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We describe a new approach to the sensitive and
specific identification of bacteria, viruses, fungi, and
protozoa based on broad-range PCR and high-
performance mass spectrometry. The Ibis T5000 is based
on technology developed for the Department of Defense
known as T.I.G.E.R. (Triangulation Identification for the
Genetic Evaluation of Risks) for pathogen surveillance.
The technology uses mass spectrometry—derived base
composition signatures obtained from PCR amplification
of broadly conserved regions of the pathogen genomes to
identify most organisms present in a sample. The process
of sample analysis has been automated using

a combination of commercially available and custom
instrumentation. A software system known as T-Track
manages the sample flow, signal analysis, and data
interpretation and provides simplified result reports to
the user. No specialized expertise is required to use the
instrumentation. In addition to pathogen surveillance, the
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Ibis T5000 is being applied to reducing health
care—associated infections (HAIs), emerging and
pandemic disease surveillance, human forensics analysis,
and pharmaceutical product and food safety, and will be
used eventually in human infectious disease diagnosis. In
this review, we describe the automated Ibis T5000
instrument and provide examples of how it is used in HAI
control. (JALA 2006;11:341-51)

INTRODUCTION

The Ibis T5000 universal biosensor is a unique tech-
nological approach to infectious agent identification.
The system emerged from technology developed
under a Defense Advanced Research Projects
Agency (DARPA) program known as T.I.G.E.R.
(Triangulation Identification for the Genetic Evalu-
ation of Risks)', originally developed for biological
weapons defense. In its commercial form, the Ibis
T5000 is a universal pathogen detection platform ca-
pable of identification and strain typing of a broad
range of pathogens™® (Fig. 1). The fundamental dif-
ference between the Ibis T5000 universal biosensor
and existing methodologies is the nature of the ques-
tion being asked. Current infectious organism detec-
tion systems answer specific questions of the form
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Figure I. The Ibis T5000 universal biosensor. Shown in this view are key modules including amplicon purification and the mass spectrom-
eter. Precise molecular weight determinations of amplicons yield unambiguous base compositions that are used to uniquely “fingerprint”
each pathogen. The automated system is capable of analyzing over 1500 PCRs in 24 h.

“Is a certain pathogen present in my sample?” The Ibis
T5000 answers the question, “What infectious organism(s)
are in my sample?” In effect, use of the Ibis T5000 is equiv-
alent to running many thousands of specific identification re-
actions because the identity of the infectious organism does
not need to be anticipated. The platform is also capable of
providing additional information about the microbe such
as its genotypic fingerprint, whether it is resistant to certain
antibiotics, and whether it carries certain virulence factors.
The technology is currently being developed and used for
pathogen surveillance, health care—associated infection
(HAI) control, public health epidemiology, and human and
animal clinical research.

This approach is enabled by, first, the use of broad-range
primers to amplify PCR products from groupings of organ-
isms, rather than single organisms, and second, the use of
mass spectrometry to determine the base compositions of
the products. Unlike nucleic acid probes or arrays, mass spec-
trometry does not require anticipation of products analyzed,
but simply measures the masses of the nucleic acids present
in the sample. The analog signal of mass is converted to a dig-
ital signal of base composition based on the accuracy of the
mass measurement and the discrete masses associated 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 quanti-
ties of nucleic acids in a complex mixture with a throughput
exceeding one sample per minute. The ability to detect and de-
termine the base composition of a large number of PCR am-
plicons in a mixed sample enables analysis and identification
of PCR products essentially instantaneously. It is broadly ac-
cepted that the nucleic acid sequence of specific regions of a ge-
nome can be used to identify and differentiate pathogens.
Although not as intuitive, nucleic acid compositions (i.c.,
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the number of A’s, G’s, C’s, and T’s) in specific regions of a ge-
nome are equally informative and can be derived in a fully au-
tomated high-throughput modality.

PRINCIPLES OF OPERATION

The T.I.G.E.R. process is illustrated in Figure 2 and is sum-
marized briefly below. We recently published a detailed
description of the technology.> The process begins (Fig. 2,
Step #1) with the extraction of all nucleic acids present in
a sample. The sample is aliquoted into wells of a microtiter
plate that each contains one or more pairs of broad-range
primers for PCR. The broad-range primers are designed to
amplify a product from a group of organisms from a selected
domain of microbial life, for example, all bacteria or specific
bacterial divisions. The PCRs produce a mixture of products
reflecting the complexity of the original mixture of organisms
present in the starting sample.

