
and subsequently be electrosprayed at a much lower flowP . .
rate for improved ESI sensitivity. Prior to injecting a sam- The products from the PCR reactions are desalted in

ple, a bolus of buffer was injected at a high flow rate to rinse 96-well plate forma'F and sequentially electrosprgyed into a
the transfer line and spray needle to avoid sample contam-n:iizssé):gtt?;n;t:ﬁ?ih;’ tﬁteeraiiezhoef Zgiﬁtga;ltigg%;ar?o q
ination/carryover. Following the rinse step, the autosampler P . . - P

injected the next sample and the flow rate was switched to ucts present in each sample with sufficient accuracy that the

low flow. Following a brief equilibration delay, data acqui- base composition of adenosines, guanosines, cytidines, and

sition commenced. As spectra were co-added, the autosamghymIdlnes can be unambiguously deduced, vide irffra. (L

le cotinued tnsing the Syrnge and picing up bufer to S5 2 VS combine base compasitons o tple
rinse the injector and sample transfer line. In general, two sy- ' P

ringe rinses and one injector rinse were required to minimize Cerjl'tgztlfarr]]?j;nn;tzﬁtztl?jritslggcii)mnFt))lgt\?vzr:eg(tah?s;?rrgt];nedén dira
sample carryover. During a routine screening protocol a new gy

sample mixture was injected every 106 s. More recently we g':i?]na;gizzc'f:_%;g;;ﬁr?}gge:r::vtvf;sn?rt]:re 3;;2229}:?:2?
have implemented a fast wash station for the syringe needle 9 ' q '

, . . o
which, when combined with shorter acquisition times, facil- fectious organism X in my sample?” The TIGER method

itates the acquisition of mass spectra at a rate of just “”derzg,i.wféint?ﬁ gzgi'fliﬂi:s\?éh:aChuliC;elgz?tjos r(zjrr?rf]iirr‘]'smmsairet'r?or}’
one minute/spectrum. ple: ; q g many

sands of specific PCR reactions because the identity of the

3. Results and discussion
3.1. Principle of operation

The TIGER process is illustrated iig. 1and is summa-
ized briefly in this section. The process begiRi)( 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

2.9. Mass-to-charge and amplitude calibration infectious organism being detected does not need to be an-
ticipated.
Mass-to-chargexfaxis) calibration is obtained using in- What enables this approachs, first, the use of broad-range

ternal mass standards which are added during the elution stegrimers to amplify PCR products from broad groupings of or-

of the desalting protocol. The same peptide-based mass stanganisms, rather than single organisms, and second, the use of

dards are used to calibrate both the FTICR and TOF massmass spectrometry and base composition determination to

spectrometers. analyze the products. Unlike nucleic acid probes or arrays,
Amplitude calibration y-axis) is achieved by noting that mass spectrometry does not require anticipation of products

molecular arrivals in either a frequency bin (FTICR) or time analyzed, but simply measures the masses of the nucleic acids

bin (TOF) are Poisson-distributed. Each instrument is cali- presentin the sample. The analog signal of mass is converted
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STEP #1 - DNA extraction and PCR with universal primers and calibrant plasmids

Microbe Mixture Extract Nucleic Acids

> %

Broad Range Primers

Primer Set 1
Primer Set 2
Primer Set 3

PCR Amplification

PCR Products

Calibrant

e N

> i
‘f ’\ Internal Calibrant

# of molecules known

'STEP #2 - Electrospray products into mass spectrometer

Org 1 se— —
Org 2
Org3
Or

Calibd 091
Qorg2
©org3
Org4

Calibrant

Products from Step: Mass Spectrometer Mass Spectra
— Electron
Sample > ==— ‘_l—_‘)=|} = & IMutiptior
ESl needle
Capillary v lon
Store 1 L
- Primer Set 1
"1 | — | e
Reflectron OUtDUts Primer Set 2

STEP #3 - Signal Processing - ID organism using Mass Spec data from multiple primers

Maximum Likelihood

Joint Maximum Likelihood Organism ID, Abundance

Mass Spectra Amplicon Count

Estimation
ngnan' Processor Org  Mass Base Count Quality
#1 35641855 A Trs 4260
Combines Data #2 35281808 A Organism IDs
. Org1: E.coli
From All Prm_aers #4 33770606 AxGaiCnlos 4227 Org2: S. pyogenes
to ID and Quantitate Cafl 2284040} oS3 Ci’-:;"‘mer&” org3: S aureus

Org 4 Unknown Borrelia
Calibrant

Determine W4 36161.973 AspGooCapl:
Basecounts Cal 33232474 AG
By DB
Signature
Match

Fig. 1. Step by step TIGER process.

to a digital signal of base composition based upon the accu-3.2. Base composition as a metric of infectious microbes
racy of the mass measurement and the discrete masses as-

sociated with different combinations of the four nucleotide Base composition is a remarkably useful metric for iden-
bases. Mass spectrometry is remarkably sensitive and canification of infectious microbes. A base-composition signa-
measure the mass and determine the base composition fronture can be thought of as a unique index of a specific gene
small quantities of nucleic acids in a complex mixture with from a specific organism. Our detection algorithm searches
a throughput of about one sample per minute. The ability to a database that links each sequence for a particular organ-
detect and determine the base composition of a large hum-ism to a composition signature so that the presence of the
ber of PCR amplicons in a mixed sample enables analysisorganism can be inferred from the presence of the signature.
and identification of broad-range PCR products essentially Base compositions, like sequences, vary slightly from isolate
instantaneously. to isolate within species. We have shown that it is possible
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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 Macfarlafig published a seminal paper
in which they acquired a mass spectrum of a 20-mer DNA
oligonucleotide using®2Cf 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 6f120 bp DNA oligonucleotides
could be acquired at a rate ofl spectrum/min with mass
measurement errors efl 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-
Fig. 2. Base composition clot_Jd for a region of the RNA polymerase B gene ¢g| research, forensic analysis, and clinical diagnof8idg.
from a cluster of enterobacteria. The darker spheres represent the actual baSR/IOS'[ often, PCR pl‘OdUC’[S are “sized” using traditional bio-

