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ABSTRACT

PATHOGEN DETECTION USING THE LUMINEX MULTI-ANALYTE SYSTEM
by

Andrew J. Schweighardt

Advisor: Margaret M. Wallace, Ph.D.

The causative agents of anthrax, botulism, tularemia, and plague are so
destructive that they could be used maliciously by bioterrorists. Microscopical and
biochemical methods of identifying pathogenic bacteria are often inaccurate and time-
consuming. Genetics-based alternatives surpass traditional detection methods in terms of
speed and accuracy, but often lack the capacity for multiplexing.

Luminex technology embodies all the advantages of DNA-based identification
while still offering impressive multiplexing capabilities. Luminex is a liquid array
platform that relies on specially labeled microscopic beads to which unique probes are
covalently attached. Hybridization of the probes to the unknown target sequences is
detected and quantified by the instrument.

Four core pathogenic bacterial species were selected: Bacillus anthracis,
Clostridium botulinum, Francisella tularensis subsp. tularensis, and Yersinia pestis.
Probe sequences intended for confirmatory identification of the four core pathogens were
located within genes related to the toxicity of each bacterium. Additional probe
sequences within the 23S ribosomal RNA gene rr/ were selected for presumptive

identification of the four core pathogens, or a relative belonging to the same genus.
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Primer3 and AutoDimer software programs were used during probe and target
DNA design to specify oligo parameters and minimize cross-reactivity. The specificity of
all oligos was verified using whole genome searches conducted on the NCBI BLAST
database. Target sequences were amplified by PCR and quantified using the Agilent 2100
Bioanalyzer. Primer specificity was confirmed by the detection of target band(s) of the
requisite length.

Specificity and sensitivity were examined by introducing various increments of
each target sequence to all probes. A reasonable degree of specificity was observed,
although some probes were prone to false positives. The LLDs for the probes ranged
from 0.1 to 10 ng. Sensitivity was improved by using lambda exonuclease to
enzymatically digest the non-complementary PCR strand.

Thirty-three binary, ternary, and quaternary mixtures were examined in which all
components were present in a 1:1 ratio, with an 80% success rate for identifying all
components. Four binary mixtures were subjected to further study in which the two
components were combined in various ratios. Both components were detected in 100% of
the twenty-eight mixtures analyzed, even when the minor component was overshadowed
by a ten-fold excess of the major component. False positives typically had an attenuated
fluorescent response that made them easily distinguishable from a genuine positive result.

Overall, the Luminex platform is a robust method of identifying pathogenic
microorganisms. This technique has a superior level of specificity and sensitivity,
provided that each assay has its underpinnings in a thorough survey of all pertinent
bioinformatics data. Continued research with the Luminex technology is important both

for validating the utility of this technique and for satisfying legal admissibility standards.
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PREFACE

It was August 2005 when I completed data collection for my senior research
project at Stonehill College. I spent the rest of that summer and early autumn writing my
undergraduate thesis and received my Bachelor’s degree the following spring. At the time
I thought that I would never again conquer a task as difficult as the one I had just
overcome. Nearly six years later as [ completed data collection for my graduate research
at John Jay College of Criminal Justice and began to write my dissertation, I realized I
was wrong to regard my undergraduate work as an accomplishment never to be
surpassed.

I am glad for having accepted the challenge placed before me, but it would be
disingenuous of me to say that my enthusiasm for the project was not occasionally
interrupted by periods in which I regretted my decision to continue. Dr. James Watson,
co-discoverer of the structure of DNA, said in the preface to his book The Double Helix
that science seldom proceeds in the straightforward, logical manner imagined by
outsiders. There are some who might regard this as an exaggerated statement, but those
who have truly labored in the name of science will recognize its merit. One gains a
different perspective upon the completion of a project and having the opportunity to
review the results collectively, but in the midst of the actual work, the significance of the
data may be nebulous and the ultimate goal seems uncertain and evasive.

Despite the inherent difficulties encountered along the journey, this project was
not a futile exercise. The outcome represents a new development in the continued effort
towards identifying potential bioterrorist attacks. In what is widely regarded as the oldest

military treatise in the world, the ancient Chinese military strategist Sun Tzu said that
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“The art of war teaches us to rely not on the likelihood of the enemy’s not coming, but on
our own readiness to receive him; not on the chance of his not attacking, but rather on the
fact that we have made our position unassailable.” Any step, no matter how small, that
enables us to fortify our defense against bioterrorism is a step that is well taken.