The products from the PCRs are desalted in a 96-well
plate format* and sequentially electrosprayed into a mass
spectrometer (Fig. 2, Step #2). The spectral signals are pro-
cessed to determine the masses of each of the PCR products
present with sufficient accuracy that the base composition of
each amplicon can be unambiguously deduced (Fig. 2, Step
#3). Using combined base compositions from multiple PCRs,
the identities of the pathogens and their relative concentra-
tions in the starting sample can be determined.

The T.I.G.E.R. method is based on the principle that, de-
spite the enormous diversity of microbes, all forms of life on
earth share sets of essential common features encoded in their
genomes. Bacteria, for example, have highly conserved
sequences in universally conserved regions of the ribosomal
RNA and in other noncoding RNAs, including RNAse P
and the signal recognition particle among others. There are



STEP #1 - DNA extraction and PCR with universal primers and calibrant plasmids
Extract Nucleic Acids

Microbe Mixture

®
> %
Broad Range Primers

Brimer 22t %

N

PCR Amplification

PCR Products

s Calibrant

P - - _:
@@‘\@

Intcrnal Calibrant
8 of molecules known

O

~ STEP #2 - Electrospray products into mass spectrometer

Primer Set 2

Products from Step:

Sample => m——
ESIneedie

Mass Specctrometer

=

—

| —|— 4
\1
J
f

Mass Spectra

L — = Electron

Primer Sot 1

- & N

Outputs
Reflectron

Primer Set 2

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

Mass Spectra

Joint Maximum Likelihood
Amplicon Count

Maximum Likelihood
o : ID, Abund.

1ce
Estimation

Signal Processor 35 05 A,,,G,,Cl,"'[‘.-s 4260
Combines Data #2 35201808 AxGunCioTa 1048 Organism IDs__
FromA.'Ianers #4 33770000 AxyGyCaTzg 1306 [4227 | ) Omné.: EW
to ID and Quantitate Gl XIB4TAN0 &57 |10en Org3: S aureus
) 2 Borrel
1D Orgs Org “Lhknawn @

Figure 2. The T.I.G.E.R. concept of operation. In Step # |, nucleic acid extracts from the sample of interest (e.g., air sample, clinical spec-
imen, food product) are extracted and amplified with broad-range PCR primers. Step #?2 is mass spectrometry—based analysis of PCR-
derived amplicons. Signal processing in Step #3 yields unambiguous base composition signatures from multiple genomic regions that are

in turn used to identify the microbe(s) in the sample.

also conserved motifs in essential protein—encoding genes.
These common, conserved features are used as anchors for
broad-range PCR priming to generate amplicons from all or-
ganisms in an environmental or clinical sample without preju-
dice. The trade-off in broad-range priming compared with
specific PCR is that PCR is a zero-sum game. The total yield
of amplified product has an upper limit value that must be di-
vided among all the targets amplified. It is essential that the
technology detects the signal from the threatening or patho-
genic organism in the background of an excess of harmless or-
ganisms. Although cloning and exhaustively sequencing many
colonies can accomplish this, this method cannot be auto-
mated in a rapid diagnostic device. Our strategic breakthrough
was the use of mass spectrometry to analyze the products of
broad-range PCR. Mass spectrometry is remarkably sensitive
and can measure the weight and determine the base composi-
tion from small quantities of nucleic acids in a complex

mixture. We have demonstrated that such analyses are feasible
in a high-throughput modality after a rigorous desalting treat-
ment.* The ability to detect and determine the base composi-
tion of a large number of PCR amplicons in a mixed sample
enables analysis and identification of broad-range PCR prod-
ucts essentially instantaneously.

Although the concept that base composition has resolving
power is counterintuitive (one might suspect that sequences
from different organisms will degenerate to similar overlap-
ping compositions), a rigorous mathematical analysis has
shown that composition retains resolving power that is more
than sufficient to identify pathogens of interest. The mass ac-
curacy provided by the mass spectrometer limits the base
composition of each DNA strand to a finite number of pos-
sibilities. For example, Figure 3 shows mass spectra of PCR
products derived from a sample containing Bacillus anthracis
and an internal calibrant (amplified during PCR of the
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Figure 3. T5000 ESI-MS spectrum of PCR products derived
from 1500 copies of B. anthracis in the presence of 100 copies
of the plasmid calibrant using a broad-range primer that targets
ribosomal protein L2 (rplB). Accurate mass measurements of the
complementary strands allow unambiguous base composition
determination of the B. anthracis amplicon (Ba). The internal cali-
brant (C) is used to calculate the relative amounts of each product
from the PCR.

sample from an added plasmid) that allows calculation of the
relative amounts of each organism present.