composition of the organisms. The lighter spheres represent the transition h ical hni h dard gel el h .
changes observed in different isolates of the same organism. Optimal |orimerC emical techniques such as standard gel electrophoresis us-

design maximizes the separation between different species. Where the cloud$ng either intercalating dyes or fluorescently labeled primers.
overlap are regions that might cause a misclassification. This problem is The Tagman assay, widely used in a number of PCR-based
overcome by selection of additional primer sets that provide orthogonal diagnostic kits, confirms the presence (or absence) of a spe-
information resulting in maximum separation of species. cific PCR product but provides no direct read out on the
size of the amplicofi8]. So called “real-time” PCR devices,
which measure the laser induced fluorescence of the PCR
to manage this diversity by building probability “clouds”  hroquct during the amplification cycles, are used to quan-
around the composition constraints for each species. Thistify the amplification of DNA from a given DNA template
permits identification of organisms in a fashion similar to se- g4 primer sef9—11] These methods have limited utility
quence analysis, albeit with somewhat lower resolution. A ¢, amplicons of less than 150 bp due to the proportionately
pseudo four-dimensiona! .plot can pe used_ to visualize the high fluorescence background, and do not provide any in-
concept of base composition cloudsd. 2). Itis counterin-  formation with respect to amplicon heterogeneity or exact
tuitive that base composition has sufficient resolving power |gngih.
to distinguish organisms (one might suspect that sequences Compared to these traditional methods, mass spectrome-
from different organisms will degenerate to similar overlap- vy has several potential advantages as a platform for char-
ping compositions). Arigorous mathematical analysis (Sam- acterization of PCR products including speed, sensitivity,
path et al., in preparation) has shown, however, that baseang mass accuradi2—16} Mass spectrometry has been
composition from multiple regions of microbial genomes  spown to be viable platform for analysis of single nucleotide
retains more than sufficient information to identify spe- nolymorphisms (SNPs): in recent years MALDI-TOF has
cific species, provided the target sequences are strategicallymerged as the “gold standard” for SNP counting and is
selected. at the core of several large-scale SNP counting projects
It is important to note that, in contrast to probe-based [17]. Since the exact mass of each of the bases which
techniques, mass spectrometry-based determination of basgomprise DNA are known with great accuracy, a high pre-
composition does not require prior knowledge of the compo- ision mass measurement obtained via mass spectrometry
sition in order to make the measurement, only to interpretthe can pe used to derive a base composition (or constrained
results. In this regard, the TIGER strategy is like DNA se- |ist of base compositions) within the experimentally ob-
quencing and phylogenetic analysis, but at lower resolution. ained mass measurement uncertaift$,19] This list
However, the resolution provided by this analysis is more of possible base composition can be further constrained
than sufficient to identify the presence or absence of any or-py taking into account base complementarity (the two
ganism. strands of the PCR product are by definition complemen-
tary thus the number of G’s in one strand must equal the
number of C's in the other strand) and the known base
composition of the primers (e.g. a primer with five T's
Mass spectrometric analysis of oligonucleotides would can only produce an amplicon containing five or more
have been considered “heroic” several years ago, but is be-T’s).

3.3. Mass spectrometry of nucleic acids
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3.4. Example 1: detecting bacteria 3.4.2. Primers
A schematic of the primer selection and validation pro-
3.4.1. Triangulation principles cess is outlined ifrig. 3. Public bacterial genome sequenc-

TIGER is based upon the principle that, despite the enor- ing projects have provided extraordinarily valuable data that
mous diversity of microbes, all forms of life on earth share has led to a basic understanding of both the breadth of diver-
sets of essential common features in the biomolecules en-sity and the common features shared by bacteria. Many of
coded in their genomes. Bacteria, for example, have highly the important pathogens, including the organisms of greatest
conserved sequences in a variety of locations on their concern as biological weapons agents, have been completely
genome. Most notable is the universally conserved region sequenced. This effort has greatly facilitated the design of
of the ribosome, but there are also conserved elements inprimers and probes for the detection of bacteria. Using full-
other non-coding RNAs, including RNAse P and the signal length sequences from over 225 bacterial genomes, we have
recognition particle among others. There are also conservedgenerated alignments of the essential genes that are conserved
motifs in essential protein-encoding genes. either broadly across all organisms or within members of spe-

The basis of TIGER is the use of these common, conservedcific, related phylogenetic groups. In bacteria, for instance,
features as anchors for broad-range PCR priming to generateve have alignments from over 160 housekeeping genes that
amplicons from all organisms in an environmental or clini- are present in almost all major bacterial divisioR#g( 4).
cal sample without prejudice. The trade-off in broad-range These genes have been used for identification of broad di-
priming compared to specific PCR is that PCR is a zero-sum agnostic primers. PCR primer selection and optimization has
game. The total yield of amplified product has an upper limit beenlargely automated. Anumber of genes, in additionto 16S
value that must be divided among all the targets amplified. rRNA, are targets of “broad-range” primers, thus increasing
It is essential that the technology detects and identifies thethe redundancy of detection and classification, while mini-
signal from the threatening organism in the background of mizing potential missed detectionBig. 5. Many of these
an excess of harmless organisms. While cloning and exhausgenes are, expectedly, essential to information processing,
tively sequencing many colonies can solve this, this cannot bewith more than half being associated with the translational
done in a rapid diagnostic device. The strategic breakthroughmachinery, such as elongation factors, ribosomal proteins,
in TIGER is the use of mass spectrometry to analyze the and tRNA synthetases. Other classes of conserved protein-
products of broad-range PCR. Mass spectrometry is remark-encoding genes include transcription-associated genes such
ably sensitive and can measure the weight and determine theas RNA polymerases and genes associated with DNA repli-
base composition from small quantities of nucleic acids in a cation such as DNA gyrase and DNA polymerase. This com-
complex mixture in a high throughput modality. The ability bination of broad-range priming with clade-specific priming
to detect and determine the base composition of a large num-has been used very successfully in several applications of
ber of PCR amplicons in a mixed sample enables analysisthe TIGER technology, including environmental surveillance
and identification of broad-range PCR products essentially for biowarfare threat agents and clinical sample analysis for
instantaneously. medically important pathogens described later. The primer