I feel extremely fortunate to have been given the opportunity to offer my share of
evidence that science can triumph over evil. Aside from that, I am also grateful that
anything I accomplished prior to beginning this project did not represent the culmination
of my scientific endeavors, and that I was given the curiosity and willingness to accept

one more challenge. Achieving one goal does not preclude aspiring to new ones.

A.J.S.
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CHAPTER 1. INTRODUCTION

Biological weapons are a perennial threat to our society. The use of biological
pathogens for nefarious purposes began thousands of years ago. One of the earliest
instances of biological weapons in recorded history dates back to 184 BC, when
Hannibal, the great Carthaginian military commander, had his navy throw clay pots filled
with poisonous snakes on to the decks of enemy naval fleets (Ghosh et al., 2002). The
use of biological weapons has grown more prevalent through the ages. During the
medieval era, the Mongols used a trebuchet to catapult cadavers of plague victims into
enemy territories (Martin et al., 2007). In the 1500s, when the Spanish conquistadors
came to the Americas, they gave the Native Americans goods that had been deliberately
tainted with smallpox.

Instances of biological weapons became even more abundant in the 20" century.
During World War II, the Japanese initiated a massive biological weapons research
program, killing thousands of Chinese prisoners who were involuntarily used as test
subjects (Christopher et al., 1997). The United States and the Soviet Union were two of
the major forces behind biological weapons development during the Korean and Cold
War eras. Many of these aggressive research programs were curtailed in 1975 when the
United Nations proposed the Biological Weapons Convention, a treaty initially signed by
103 nations agreeing never to research, produce, or use biological weapons (Martin et al.,
2007). Today, much of the threat of biological weapons stems from rogue nations and
terrorist groups who have not acknowledged the disarmament. They engage in what is
known as “bioterrorism”, which is the use of biological agents to achieve a political or

ideological objective (Martin et al., 2007).



The motives behind bioterrorism and the technologies used for growth and
dispersal of biological pathogens have evolved, but the outcome has remained the same —
biological weapons have the potential to cause a devastating number of illnesses and/or
fatalities. Based on the fact that terrorists employ tactics that have previously
demonstrated effectiveness, it is unlikely that the malicious use of biological pathogens
will wane in the future. Therefore, bioterrorism is an inevitable part of the future of our
international community and must be approached with preventative and responsive
measures commensurate with its seriousness.

Early uses of biological pathogens fall under the umbrella of biological warfare.
However, it is important to distinguish biological warfare from biological terrorism.
Whereas warfare typically involves two warring nations engaging their armed forces in
combat, terrorism often victimizes innocent, unarmed civilians. Terrorists are not
restrained by the same ethics, international etiquette, or legal ramifications that would
normally protect civilians from becoming involved in such conflicts. Success is also
easier for terrorist organizations to achieve because they are not concerned with
immediate victories. On the contrary, terrorists are resilient and resourceful. They will
patiently and systematically attack their target until their demands are met or until they
are stopped.

The fate of bioterrorism lies not in the discovery of pathogens, for it is well
known that such pathogens exist and have been used with varying degrees of success.
Instead, the fate of bioterrorism hinges mainly on two factors: the ability of terrorists to
isolate and propagate these pathogens and their ability to overcome the dispersal

dilemma. It has been difficult for terrorist organizations to safely and efficiently



propagate biological pathogens because these groups often employ amateur scientists
working in sub-standard laboratories. There have been several documented incidents in
which efforts to grow and manipulate biological pathogens have gone awry and have
caused significant fatalities (Meselson et al., 1994). It is also likely that terrorist
organizations are focusing their efforts on devising methods that will effectively disperse
a biological pathogen over a vast area. This will enable the terrorists to cause a
catastrophe of the magnitude that will evoke the desired response from the target nation.
Although bioterrorism is a likely part of the future, there are certain ways that
target nations can prepare for it. The defensive strategy involves both the prevention of
future attacks as well as the development of procedures for responding to these attacks. A
bioterror attack cannot be addressed until the attack has been identified as such. In other
words, it must be positively ascertained that the catastrophe at hand is indeed the result of
a maliciously introduced biological pathogen. Therefore, much research has sought to
provide an accurate and rapid method for identifying biological pathogens so that the

appropriate response can commence.