Table 1 lists the number of base compositions consistent
with determined molecular weights (from Fig. 3) 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, whereas a 20-
ppm mass measurement error yields more than 1200 consis-
tent base compositions. Taking into account the fact that the
base compositions of the two strands must be complemen-
tary, however, culls the list of putative base compositions
to those in which the base composition of “strand 1 is
complementary to that of “‘strand 2.” At a mass measure-
ment error of 20 ppm or less, there are >100 base
compositions consistent with the measured masses of each
strand but only one combination in which the two strands
are complementary.

A simple way to visualize the information content in the
base composition derived from a single primer pair is illus-
trated in Figure 4. In this pseudo three-dimensional coordinate
system, the number of A’s is plotted on the y-axis, the number

of C’s on the x-axis, and the number of G’s on the z-axis. Also
plotted (as colored spheres) are the base compositions one
would expect to obtain (based on in silico PCR) from the
known nucleotide sequences of multiple bacterial strains from
various clades. The plot shows that this primer clearly differen-
tiates B. anthracis from other bacterial pathogens shown on
this plot such as Streptococcus pneumonia, Staphylococcus
aureus, and Streptococcus pyogenes (and thousands of other
pathogens not shown). Although B. anthracis is not the only
bacterial species that can produce an amplicon from this
primer pair having this particular base composition, multiple
primer pairs that target different regions of the genome can
be applied to determine whether an aggregate base composi-
tion signature is consistent with (or inconsistent with) that
expected for any given pathogen. Interestingly, even if the
aggregate base composition signature has not been observed
before, or is inconsistent with all entries in the database, the
compilation of these base composition signatures can be used
to put the measured signatures into a phylogenetic context.
Thus, for pathogens associated with newly emerging infectious
diseases (e.g., severe acute respiratory syndrome [SARS]) or
bioengineering events that have not been previously character-
ized, the T.I.G.E.R. method can assign the pathogen to a bac-
terial species or viral family. At the height of the SARS
epidemic, we applied this concept to human coronavirus and
demonstrated that the broad-range T5000 coronavirus
primers (designed and tested before the emergence of SARS)
were able to detect the SARS virus and categorize it as a new
member of the coronavirus family.>¢

Sample Preparation

The T5000 process enables the evaluation of a nearly lim-
itless array of microorganisms and viruses. As it is not neces-
sarily clear which organism(s) are in the sample, it is difficult
to predict a single best lysis method for each sample. Because
the Ibis T5000 system is not dependent on a single sample
preparation method, users do have a wide variety of choices
for sample preparation ranging from manual methods to au-
tomatable methods. Furthermore, it is important to consider
the quality of the end products and the efficiencies of the cell
lysis and the isolation of the resulting nucleic acid.

Table I. Number of base compositions consistent with molecular weight® as a function of mass measurement uncertainty”

Mass uncertainty

(ppm) For strand | (37,374.266 Da)
| 10l
5 519
10 933
20 1321
50 3703
100 7377

Number of consistent base compositions
For strand 2 (37,231.153 Da)

For complementary pairs

130 |
631 |
934 |
1214 |
3524 20
7179 8l

*Molecular weights were obtained from Figure 3.

°Note that at 20 ppm (or better) the base composition of the amplicon pair is constrained to a single, unique base composition pair (A34G3CasT>7 and Ay7GoeCs T34) because the base composition of

strand | must be complementary to that of strand 2.
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Figure 4. Pseudo three-dimensional representation of the “base
composition space” associated with the amplification of a region of
rplB from multiple bacterial species. Note that the mass spectro-
metry—derived base composition A34G3Cy9To7 (see Fig. 3 for
raw mass spectrum) clearly distinguishes B. anthracis from numer-
ous other bacterial species. The collective base compositions de-
rived from multiple broad-range primers amplifying different
regions of the genome are used to unambiguously identify patho-
gens present in a sample.

During the development of the Ibis T5000 system, we have
processed a wide variety of samples. Validated isolation
methods for a variety of sample types are listed in Table 2.
Sample types include environmental samples (air samples
from dry filter units, surface swabs, water samples, etc.), bi-
ological samples (bacterial colonies and bacterial or viral cul-
tures), clinical samples (throat swabs, nasal swabs,
nasopharyngeal swabs, nasal washes, sputum, blood, and
skin swabs), and food samples (meat, dairy, and produce).
Efficient lysis is achieved through the use of bead beating
and a chemical lysis step involving the use of chaotropic
agents. Simple, inexpensive methods such as boiling prepara-
tions are also sufficient for use in the Ibis T5000 system.
Most of these sample types have been prepared using an au-
tomated robotic system with either a viral or a bacterial nu-
cleic acid isolation method based on binding of the nucleic
acid to a silica matrix. Recently, magnetic bead—based isola-
tion methods have also been successfully used (Fig. 5).