For each group of
organisms

I
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| Select candidate primer pairs |<—| | Primer Design | |
|
In silico analysis l
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Fig. 3. TIGER primer selection and validation process. Most of the steps in the process have been automated and are routinely used in primer selection
and analysis. The choice of group of organisms targeted by primer selection depends on specific applications. Primer validation and testgyf@ansensiti
specificity are performed on the same instrumentation and using the same analysis conditions as will be done in the final tests, assuring rptiadleite re

results.
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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.
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Fig. 5. Description of primer target genes 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 provided within hours. Moreover, the drill-down strategy can
in Fig. 6. be focused to identify bioengineering events, such as the in-
We have developed a strategy to survey environmental sertion of a toxin gene into a bacterial species that does not
and clinical samples that allows detection and identifica- normally make the toxin. Effectively, the TIGER technology
tion of all bacteria for which we have sequence information provides a digital barcode in the form of a series of base
(Fig. 7). A set of 12 broad-range PCR primers was used. composition signatures, the combination of which is unique
Six of the 12 primers are “universal” primers, targeted to for each known organism. This capability enables real-time
universally conserved sequences and six are “division-wide” infectious disease monitoring across broad geographic lo-
primers, targeted to broad divisions of bacteria (i.e. Bacil- cations, which may be essential in a simultaneous disease
lus/Clostridia group or gamma-proteobacteria). The division- outbreak or attack in different cities.
wide primers have more focused coverage and tend to provide
higher species resolution. Using these 12 primers, >98% 0f3.4.3. Calibrant
all known bacteria can be identified at the species level. Us- A key element of the TIGER system is the ability to quan-
ing additional primers, in what we term tharveydrill-down tify the levels of genomic material present in the samples.
strategy, additional information about identified organisms, To accomplish this, we include an internal calibrant in each
such as antibiotic susceptibility, virulence, strain type, etc. PCR reaction performed. The calibrant consists of a specially
can be obtained. However, this information is only neces- designed nucleic acid sequence that is similar to, but abso-
sary once an organism is detected, and its nature varies withlutely distinguishable from, any potential sequence we might
the organism. Using a recursigairveydrill-down strategy, to detect. Specifically, a calibrant sequence is designed and
detection, confirmation, and additional information can be 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 thelkpecies |
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 that out-compete the calibrant, but in these cases the presence
sequence information are assembled and a calibrant sequencef the product indicates an obviously successful PCR reac-
is designed that is identical to the desired target organismtion, but quantitation can only be reported as >100-1000 fold
except for a two to five nucleotide deletion internal to the the calibrant concentration.
amplified region of the target sequené&ég( 8A). These cal-

ibrant molecules will amplify with an efficiency similar to

that of target sample molecules since the sequences are nearl® Deleton
identical. Each reaction contains an amount of calibrant de
signed to be detected without overwhelming the signal from

Calibrant
Target Genes

an organism present at low concentration. Following ampli- (g, Calibrant Organism

fication of the target sample and the calibrant present in the 100 copies | | | | 100 copies
reaction, a direct comparison of the resultant product levels

will lead to an estimate of the quantity of the unknown ele- 100 copies I “ 0 copies
ment. Due to the length differences of the calibrant and the —

EXTE-PY

target sequences, they will be clearly separated in the mas<®)
spectrum rig. 8B). The relative abundances of the end prod-
ucts (as measured by the peak heights in the mass spectrurr
can be used in conjunction with the starting concentration
of the calibrant to get an accurate estimate of the amount of O otou e Ame WeED Eouioy, TOKEs AN
target sequence in the starting sample. These measuremenis Pliution of Inpur Matertal
ar_e highly rePrOdu.Clblle over a wide range of concentratlons Fig. 8. Using calibrated PCR reactions to quantitate input material levels in
(Fig. 8C) and provide improved confidence for the determi- unknown samples. (A) Design of calibrant molecules for use in PCR reac-
nation of the quantity of the organisms in the sample. The tions. Calibrant molecules are designed to produce a unigue amplicon using
calibrant molecules in each reaction serve several purposes{:ﬂignments of all known potentially amplified species. (B) Use of calibrant
Foremost is the use as a quantifying element in the reaction molecules in a PCR reaction. PCR reactions containing 100 molecules of
Anotheris th fth | | int | iti "calibrant were spiked with either 0 or 100 molecules of input material. The
nother 'S. € use orthe molecu e asaninternal posi Ive. con- amplitude of the calibrant and the input material can be compared and the
trol. Even in the absence of any input genome, the calibrant quantity of input material in the original sample can be accurately estimated.
should always amplify and be detected. Failure to detect the(C) Linearity of input material quantitation. As described in the text, PCR
calibrant in this type of sample indicates a failed PCR re- reactions containing a series of dilutions of unknown material were per-
action. a failed desalting pl’OtOCOl or a malfunction in the formed in the presence of 1200 molecules of calibrant. For each dilution, the
' ! . amount of input material was calculated and plotted vs. the dilution used.
autosampler or mass spectrometer. Calibrant may also notb

- ? e 04 &he linearity of the plot indicates that this method of quantitation can be
detected In Samples W|th Iarge quant'“es Of amp“f'able DNA used over a wide range of input Samp]e material.
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3.5. Example 1: bacteria—B. anthracis taining B. anthracisand 100 copies of the plasmid calibrant
amplified using primer pair 356 (see SectR)nSpectra from

The mass accuracy provided by the FTICR and TOF massidentical aliquots were analyzed on a 7 T ESI-FTICR mass
spectrometers limits the base composition of each strand tospectrometerKig. 9a) and on the ESI-TOF mass spectrom-

a finite number of possibilities. As demonstrated by Aaserud eter Fig. %). As shown in the inset ifig. 9, the FTICR
et al.[20] and by Muddiman et a[19], high precision mass  provides isotopic resolution with an average resolution of
measurements can be used to unambiguously derive bas&50,000 (FWHM) while the TOF spectrum is not isotopi-
compositions of PCR products. For examptgg. 9 shows cally resolved. The TOF spectrum exhibits an average res-
mass spectra of PCR products derived from a sample con-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
Ba®™ low molecular weight peptides that bracket th& range of
Ba3" 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 routing21], 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 2lists 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.
Taking into account the fact that the base compositions
of the two strands are complementary, the list of putative
base compositions can be culled leaving only possibilities