CHAPTERII. LITERATURE REVIEW

A. Non-genetic Identification of Biological Pathogens

Many researchers have generally agreed upon about a half dozen criteria that a
method for detecting biological pathogens should possess (Spiro et al., 2000; Vignali,
2000). These criteria include quantitative abilities, multiplexing capabilities, high
specificity, and high sensitivity (even in the presence of contaminants). Many
technologies satisfy some of these criteria, but very few satisfy them all.

Previous methods of identification have involved time-consuming and inefficient
methods such as microscopic identification based on a comparison of morphological
characteristics of the bacteria. Other methods that have been relied upon in the past are a
series of enzymatic tests or staining procedures which, collectively, offer a fairly unique
profile of the pathogen in question (Lim ef al., 2005). However, these methods provide
nothing more than a presumptive identification because they do not offer enough
discrimination to differentiate one closely related pathogen from another.

Aside from microscopy and enzymatic testing, pathogens can also be identified by
the enzyme-linked immunosorbent assay (ELISA) or other immunoassays (Candlish,
1991). In ELISA, antigens from the unknown are immobilized on a solid surface.
Specific antibodies are then washed over the antigens. If binding between the antigen and
antibody occurs, this is usually detected via a fluorescent emission created by an enzyme
that was attached to the antibody. ELISA is generally an inexpensive and rapid technique.
The cost of the test is negligible when compared to more involved instrumental analyses.

However, the results are often less quantitative and the test itself is less sensitive than



alternative analyses. Perhaps the greatest disadvantage of ELISA is that it is a monoplex
technology.

There are several instrument-based methods of identification available now which
have attracted the attention of more researchers. Many of these instrumental methods are
variations of mass spectroscopy (MS). A mass spectrometer uses an energy source to
fragment the analyte into small fractions. These particles are then ionized and separated
based on their mass-to-charge ratios. There are several ways to separate the ionized
particles, but many researchers have relied on the time-of-flight (TOF) method. TOF is
often paired with a variation of MS called matrix assisted laser desorption and ionization
(MALDI) for pathogen detection purposes (Hurst ez al., 1996; Taranenko et al., 2002;
Briese et al., 2005). In MALDI-TOF, the liquefied analyte (in this case, the analyte can
be a nucleic acid or any biomacromolecule from the pathogen) is first mixed with a liquid
matrix compound. The analyte and the matrix co-crystallize as they dry on a plate. The
plate is then transferred to a mass spectrometer where a laser pulse initiates ionization.
Ionization imparts a uniform charge on the entire analyte so that any differences in
separation are due to mass alone (not charge). The ions travel down the flight tube, with
the smaller molecules traveling faster toward the end of the flight tube, where the
detector is located. Pathogenic microorganisms can be identified using MALDI-TOF
because each microorganism should have unique ionization and TOF profiles, which can
be compared to known samples that have been previously analyzed.

MS-based approaches to pathogen identification such as the Ibis T5000™
Biosensor System have garnered a great deal of attention from the research community in

recent years (Ecker ef al., 2008). One of the main benefits of MS-based technologies is



that they are rapid due to the vacuum environment in which the analysis occurs (Butler,
2005). Although the use of MS does not necessarily require any specific knowledge of
the analyte (e.g., nucleotide sequence), a mass spectra library of all possible analytes
must be assembled prior to use. Other drawbacks are that the resolution and sensitivity
may be compromised if there is excess analyte and/or salt present (Butler, 2005). Lastly,
as with many instrumental methods, the start-up and long-term costs may be prohibitive

for smaller laboratories operating on a limited budget.

B. Genetic Identification of Biological Pathogens

1. Overview

In contrast to many of the more traditional methods of identification, most
methods in development focus on the use of genetic markers to identify biological
pathogens. A genetic marker is any polymorphic region of an organism’s genome that
can be used for positive identification. Regions of the genome that are good candidates
for markers are those that offer the ability to distinguish between very closely related
microorganisms. The identification of reliable markers is the first step toward positively
identifying a biological pathogen and mounting the appropriate response.