The end-result of the sample isolation process is PCR-
ready nucleic acid. The samples often consist of nucleic acid
from a mixture of organisms necessitating that the reaction
conditions provide unbiased and efficient amplification. Fur-
ther, as many different sample types and preparation methods
are used, the PCRs should be tolerant of interfering compo-
nents. PCRs or reverse transcription—PCRs are performed
using validated, prepackaged T5000 kits. These kits are for-
mulated to achieve the goals of inhibitor tolerance, efficient
and unbiased amplification in the presence of potentially mis-
matched bases, high sensitivity, and robust amplicon produc-
tion. The kits are also designed to function under universal

“Front End”

Sample preparation

and PCR on commercially
available instruments

Sample Collection
(DFU Air filters,
Surface swabs)

“Back End”

Mass spectrometry
and signal analysis on
Ibis T-5000 biosensor
system

Lysis and nucleic
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(King-Fisher 96 and
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y
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Y
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(Ibis T-5000 mass
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Figure 5. Workflow for sample analysis.

amplification conditions, allowing the mixing and matching
of primer pairs on any given plate-based format.

Each Ibis T5000 kit contains one or more pairs of PCR
primers that allow identification of a broad group of patho-
gens. Ibis T5000 kits containing primers for specific missions
and calibration standards have been developed for some of
the most important organisms implicated in HAIs, problem-
atic respiratory infections, blood-borne viral infections, and
biodefense. In general, multiplexed PCRs allow identification
of the pathogens of interest present in a sample in a single
mass spectrometry analysis.

After PCR amplification, the 96-well plates are placed on
the integrated T5000 platform for automated amplicon puri-
fication, electrospray ionization mass spectrometry (ESI-MS)
analysis, and signal processing. Below is a brief description of
the various hardware modules involved in the ESI-MS anal-
ysis of PCR-amplified genomic material.

T5000 Instrumentation Description

Plate Storage, Plate Sealing, and Plate Handling Robotics.
Before ESI-MS analysis, each plate of amplified material
must be rigorously desalted to avoid inlet contamination
and cation-adduction in the mass spectra. For each previ-
ously amplified 96-well plate, both a 96-well desalting plate
(containing a magnetic bead—based DNA-binding resin)
and a clean 96-well “clution” plate are loaded onto the sys-
tem. The Ibis T5000 uses the ThermoFElectron Catalyst Ex-
press robotic arm, which has a total plate storage capacity
of forty-five 96-well plates, and thus in this configuration
can accommodate up to fifteen 96-well PCR plates for
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Table 2. Sample types and validated nucleic acid isolation methods

Sample type
Research

Subtype
Bacterial culture

Viral culture
Environmental Air filter
Surface swab
Water
Soll
Clinical Throat swab

Nasal swab

Nasopharyngeal swab

Nasal wash
Sputum

Skin swab
Whole blood
Whole blood
Hair

Teeth

Bone

Forensic

Validated isolation method
Boiling preparation
Phenolic chaotropic reagents
Silica gel membrane
Phenolic chaotropic reagents
Silica gel membrane
Silica gel membrane (Qiagen or
Ambion commercial kits)

Silica gel membrane (Qiagen or
Ambion commercial kits)

Silica gel membrane
Chemical extraction

desalting and sampling into the ESI—time-of-flight (TOF)
mass spectrometer. All liquid-containing plates are heat
sealed before loading on the storage robot. The Ibis T5000
uses an automated heat sealer capable of applying heat seals
to plates after they have been pierced. Heat sealing mitigates
potential amplicon contamination and minimizes solvent
evaporation. The plate handling robot is capable of shuttling
plates from the plate storage locations to the automated PCR
purification station, the automated heat sealer, and the flu-
idic module that injects samples into the ESI-TOF.