B a38-

980 990 1000 1010 1020 DASE | . .
(b) m/z in which the base composition of strand 1 is complemen-
tary to that of strand 2. Although 1200 base compositions
are consistent with the measured masses of each strand at

(1N an error of 20 ppm, only one combination of base composi-

| tions strand 1 and strand 2 is consistent when complementar-
I,f" "‘-‘.‘. ity is considered. Importantly, recent advances in ESI-TOF
;" "!.L mass spectrometry facilitate the acquisition of relatively high-
" \ resolution mass spectra (>10,000 FWHM) with excellent
mass accuracy (2-5ppm for isotopically resolved species
with an internal mass standard). As illustratedrig. 9% and
C, ESI-TOF spectra of PCR products in this molecular weight
range are notisotopically resolved, but using a low molecular
\ weight internal standard we are able to acquire high quality
\r\\h mass spectra with mass measurement errors in the 5-10 ppm
L v

regime. As illustrated iffable 2 this mass accuracy is more

than adequate to derive unambiguous base compositions for

37220 97230 37240 37250 97260 37270 37280 amplicons in the size range employed by TIGER. We are cur-
(© MW (Daltons) rently designing an integrated TIGER system that employs
_ _ o the Bruker MicroTOF detector. Such an integrated system
Fig. 9. ESI-MS spectra of PCR products derived from 1500 copiBacif- would be significantly reduced in size compared to the ex-

lus anthracisin the presence of 100 copies of the plasmid calibrant using . ti laborat b d t d Id b ble t
primer 356 (sedable 1. Spectra were acquired using (a) ESI-TOF and, Isting laboratory-based sysieém and wou € amenable 1o

(b) ESI-FTICR mass spectrometers following a rigorous desalting protocol inSta”aﬂor:' _in a clinical diagnostics or hospital |ab0rat9ry-

(see text). Accurate mass measurements of the complementary strands al- An additional advantage of the TOF platform for this ap-
low unambiguous base composition determination oB&eillus anthracis plication is that it is less prone to problems when analyte
(Ba) amplicon. The internal plasmid calibrant (C) is used to calculate the concentrations are high than is the FTICR platform. At rel-

relative gain of the PCR reaction. As illustrated by the deconvoluted spec- tivelv hiah | trati ie highi b .
trum of one of the amplicon strands in (c), the FTICR spectrum exhibits a atively high analyte concentrations (I'e' Igh 1on NUMBETS I

resolving power of-150,000 (FWHM) while the effective resolution ofthe ~ theé FTICR trapped ion cell) the accuracy of FTICR mea-
non-isotopically resolved TOF spectrumig500 (FWHM). surements can be adversely affected leading to poor mass
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Table 1

Forward and reverse primer sequences for broad-range PCR primers described in3Sé@&are 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 3.5.1. TIGER sensitivity

is relatively immune to these space charge affects and can Since the TIGER assay relies on polymerase chain reac-

effectively analyze a broader range of analyte concentra-tion amplification, its inherent sensitivity is similar to other

tions. This allows high quality, high signal to noise spec- assays that likewise incorporate PCR. As long as at least
tra to be acquired in rapid succession on the TOF platform. one genome copy is present in the PCR reaction well, the

Fig. 10depicts the ESI-TOF spectra of a calibraidan- amplification gain is sufficient to produce measurable prod-

thracissample. ESI-TOF spectra were acquired at a rate of uct. Sensitivity is limited by material transfer efficiency of

~1 spectrum/min (50 s of spectral co-adding, 9 s of autosam-all processes upstream of PCR. For TIGER these include
pler overhead). Each spectrum was derived from a different filter capture efficiency, recovery efficiency, spore/cell lysis,
primer pair able 1) and contains both plasmid calibrantand pipette transfer, and nucleic acid isolation.

B. anthracisgenome. 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

Ba3'l- each of 6 organism dilution levels for three different primer
31- a Ba30 Ba30- ) : .
ca0- Bf \llczg. et | C28 sets.B. anthracis(Sterne 34F2 vaccine strain) spores from
MWJK\J“ I || AT Colorado Serum at an initial concentration ok3.0° mL~?
Bad3’- “m ;33 | Ba% b 3 g *Bwa35' | Bal- were used. The organism concentration of the suspension was
I”| ‘nCa“' f‘ I‘Lﬁcsa- | ‘L | independently estimated by Picogreen evaluation post-lysis
T - NN N DNA concentration.
C26' 26- C , C25- . .
‘nc ﬁ | The spore suspension was processed by manually filter-
Y i ing, bead beating, and extracting nucleic acids as described
32- 32 as!- Ba®'-
JBa \c30- I?a i ﬂ 1c% | e c2e
W ed N NS Table 2
Ba*h |,c32 fB Ba3¥ 1 c3t \Baaa c3t- Number of base compositions consistent with molecular weight as a function
LLHJ\» Pcaz_ LJ \_J LA_A»L”__. of mass measurement uncertainty
030_ c30 ppm Strand 1 Strand 2 Complementary
Ll n | J (33374.266Da)  (37231.153Da)  pairs
M e
\ N e U e onaias 1 101 130 1
970 980 990 .., 1000 1010 1020 5 519 631 1
10 933 934 1
Fig. 10. High throughput ESI-TOF analysis Bhcillus anthracis(Ba) 20 1321 1214 1
present at 1500 copies/well in the presence of plasmid calibrant (C). Spec- 50 3703 3524 20
tra were acquired at 1 min intervals in which 50 s of spectral acquisition is 100 7377 7179 81

preceded by 9 s of autosampler overhead and between-sample buffer rinsesNote that at 20ppm (or better) the base composition of the am-
From top to bottom primers employed were 346, 347, 359, 349, 361, and plicon pair is constrained to a single, unique base composition
367 (se€dlable 1. Note that primers 359 and 367 are not expected to amplify (A34G31C29T27/A27G29C31T34) due to the fact that the base composition
Ba and produce only calibrant amplicons. of strand 1 must be complementary to that of strand 2.