It should be noted that some research is focused on individualizing polymorphic
regions of bacterial DNA for the purpose of tracing the outbreak to its original source.
Although this is a worthwhile research agenda, it should not take priority over the
primary objective of identifying the pathogen so that the outbreak can be mitigated. The

purpose of genetic markers, in the context of this dissertation research, was to distinguish



a pathogenic microorgansm from other similar species, not to individualize the
microorganism for the purpose of source attribution.

Recent genome sequencing efforts have enabled researchers to elucidate the
genetic composition of many microorganisms. For example, the entire genome of
Bacillus anthracis is now known (Read et al., 2003). However, with this enlightenment
comes the humbling awareness of what remains to be discovered. Startling similarities
among many of the sequenced genomes have also been revealed. In other words, a
particular microorganism may be difficult to identify because it has very few genetic
polymorphisms that separate it from close relatives. Therefore, the development of an
array capable of distinguishing even closely related pathogenic microorganisms remains
an area of great research interest.

There are many ways to identify a pathogenic microorganism. Techniques exist
that yield identifications based on analytes as diverse as peptides, antigens, and other
ligands. The primary disadvantage of many of these methods is that they lack the
specificity needed to acquire a positive identification. It is likely that any viable technique
for the identification of pathogenic microorganisms will have a foundation in genetics,
because an organism’s DNA is its most unique, quantifiable attribute. Genetic techniques
are also amenable to real-time, field deployable analyses because many involve rapid and

semi-automated detections on instruments that are semi-portable.

2. Techniques Based on Length Polymorphisms: RFLP & AFLP
Polymorphism is the term used to describe the differences in the DNA from
different organisms. Length polymorphisms represent differences in the size of the DNA

upon fragmentation. Many early genetic techniques were based on length polymorphisms



because little knowledge of the sequence was required. Analyses based on length
polymorphisms also typically require less instrumentation because, once the fragments
have been separated on a gel, the differences in length can be easily visualized.

One technique that is based on length polymorphisms is called Restriction
Fragment Length Polymorphism (RFLP). It begins by cutting the DNA at precise
locations, resulting in a group of DNA fragments. These fragments are said to be
polymorphic in length because DNA from separate origins (i.e., different
microorganisms) produces different sized fragments. The cleavage of the DNA is
accomplished through the use of restriction enzymes, which cleave DNA molecules
wherever a particular short, palindromic sequence is encountered (these locations in the
genome are called “restriction sites”). Closely related microorganisms share a higher
number of restriction sites, and thus their DNA is cleaved similarly when subjected to the
same restriction enzyme. However, microorganisms that are distantly related have fewer
restriction sites in common, thus leading to a greater degree of polymorphism in the
length of fragments that are produced. The fragmented DNA is separated by
electrophoresis and visualized using a fluorescent dye (usually ethidium bromide).

RFLP became the dominant method of genetic analysis in forensic biology during
the 1980s (Jeffreys et al., 1985). Forensic-based RFLP is somewhat more complex than
conventional RFLP because it demands more knowledge of the DNA sequence. In
forensic applications, double-stranded RFLP fragments called Variable Number Tandem
Repeats (VNTRs) are electrophoretically separated. These fragments are converted to the
single-stranded state in an alkaline environment and then blotted on to a nylon or

nitrocellulose membrane. A single-stranded DNA probe (designed to hybridize with the



fragments, if present) is then introduced. Knowledge of the DNA sequence is required
because the probe is designed to specifically hybridize with a particular sequence of
bases in the fragmented DNA. Hybridization between the probe and the sample is
detected by a radioactive or fluorescent emission, depending on how the probe was
labeled.

About a decade after RFLP became the premier technique for genetic analysis, a
Dutch laboratory developed a modified version of RFLP, which was called Amplified
Fragment Length Polymorphism (AFLP; Vos et al., 1995). In the AFLP technique, the
DNA is still cut with restriction enzymes. However, it is then amplified by PCR using
primers that anneal to adapters ligated to the restriction fragments. AFLP was an
improvement on some RFLP-based techniques because it did not require knowledge of
the sequence, except for the restriction sites. AFLP also incorporated the benefits of PCR,
such as the ability to work with samples of small quantity. In many ways, AFLP has led
to a renewed interest in length polymorphisms as a means of genetic identification.
Researchers have used AFLP to successfully differentiate bacterial (Janssen et al., 1996),
parasitic (Folkertsma et al., 1996), fungal (Rosendahl and Taylor, 1997), and plant
specimens (Bless et al., 2006). However, RFLP-based techniques are no longer in vogue
for human identification in criminal investigations because they have been supplanted by
modern techniques such as STR analysis (Edwards ef al., 1991). Techniques based on
length polymorphisms are also not preferred by some researchers studying microbial
forensics because of the inherent ambiguity in interpreting the electropherograms, the
inability to distinguish very closely related microorganisms (Radnedge et al., 2003;