Automated PCR Product Purification. After PCR amplifica-
tion, 96-well plates containing amplicon mixtures are rigor-
ously desalted using a protocol based on the weak anion
exchange (WAX) method published elsewhere.* A custom
eight-channel, fixed needle liquid handling robot based on
a mini LEAP autosampler is used to dispense and aspirate
rinse buffers and move sample aliquots. Initially, aliquots of
PCR solutions are transferred to the desalting plate where
the amplicons are bound to a WAX resin. Unconsumed deox-
ynucleotide triphosphates (ANTPs), salts, polymers, and other
low molecular weight species that might interfere with subse-
quent ESI-MS analysis are removed by rinsing the resin with
solutions containing volatile salts and organic solvents. Elu-
tion of the final purified/desalted PCR products is accom-
plished by rinsing the resin with an aliquot (typically 25 pL)
of a high-pH buffer. For optimal calibration of the mass spec-
trometer, internal mass standards (that bracket the m/z range
of the charge state envelope of PCR products) are added to the
elution buffer to allow internal calibration of each mass spec-
trum. An entire 96-well PCR plate is desalted in <45 min.
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Sample Injection Fluidics Module. Unlike most of the up-
stream processing steps, the ESI-TOF is limited to a single
channel for sample analysis (i.e., only one PCR well is ana-
lyzed at a time). To maximize the number of samples that
can be processed through the ESI-TOF, it is coupled with
a custom fluidics module based on Tecan Cavro programma-
ble pumps and switching valves that is tuned to maximize the
data acquisition time and minimize the dead time between
samples. Figure 6 illustrates the parallel implementation of

[ Inject sample |+
2sec. 4
ESI-TOF Fluidics module
Energize ESI Rinse syringe v
SOLirce 52 sec.
Acquisition (49 s)
!
Store raw Pick up
spectrum next sample
[ ! I 4
High flow 5 sac, =
rinse

Figure 6. Workflow diagram of the ESI-TOF and fluidics module
highlighting the parallel events of the ESI-TOF and the fluidics
module used to enhance the overall duty cycle and increase the
sample throughput to < | min/sample.



the ESI-TOF and the fluidics module. Samples are processed
at a rate of ~59 s/sample with 10 s of overhead between each
sample, resulting in an 85% duty cycle. Between each 20-pL.
sample injection, a bolus of rinsing solvent is rapidly injected
through the sample transfer line to minimize carryover be-
tween samples. After the samples are injected, the flow rate
is quickly reduced to be compatible with the ESI sprayer
(200 uL/h). After the data acquisition is complete, the ESI
voltages are quickly turned off and the nebulizer gas pressure
is reduced before rinsing and sample injection to ensure that
the high flow solvent does not comprise the vacuum integrity
of the ESI source, which can produce elevated background
pressure in the ESI-TOF mass spectrometer.

ESI-TOF Mass Spectrometry. A Bruker Daltonics (Billerica,
MA) MicroTOF ESI-TOF mass spectrometer is used in this
work. lons from the ESI source undergo orthogonal ion ex-
traction and are focused in a reflectron before detection.
Negative ions are formed in the standard MicroTOF ESI
source, which is equipped with an off-axis sprayer and glass
capillary; the atmospheric pressure end of the glass capillary
is biased at 6000 V relative to the ESI needle during data ac-
quisition. A countercurrent flow of dry N is used to assist in
the desolvation process. External ion accumulation is used to
improve ionization duty cycle during data acquisition’ and to
enhance sensitivity in the m/z range of interest. In this work,
each 75-ps ESI-TOF spectrum comprises 75,000 data points
(a 37.5-us delay followed by a 37.5-us digitization event at
2 GHz). For each spectrum 660,000 scans are co-added. All
aspects of data acquisition are controlled by the Bruker Mi-
croTOF software package 1.0 running on a 2.4-GHz Dual
Processor Intel Xeon computer.

Software

The software system consists of four components that per-
form individual functions and interact with instrumentation
to provide an automated flow from initial input of samples

Relational Database

T-Track
Sample
Registration

Results
Viewer

Figure 7. A simplified view of the major components of the Ibis
T5000 software system. Components interact to provide a fully
automated process from the point samples are placed on the
instrument to analysis of results for the user to review.

to analysis results. The four components—robotics system,
T-Track sample tracking system, a relational database, and
data processor—are represented in Figure 7. A key element
of the system is the reliance on the central database; compo-
nents interact with the database to retrieve and update infor-
mation throughout the workflow.

Robotics Software. The robotics software system orchestrates
the operation of the instrumentation with the real-time respon-
sibilities for coordinating the hardware components. During
a run, the robotics software interacts with the sample tracking
system to read, validate, and associate plate barcodes with data
as plates progress through stages on the Ibis T5000 system.
This software manages also the injection of sample and data
acquisition on the mass spectrometer. Once spectral acquisi-
tion is completed, the software triggers data processing.