S.A. Hofstadler et al. / International Journal of Mass Spectrometry 242 (2005) 23-41 35

in Section2. Dilutions of the isolated DNA were preparedto m=zero):
be added into the PCR reaction wells to give 1000, 100, 10, _a
. . P(product)=1—e
1, 0.1, and 0 spore equivalents per well, as measured in the
original suspension. Three different primer pairs that ampli-  The binary data analysis results for each well are simply
fied chromosomal protein synthesis gene (sspE) and proteinBernoulli trials; therefore, the statistical properties for each
synthesis genes cya and lef were used. Genes cya and leflilution can be characterized by Binomial probability distri-
are contained on the px01 plasmid. Each organism of this butions. Data error bounds can be evaluated as a function of
Ba strain has one copy of the sspE gene and three copieshe number of trials and the number of wells exceeding the
of the px01 plasmid, and, therefore, three lef and three cyathreshold.
template copies. Six 96-well microtiter plates were prepared  Fig. 11a presents a comparison between the theoretical
with all necessary reagents (e.g. buffer, primers, magnesiumprobability and measured amount of PCR products for the
salts, dNTPs, etc.) The isolated DNA and polymerase were plasmid genes verses the nominal number of organisms per
added just before PCR amplification as described in Sectionwell (cv). The theoretical probability curves, based on Pois-
2. Desalting and FTICR analysis was performed as describedson distributions and considering that there are three copies of
above. the PX01 plasmid per organism, are shown for material trans-
The mass spectra for each well were analyzed in- fer efficiencies ) of 100% (blue) and 50% (green) from the
dependently using a maximum-likelihood processor. This point of sample insertion to the PCR well. The experimen-
processor, referred to as GenX, first makes maximum like- tal data are plotted for thief andcyagenes separately. The
lihood estimates of the input to the mass spectrometer for data points are/n wherex wells have product detected out
each primer by running matched filters for each base com- of n trials. Error bars were evaluated for a 20—80 percentile
position aggregate on the input data. This includes the GenXor a 60% confidence window for each point. Note that the
response to a calibrant for each primer. The amplitudes of errors are greater for the lower dilutions with fewer detec-
all base compositions for each primer are calibrated and a fi-tions. The data for 10, 100, and 1000 spore equivalents per
nal maximum likelihood amplitude estimate per organism is well validates the test; when the probability of having no
made based upon the multiple single primer estimates. Mod-templates was very low, we observiddut of N successful
els of all system noise factor into this two-stage maximum PCR amplifications. The only cases with no product were for
likelihood calculation. The processor reported the number of the most dilute samples. The dilution to extinction statistical
molecules of each base composition contained in the spectraresult corresponds very closely, within the 60% confidence
The quantity of PCR product corresponding to the appropri- interval, to the theoretical curve for 50% efficiency.
ate primer set was reported for each well. The quantities of  Fig. 11b presents a similar plot for trespEgene, with one
primers remaining in each well are also reported. The amountcopy per organism. The theoretical probability and measured
of PCR product was compared to a relatively low threshold frequency of producing the PCR amplicon is compared to
to allow for detection of wells containing only a single copy the nominal number of organisms per well. Except for the
of the B. anthracisgenome. This binary statistic is used in leftmost point (one-tenth organism per well) the data cor-
the analysis as described below. responds very closely to the theoretical curve for 50% effi-
When equal aliquots are taken from the DNA stock so- ciency. The lowest concentration result falls slightly beyond
lutions and distributed to wells for PCR, the actual num- the standard error bars, corresponding to the 5th percentile. In
ber of templates deposited in each well varies about a meansummary, the combined efficiency of spore/cell lysis, pipette
value according to a Poisson distribution. The most useful transfer, and nucleic acid isolation is approximately 50% for
datais produced at levels sufficiently dilute that, by chance, athe TIGER sample processing protocol.
moderate fraction of the wells contain no genomic templates.
Given a starting concentratior),pre-PCR process efficiency, 3.6. Example 2: DNA genome viruses—orthopox
n; and volumey; the average number of genomes present

in each well is,» = ncv. The probability of having exactly Viral identification poses a different kind of challenge
m molecules in each well is given by a Poisson probability than bacterial identification. While we have over 25,000 vi-
distribution: ral sequences covering important pathogenic viruses in our
database, no single gene is essential and conserved across
e hAm all viral families. Therefore, viral identification is achieved
Px =m) = m! A>0m=012... within smaller groups of related viruses, for instance across

all members of a particular viral family or genera. The RNA

Since data analysis distinguishes one or more genomepolymerase family of genes, including the retroviral reverse
copies per well (expected PCR product measured) from zerotranscriptase (RT) and RNA-dependent RNA polymerases,
copies per well (i.e. no product expected), the above can beare present in all single-stranded RNA viruses. We have as-
reduced to a more appropriate expression giving the proba-sembled family-specific alignments of these polymerases and
bility of having a productP(product) for a given concen-  have shown that we can achieve broad priming as well as
tration, A (specifically, one minus the Poisson probability for resolution within these families. We have also collected and
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(a) Probabilit_y of getting !’CR yield in a (b) Probability of getting PCR yield in a
DTE experiment (3 copies PX01/spore) DTE experiment (1 copies spore)

* 07 p g

Probability of having one or more copies

Probability of having one or more copies

10° 10 10° 10°
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— Probab'!lity of S!gnal Present (100% effic?iency) = Probability of Signal Present (100% efficiency)
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Fig. 11. (a) Theory—data comparison for sensitivity determination usindtvemthracisvirulence plasmid genes (PX01). (b) Theory—data comparison for a
B. anthracischromosomal gene (sspE).

aligned other gene targets that could provide resolution to thedescribed above, we have developed multiple PCR primers
level of strain typing. Some specific examples of viral family to essential conserved genes across all members of the Or-
detections are described in sections below. thopoxvirus genus group that can be used to identify all of the
Smallpox is caused by a DNA virus, the variola virus, species mentioned above and their variants, and distinguish
which is a member of the genus Orthopoxvirus. The Or- them from other members of tHoxviridaefamily by base
thopoxvirus genus contains several potential biowarfare composition analysis.
agents, including smallpox (variola), and monkeypox viruses  We analyzed all available sequences for Orthopox viruses
and other human and animal pathogens such as vaccinia virus(GenBank, Poxvirus DB22]) to select suitable primer re-
rabbitpox, cowpox, camelpox, and ectromelia virus. Several gions for TIGER analysis and identified primer sites on
members of this group have very similar nucleic acid and several essential viral genes (DNA polymerase, RNA poly-
amino acid sequences (for instance vaccinia and variola sharanerase, DNA helicase and RNA helicase) that would enable
>95% similarity in their nucleotide sequence). A system that unambiguous detection and identificatidfig. 12). TIGER
can rapidly identify and reliably distinguish these species primers are designed across regions of high conservation, the
from one another would have significant impact on both BW likelihood of missed detection due to sequence variations at
detection and clinical diagnostics. Using the TIGER process these sites is minimized, and essentially reduced to zero, by



S.A. Hofstadler et al. / International Journal of Mass Spectrometry 242 (2005) 23-41 37

@)

Identify
~350 genes per Align each . Evaluate
Poxgenompe o conserved — er?e famil —» Select primers* —» resolution
9 essential genes 9 ¥
{b)
DNA polymerase RNA helicase
ESR _ E6R E7R E10R K8R
) » 60.0 kbp
E9L E11 Q2L K2L K4l KL w7l HiL
H3R HSR  H55R HEBR HSR MIRM2R  M4RMERL2RL3R L4R  LaR 12R
80.0 kbp
a -
HeL HAL H7L M3L L5L LiL 13
15R16R_17R Far FRFsR FBR F7R  ForElOR
ﬁ-mgigﬁimo kbp
a
14L FaL FaL NiL NzL N3L
ASR ASR A11R A18R A21R
120.0 khp
AL Ap 5. AL ABL  ATL AdL A12LA1 A1TL AdaL

A22R  A24R A34R  A36R A3BR _ A4OR A45R

140.0 kbp
a4 []
A25L  A28L A28 AL pay A39_5L
RNA polymerase DNA helicase

Fig. 12. (a) Orthopoxvirus conserved gene and primer selection strategy and (b) loci.

using multiple targets. The target amplicons in the interven- sented by the tilt of the cone), overlaid on the expected base
ing region between the conserved primers provide the uniquecount distributions (hollow spheres) of the base compositions
signature needed to identify organisms. None of the primersfrom all available Orthopoxvirus species. The TIGER de-
are expected to amplify other viruses or any other known rived base compositions agreed with compositions expected
DNA. All the primers were tested against all available se- from the sequences in GenBank for all five viruses tested.
quences from GenBank using electronic PCR (e-PCR) for Vaccinia and ectromelia viruses gave expected products con-
potential background priming (data not shown). sistent with the database sequence entry in each primer re-

We obtained DNA from five different Orthopoxvirus gion. In the case of the rabbitpox virus, the sequence of the
species from the laboratory of Dr. Chris Upton at UVIC: target region was identical to vaccinia virus in all primer
monkeypox (MPXV-VR267), cowpox (BR), rabbitpox regions selected (these two species are >98% identical across
(Utrecht), vaccinia (WR) and ectromelia (Moscow); we their entire genome, Dr. Upton, personal communication),
were unable to obtain a variola virus DNA sample. Results and were not distinguished by these primers. At the time
from amplification of the DNA polymerase and the DNA of primer design, the only strain of monkeypox virus de-
helicase genes from each of the available species are showmposited in GenBank was the Zaire 946 strain. TIGER-
in Fig. 13 and b. PCR products were generated from determined base compositions for the MPXV-VR267 strain
each of the test viruses using the above-described primerswere different from those for the Zaire strain. The exper-
desalted, and analyzed by mass spectrometry. Deconvolvedmentally determined based-counts were subsequently val-
spectral signals showing the sense and antisense strands aflated by comparison to the full genome sequence for the
the PCR products from each sample are showhig 13 VR267 strain (unpublished data obtained from Dr. Upton).
and d. These spectra were processed by an algorithm thafThus we were able to correctly identify a new variant of a
converts mass spectrometry signals to base compositionknown Orthopoxvirus species with the same technology used
data as described previously. All detected masses couldfor primary detection, without additional primer design or
be unambiguously mapped to specific base compositions,analysis. Finally, while we were analyzing these test species,
which were compared to the pre-compiled database ofthe whole genome sequence for a new strain of cowpox,
expected products from each of these viruses. the GRI-90 strain, was publishgd3]. Analysis of several

Fig. 13 and f show the deconvoluted base compositions conserved genes across all of the Orthopoxvirus genera re-
(solid cones) of the experimentally measured spectra in avealed that the GRI-90 strain was more closely related to
four-dimensional plot (A, G, C axes, with the T counts repre- vaccinia strains than it was to the previously known Brighton



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

Complement of
reverse primer

Complement of

Forward primer reverse primer

Forward primer

Propynes PPPP PP

Propynes PpP PP
Primers AGATA
MPXV VR 267
MPXV Zaire-96 1 16

PPPPPPPP
C ARCC)