Control Software. The Ibis T5000 automation controller
software runs within the .Net 1.1 environment on a Windows
XP operating system. Most control software, device drivers,
user interfaces, and database layers are written in c#, and use
only a small number of c4++ objects to facilitate communica-
tion between various third-party components.

Upon invocation of the user interface, a main dispatching
module is initialized and instantiates a list of devices reflect-
ing the hardware instrumentation. Serial port communica-
tion protocols are used for controlling device that comprise
the PCR cleanup module, the plate sealer device, and the lig-
uid handling devices. The Liquid Handling and Mass Spec
devices rely on an additional slave dispatching module to in-
stantiate and control the mass spectrometer and liquid han-
dlers. Unlike serial communications, low-level software
control uses Active-X and DCOM technologies to interface
with third-party software to control plate handling and syn-
chronize mass spectrometry acquisition.

After issuing a start from the user interface, the dispatch
manager compiles the appropriate method script with spe-
cific commands for controlling each device described above.
The use of this scripting architecture allows for isolating
method development from actual software development
and provides flexibility for later optimizations. Additionally,
it supports multiple run-modes and incorporation of addi-
tional devices using the same controller software.

Along with hardware commands, internal validation com-
mands are embedded within the control method scripts to
query information from a database, ensuring plate, sample,
and barcode validity. In addition, access to database infor-
mation enables runtime parameters (e.g., plate map, run-list)
to be retrieved directly from the database and minimize user
error. File logging and error handling allow for automatic er-
ror recovery for certain errors and provide a mechanism for
user notification when manual intervention is required.

Sample Tracking. End-to-end sample tracking is provided
through a client—server application, called T-Track, inter-

faced with an Oracle database. A Microsoft NET
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Table 3. Applications of the Ibis T5000 instrument

Applications

Emerging infectious disease
surveillance

HAI control

Drug-resistance testing

Water safety

Human forensics

Microbial forensics
Food safety

Agricultural biodefense
Blood safety

Biological drug product safety
Pharmaceutical process control

Environmental surveillance

Examples

Avian influenza, SARS, West Nile
virus

MRSA, VRE, Clostridium difficile,
Acinetobacter

Methicillin resistance,
vancomycin resistance

Bacterial contamination, e.g.,
Vibrio

Crime investigations, paternity

Biocrime investigations

Campylobacter, Salmonella,
Escherichia coli 0157

Plant pathogens, e.g., soybean
rust, plumpox

Known and emerging viruses,
e.g., West Nile virus

Adventitious infectious agents

Bacterial, viral, or fungal
contaminations

Toxic molds, contaminated
HVAC systems

Users
Public health labs, CDC

Hospitals

Hospitals

Governments

Law enforcement, private
individuals

FBI, DHS

FDA, USDA

USDA

FDA, blood banks

Pharmaceutical manufacturers
Pharmaceutical manufacturers

Industry

HAI, hospital acquired infection; SARS, severe acute respiratory syndrome; MRSA, methicillin resistant Staphylococcus aureus; VRE, vancomycin resistant enterococcus; HVAC, heating, ventilation, and air
conditioning; CDC, Centers for Disease Control and Prevention; FBI, Federal Bureau of Investigation; DHS, Department of Homeland Security; FDA, Food and Drug Administration; USDA, United

States Department of Agriculture

Framework—based graphical user interface provides the
means for system users to register and catalog samples, spec-
ify samples to be processed on the Ibis T5000, and, later,
view results of the automated data analysis. The sample reg-
istration allows use of identifiers and conventions already
used at a user site, thereby providing a link to any existing
laboratory information management systems. Samples are
registered individually or through a batch loader, allowing
hundreds of samples to be registered at once.

The workflow in the sample tracking program reflects the
kit-based approach to pathogen analysis, in which informa-
tion on plates that contain PCR primers and reagents, includ-
ing barcodes, layout, and reagents, is predefined. The user
must interact with the system to (1) choose the plan for the ex-
periment, including the assay kit that will be used; (2) select
from a list of samples those that will be used; (3) reserve barc-
odes associated with the kits that will be placed on the instru-
ment; and (4) register plates with associated samples.

The locations of samples as they are distributed from one
plate to the next during the process are tracked automati-
cally. The robotics system uses an application programming
interface from T-Track to validate and register events during
the course of instrument operation. Results from processing
are automatically entered into the database and are then
available for review, with organism identifications associated
with input samples. Results can be located by querying by
plate or by the sample identifier, so it is possible to rapidly
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locate results for a single sample or to evaluate performance
of the system on a set of samples.