GAAAGGCAA

e-96-1-16

1P T 1GAAAGGCAR
"PXV Brighton Red TARRGAC CPXY Brighton Red
CMLYV M96
ECTV
VACY
VACY Ankara
VACY Tian Tan
VARV
VARV
............... RPXY
(a) (b)
133282.585 29389.953
32021.410 | 33595.638 29507.821
: \ 29836.882
MPV-VR267 |\ \ A
g . ik MPV-VR267
| 33265.559 29389.951
32940.413 f) 33578.616 29507.825
CPV-BR fi S A f 29836.868
5 ; \ CPV-BR
|\33289.573
| 30326.104 30421.981
32915.428 { 33602.608
VV-WR h \ [ 30735.041
VV-WR
l33289‘565
30326.098
- 32915.428 -l, 3350?-537 30421983 40735.043
A \ A A RPV
33313.6082 30452.982
32890.399 33626.642 30295.110 30767.045
EV EV
T T T T T T T T T T T T~ ™ T T 7T T T T T T T
32900 33100 33320 33500 33700 20500 29700 20900 30100 30300 30500 30700
miz
(c) (d) miz
A
A
Vaccinia virus
_— - strain. Ankara; Copenhagen
Monkeypax virua Monkeypox virus Vatccl_n Iiﬂr‘gus Ect lia vi
str. Zaire-96-1-16 - strain ctromelia virus
- str. VR 267 Rabbitpox virus_ o
Camelpox virus !
Ectromelia virus P Camelpox virus
( Variola virus Variola virus :
vaccinis- Wil k\,\_ - strains India, B'desh, Garcia - strains India, B'desh, Garcia ,]"TCOWPOX ving
--strains WR, Ankara, CP > Monkeypox virus
Rabbitpox virus ‘ ir. VR 267
G Cc
Rotate by T ' G
28 30 . Monkeypox virus c
i 7 = Cowpox virus Rotate by T str. Zaire-96-1-16
20 23
(e) ) Le -

Fig. 13. Orthopoxvirus triangulation primers and TIGER resolution. (a, b) primer regions on two different Orthopoxvirus essential genes, Dé&tagmlym

(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 correspondinged non-temple
end-adenylation\ = 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. Multipéesaatates o
species that show different base compositions are shown individually. Experimentally determined base compositions for the test strainssagessitidwn a

cone projected onto the same plot.

Red (BR) strains of cowpox. The material that was tested As is typically the case with TIGER, while a single primer

in the lab was clearly the BR strain as evidenced by the target region does not resolve all species unambiguously,

perfect match to the expected base counts for these in thespecies can be clearly identified and differentiated from one

database. another using the triangulation strategy across multiple loci.
Table 3shows the expected base counts of the various Or-

thopoxvirus species for all primer regions tested. For every 3.7. Example 3: RNA genome viruses—alphaviruses

species, the experimentally measured signals matched pre-

dicted base compositions. The color scheme used in thistable Viral encephalitis is caused by a number of different

groups identical base compositions within a primer region. viruses from different viral families. Importantamongst these
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Database of Orthopoxvirus species base compositions for each selected TIGER primer region (shown in columns)

39

| RNA Helicase DNA Helicase RNA Polymerase |DNA Polymerase  [Thioredoxin-like DNA Helicase (2)
TIGER Primer Region ----> K8R_221_311_P |A18R_100_207_P |A24R_795_878_P |E9L_1119_1222_P |A2.5L_28_127_P |[A18R_1348_1445_P
Szfasii:n ORGANISM STRAIN BaseComp BaseComp BaseComp BaseComp BaseComp BaseComp

Camelpox virus CMS 3 G11 | 19 A38 G23 C16 T30 |A30 G19 C18 T33 |A37 G17 C22 722
Camelpox virus M-96(2) \38 G11 C23 T19 A38 G23 C16 T30 |A30 G19 C18 T33 |A37 G17 C22 T22

yes Cowpox virus Brighton Red(1) A33 G14 C18 T26 A29 G15 C16 T24 A25 G24 C21 T30 |A36 G17 C22 T20
Cowpox Virus GRI-90(1) A30 G15 C13 T26 A27 G23 C19 T31 LK 8

yes Ectromelia virus Moscow(1) A30 G15 C13 T26 A38 6

yes  |Monkeypox virus  |VR-267 A34 G14 C18 T25 |A33 G20 C22 T33 A28 G20 C21 T34 |A36 G17 C22 T20
Monkeypox virus  |Zaire-96-1-16 A34 G14 C18 T25 |A33 G20 C22 T33 A28 G20 C21 T34 L& 9 0
Vaccinia virus Caopenhagen(3) A38 G10 C24 T19 |A32 G21 C24 T31 [A30 G15C13T26 [A37 G25 C16T29 |A25 G23 C20 T31
Vaccinia virus Copenhagen(4) A38 G10 C24 T19 |A32 G21 C24 T31 |A30G15C13T26 [A37 G25 C16T29 |A25 G23 C20 T31
Vaccinia virus Tian Tan(2) A36 G12 C24 T19 |A32 G21 C24 T31 |A30 G15C13 T26 |A37 G25 C16 T29

yes _|Vaccinia virus Western Reserve(1) |A36 G12 C24 T19 [A33 G20 C23 T32 |A30 G15 C13 T26 |A37 G25 C16 T29 A
Vaccinia virus Ankara(1) A36 G12 C24 T19 |A33 G20 C23 T32 |A30 G15C13 126 |A37 G25 C16 T29 |A25 G24 C20 T31 |

yes [Vaccinia virus Rabbitpox Utrecht(8) |A36 G12 C24 T19 |A33 G20 C23 T32 [A30 G15 C13 126 [A37 G25C16T29 |A25G24 C20 731 L
Variola major virus |Bangladesh-1975(2) |A36 G11 C24 T20 |A33 G20 C20 T35 |A28 G16 C14 T26 A36 G18 C21 T23
Variola major virus |India-1967(1) A36 G11 C24 T20 |A33 G20 C20 T35 |A28 G16 C14 T26 A36 G18 C21 T23
Variola minor virus |Garcia-1966(1) A36 G11 C24 T20 A28 G16 C14 T26 A36 G18 C21 T23

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

are positive-strand RNA viruses belonging to the genus alphaviruses. We designed several primers that broadly target
Alphavirus (Togaviridae family), including the Venezuelan various members of this family of viruses and used propyny-
equine encephalitis (VEE), the western equine encephalitislated primers to enhance primer hybridization. Primer pairs
(WEE) and the eastern equine encephalitis (EEE) complextargeting conserved sites in the 5-end of the RNA virus
viruses. All of these viruses have the potential to cause severggenome (nonstructural protein, nsP1 gene) were designed
disease of veterinary and human health consequences. VEEnNd tested against a number of different viral isolates from the
complex viruses represent 13 serologically distinct types be- three major complexes. Fig. 14, the primer sequences are
longing to six antigenic subtypes (I-VI), the majority are shown overlaid on an alignment of viral sequences, with the
enzootic and are not (or are only rarely) transmitted to humansdots indicating identity to the primer sequence. Propynylated
[24]. The epidemic or epizootic VEE viruses belong primar- bases areindicated. Theoretical distribution of expected prod-
ily to types IAB and IC and are believed to have emerged ucts based on all known Alphavirus sequences in GenBank
from closely related lineages. The EEE virus antigenic com- showed resolution of the various subtypes of VEE, as well
plex has four antigenic subtypes (I-1V), spanning the North as other major members of this genus using TIGER primers
and South American isolat§®5]. Both VEE and EEE areon  (Fig. 14b). None of these primers will produce spurious prod-
the CDC and USDA list of select agents. The WEE complex ucts from other unrelated sequences (results not shown).
viruses include Old World (Sindbis virus) and New World We obtained several Alphavirus isolates of VEE and WEE
viruses (Aura, Highlands J, WEE, et§2p]. from Dr. Scott Weaver at the UTHSC, Galveston and a full-
These viruses are extremely diverse at the nucleotidelength cDNA clone of EEE from Dr. Mike Parker, USAM-
and protein levels and pose a great challenge for mostRIID (Table 4. Five different primer pairs targeting two
detection and diagnostic techniques. Several species-specificdistinct regions on the Alphavirus genome were used to am-
genus-specific, and multiplex molecular detection meth- plify regions from these isolate$able 4shows the TIGER-
ods (RT-PCR) have been describ@¥—29] The TIGER determined base compositions for these isolates. All the test
broad-priming approach allows the rapid identification of all isolates showed perfect match to the expected base compo-

Table 4
Alphavirus species base compositions for each selected TIGER primer region (shown in columns)
Region 1 Region 2

Test Isolates PP302 PP303 PP304 PP305 PP306
VEE 243937 [23232119] | [24222119] | [21232319] | [25312424] | [253124 24]
VEE 66637 [23232119) | [24222119] | [21232319] | [26 3124 23] | [26 3124 23]
VEE 3908 [23 23 21 19) 4222119] | [21232319] | [25312325] | [25 3123 25]
VEE68U201 [23251721] | [24241721] | [22251920] | [24 3324 23] | [24 33 24 23]
EEE* [25 24 17 20] [26 23 17 20] [23 2519 19] [26 31 20 27] [26 31 21 26]
WEE OR71 [24251819] | [2524 1819) | [22261919] | [32282222] | [31 292222
WEE SD83 [24251819] | [25241819] | [22261919] | [32282222] | [31292222]
WEE Fleming [24 24 18 20] [25 23 18 20] [22 25 19 20] [25 30 22 27] [26 32 25 21]
WEE ON41 [251627 18] | [25251719] | [2227 1819] | [32282222] | [31292222]

EEE was obtained from Mike Parker, USAMRIID. All other isolates were obtained from Scott Weaver, UTHSC. Test isolates highlighted in yellow did not
have prior sequence data and represent new measurements.
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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 nucleatitsstem c

pattern of base changes predicted between species shown here is sufficient to resolve these organisms in the high-performance TIGER FTICR, (b) Epidem

epizootic VEE viruses IAB-IC along with the closely related ID sequences (see text) are clearly distinguishable from enzootic types 11-VI and IE-IF.

sitions where prior data was known. Sequences of the threeand ON41 isolates, were resolved from each other. The EEE
WEE isolates and the EEE isolate shown highlighted in yel- test isolate was distinguishable from all other isolates.

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.4. Conclusions

The four VEE isolates tested include VEE-3908 and VEE-
24937 (type IC) VEE-66637 (type ID) and VEE-68U201

We have demonstrated that the TIGER strategy can be ap-

(type IE). All of these can be resolved from each other using 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-
tinguishable using the two regions shown here. Additional ucts from groups of organisms, rather than single species,
primer pairs will be required to distinguish these isolates. On and the information content of each PCR reaction is poten-
the other hand, the two group A WEEs tested, the Fleming tially very high. The mass spectrometer is capable of ana-

the primer pairs shown ifiable 4 The two Group B WEEs
tested here, WEE-OR71 and WEE-SD@8], were indis-
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lyzing complex PCR products at a rate of approximately one [10] A. Giulietti, L. Overbergh, D. Valckx, B. Decallonne, R. Bouillon,
minute per sample. Because the process is performed in an  C. Mathieu, Methods, vol. 25, San Diego, CA, United States, 2001,
automated, microtiter plate format, it is possible to examine ___P- 386.

| b f | King it tical for | | [11] R.G. Kuimelis, K.J. Livak, B. Mullah, A. Andrus, Nucleic Acids
arge numpers ot samples, making It practical 1or large-scale Symp Ser. 37 (1997) 255.

analysis of clinical specimens or for environmental surveil- [12] M.J. Doktycz, G.B. Hurst, S. Habibi-Goudarzi, S.A. McLuckey, K.
lance. This approach can be extended to other viral, bacte-  Tang, C.H. Chen, M. Uziel, K.B. Jacobson, R.P. Woychik, M.V.
rial, fungal, or protozoal pathogen groups and is a powerful Buchanan, Anal. Biochem. 230 (1995) 205.

new paradigm for timely identification of a broad range of [13] G.B. Hurst, M.J. Doktycz, A.A. Vass, M.V. Buchanan, Rapid Com-

. f . . mun. Mass Spectrom. 10 (1996) 377.
organisms that cause disease in humans or animals, and f0{14] M.T. Krahmer. YA Johnson J.J. Walters. K F. Fox. A. Fox. M

monitoring the progress of epidemics in biological weapons Nagpal, Anal. Chem. 71 (1999) 2893.
surveillance. [15] V. Naito, K. Ishikawa, Y. Koga, T. Tsuneyoshi, H. Terunuma, Rapid
Commun. Mass Spectrom. 9 (1995) 1484.
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