Relational Database. A key element of the Ibis T5000 system
is a curated database of genomics information that associates
base counts with primer pairs for thousands of organisms. This
database is updated frequently as new sequence data become
available and as novel base counts pass through a curation pro-
cess to determine that they are indeed representative of a new
organism strain. Design of primers and determination of base
compositions for individual organisms to be entered into the
database are activities performed by Ibis scientists using
sequence alignments and extensive primer scoring over many
sequences for target organisms. Once primers are validated
in the laboratory, they are included in the database.

Processor. Once raw mass spectrometry data are collected,
they are processed to determine masses and associated base
compositions, and finally, results are triangulated across
primer pairs to determine organism assignments. The pro-
cessing software, GenX, is designed to run in an automated
fashion on multiple PC systems from an input queue. Parallel
processing provides an efficient means of increasing through-
put; processing times are 15—45 min/plate depending on
spectral complexity.

Masses of all amplicons in a sample are determined from
raw spectral data. Potential base compositions are assigned
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Figure 8. |dentification and bacterial strain genotyping using the Ibis T5000 primers and base composition signatures. (A) Using primers that
target genes that are broadly conserved across all bacteria (red), bacteria were first identified at the species level; subsequently, genotyping
primers (blue) were used to target variable regions of household genes that are highly conserved among a given species (S. pyogenes samples
from a pneumonia outbreak in this example). The resulting base compositions tabulated in (B) provided a base composition “barcode” that

yielded a specific strain-type to allow tracking of the epidemic.

to all masses within acceptable error levels. As complemen-
tary strands are present, this restriction is used to limit the
possible choices of base compositions consistent with molec-
ular weight (Table 1). These base compositions are then used
as hypotheses, from which a spectral representation is mod-
eled. At this point, organisms consistent with the primer pair
used in PCR amplification are identified from the amplicon
database. A joint least-square algorithm is used to correlate
potential organism identifications across multiple primers,
using a triangulation method. This computation process im-
proves the confidence of correct organism classification and
reduces the possibility of false positives.

APPLICATIONS

The Ibis T5000 instrumentation and associated kits have
a wide variety of uses. Basically, the instrumentation can
be used in any application where detection of a biological
agent is needed. In addition, human forensic identification
using either mitochondrial or chromosomal markers can be
examined, where mass spectrometry is used in place of se-
quencing or gel electrophoresis, respectively.® Table 3 sum-
marizes applications for which the Ibis T5000 is currently

being used or developed, and representative examples of its
use are described briefly below.

Epidemiological Surveillance

We studied sick military recruits at the Marine Corps Re-
cruiting Depot (MCRD) in San Diego during the most severe
outbreak of streptococcal disease to have occurred in the
United States since 1968. During the outbreak, over 160
recruits were hospitalized and one death had occurred.” We
analyzed throat swabs from sickened recruits to address
two questions: First, what pathogens and copathogens were
responsible for this severe epidemic and second, could our
methodology be used to follow the spread of the epidemic
at MCRD and in other military facilities. Analysis of respi-
ratory samples revealed high concentrations of several
pathogenic respiratory bacteria, including Haemophilus influ-
enzae, Neisseria meningitidis, and S. pyogenes.® When S. pyo-
genes'® was identified in samples from the epidemic site, the
identical genotype was found in almost all recruits, consistent
with a model of clonal expansion of a severe pathogen
(Fig. 8). We also examined samples from five other military
bases, and these locations showed a pattern significantly dif-
ferent from the MCRD epidemic, suggesting that the
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Figure 9. Alternative models for the source of the infection. (A) Acinetobacter species present in soil infects soldiers wounded in combat as
a de novo infection. (B) Preexisting MDR A. baumannii from European hospitals enter the US military hospital system. The Ibis T5000 gen-

otyping data strongly support the latter model.

epidemic strain was not spreading to other military facilities.
The Ibis T5000 Biosensor system provided analyses with suf-
ficient speed and throughput to be useful in tracking of an
ongoing epidemic and provided information fundamental
to understanding the polymicrobial nature of explosive epi-
demics of respiratory disease.

HAI Control

HALIs, the fourth leading cause of disease in the United
States, are a major public health problem accounting for ap-
proximately 2 million infections, 90,000 unnecessary deaths,
and $4.5 billion in excess health care costs in the United States
each year. Although the numbers of patients treated in hospi-
tals and the average length of stay decreased during recent de-
cades, hospital-acquired infections have increased. Further,
the consequences of hospital-acquired infections are more
severe than they were a decade ago due to emerging antibi-
otic-resistant microbes, especially S. aureus, Enterococcus, Aci-
netobacter, Pseudomonas, Klebsiella, and Acinetobacter species.

Aggressive control measures can slow and usually halt the
spread of difficult-to-contain infectious agents. Typically,
control of HAIs relies on identifying the infectious agent
and its genotypic properties, obtaining information on the
numbers of potentially exposed patients and their environ-
ment, and then applying appropriate infection control mea-
sures. Shortages of tools for quickly and fully identifying
and characterizing microbes hamper deployment of infection
control measures. For instance, screening microbes with cul-
ture methods requires 24—72 h, is labor intensive, is tech-
nique-dependent, and has limited sample throughput. Most
critically, culture techniques do not provide the details that
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those in charge need to react appropriately. Typically, addi-
tional rounds of testing on isolated colonies or enriched sam-
ples are required to determine drug-resistance or genotype
information, further delaying corrective steps while adding
to overall costs. Meanwhile, patients may be unnecessarily
isolated, or contact control measures may be delayed, some-
times enabling infections to spread throughout a hospital.

Technologies for improving infection control measures in
hospitals should incorporate several properties, including
speed, ease of use, high reliability, and an ability to detail a mi-
croorganism’s molecular profile. A primary requirement is
that the identity of the microbes, along with their important ge-
notypic features, be provided rapidly. This requirement rules
out using culture steps and, instead, requires direct analyses.
To analyze such large numbers of samples, labs must be equip-
ped with high-throughput automated systems that provide all
relevant information on microorganisms being analyzed, in-
cluding species, subspecies, presence of antibiotic resistance
genes, virulence factors, and/or toxin-encoding genes.

An example of the power of the Ibis T5000 in an infection
control setting was demonstrated by examining an Acineto-
bacter outbreak in collaboration with Department of Defense
researchers at Walter Reed Army Medical Center. Acineto-
bacter is a ubiquitous natural soil and water bacterium histor-
ically associated with infections in wounds obtained from
combat injuries. It has become an important nosocomial path-
ogen worldwide. We characterized 217 isolates collected from
soldiers and civilians from six military field hospitals in Iraq
and Kuwait, two large tertiary care hospitals in Landstuhl
(Germany) and Washington, D.C. (USA), and a hospital ship
in the Persian Gulf."' We used the Ibis T5000 method to



identify the molecular genotype of each isolate and to deter-
mine patterns of clonal expansion. We also compared these
isolates with 23 previously characterized reference strains
from outbreaks in European hospitals and 19 reference strains
from culture collections. The Ibis T5000 analysis revealed 76
unique strain genotypes. The vast majority (190/217) of the
clinical samples associated with the conflict in Iraq were Aci-
netobacter baumannii strains with genotypes very similar or
identical to previously characterized multidrug-resistant
(MDR) A. baumannii isolates from European hospitals. All
of the major clusters (multiple isolates with identical geno-
types) were members of this group. A smaller fraction (27/
217) had previously unencountered genotypes that were evo-
lutionarily far removed from the European hospital strains.
The small number of previously unencountered isolates may
represent de novo infections of wounds from the soil. The pri-
mary source of these health care—propagated outbreaks is
likely to be the introduction of MDR A. baumannii strains into
the military hospitals from military casualty hospitals in Iraq
(Fig. 9). This study demonstrates the value of this novel tech-
nique in evaluating complex outbreaks at the molecular level
and the difficulty involved in maintaining infection control
procedures in a combat environment.

CONCLUSIONS

We have demonstrated that the T.I.G.E.R. strategy can be
applied in a highly integrated and automated system. The
Ibis T5000 is capable of detecting and identifying a wide va-
riety of microbes including bacteria, viruses, fungi, and pro-
tozoa. Due to the high degree of automation and software
control, it is intended to be operated by a properly trained
laboratory technician with no formal training in mass spec-
trometry, signal processing, or molecular biology. Broad-
range PCRs are capable of producing products from groups
of organisms, rather than single species. The ability of the
mass spectrometer to rapidly and accurately derive base com-
positions from PCR amplicons provides high information
content from each reaction and obviates the need to antici-
pate the exact nature of an amplicon with sequence-specific
probes. The T5000 is capable of analyzing complex PCR
products at a rate of approximately one well per minute;
thus, it is possible to examine large numbers of samples,
making it practical for large-scale analysis of clinical speci-
mens or for environmental surveillance.
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