Valjevac, 2005), and problems with reproducibility (Fry et al., 2009).



3. Techniques Based on Sequence Polymorphisms

The prior section explored the use of polymorphisms that are based on the /ength
of the DNA fragments. In forensic-based RFLP, these fragments derive their unique
length from the possession of a certain amount of repetitive DNA. This implies that a
core sequence of nucleotides may be repeated one, two, three, or more times in any
particular organism. Thus, it is the length (i.e., number of repeats) of the DNA fragment
that constitutes the polymorphism. In contrast, polymorphisms based on the DNA
sequence itself can also be exploited for identification purposes. This implies that the
base sequence at a particular locus may be different from one organism to the next.

One of the earliest methods of individualization used by forensic biologists that
was based on sequence polymorphisms was the AmpliType® HLA-DQa kit (Walsh ez al.,
1991). This kit was appealing to the forensic biology community because it was
amenable to PCR, which helped to improve the sensitivity when screening crime scene
samples that were often limited in quantity. The basis of the test was the binding of
amplified target DNA to sequence-specific oligonucleotide probes that were immobilized
on a nylon strip. The main disadvantage of the HLA-DQu kit was that it could only
examine one locus of the DNA, thus limiting the statistical significance of a “match.”
Eventually this was remedied with the introduction of AmpliType® PolyMarker, which
enabled simultaneous screening of five loci (Dimo-Simonin and Brandt-Casadevall,
1996).

In sum, sequence polymorphisms can be identified by sequencing genes,
chromosomes, or even whole genomes. However, for the purposes of identification,

sequencing such large portions of the genome could overwhelm the analyst with
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superfluous information. Much smaller portions of the genome, called “markers”, can be
examined for sequence polymorphisms. In microbial forensics, genetic techniques like
DNA microarrays and bead-based technologies use markers to identify sequence

polymorphisms. These techniques will be discussed in a later section.

4. Quantitative PCR

Quantitative PCR (sometimes referred to as real-time PCR) uses the real-time
accumulation of PCR product to identify and quantify the target DNA. Quantitative PCR
sometimes relies on intercalating fluorescent dyes that bind to the double-stranded PCR
amplicons. Other protocols use special oligonucleotide probes to achieve greater
specificity. These single-stranded probes have a fluorescent reporter at one end and a
quencher at the other end. As long as the probe is intact, the quencher suppresses the
fluorescence of the reporter. If the probe binds to the target DNA, the probe is cleaved by
the Taq polymerase enzyme as it moves along the DNA template in the 5" to 3" direction
during the extension phase of PCR. The cleavage of the probe separates the reporter from
the quencher, thus permitting the reporter to emit its fluorescence.

Although quantitative PCR has a superior specificity and sensitivity (Pabbaraju et
al.,2011; Taniuchi et al., 2011), its main drawback is its lack of multiplexing ability
(Skillman et al., 2006). Quantitative PCR is technically capable of multiplexing because
of its use of the five-dye chemistry, but this does not nearly approach the multiplexing

capabilities of other technologies such as DNA microarrays or bead-based assays.
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5. DNA Microarrays

The DNA microarray is probably the most formidable competitor of the bead-
based technologies. The most well-known and the most closely related predecessor of
DNA microarrays is the Southern blot (Southern, 1975). The Southern blot relies on the
hybridization of a labeled probe to target DNA that has been immobilized on an
absorbent substrate. First proposed by Saiki ef al. (1989), DNA microarrays differ from
their blotting ancestors because microarrays use a non-porous substrate (typically glass)
to immobilize the DNA. Microarray technology involves multiple reactions on a single
glass plate, called a microarray or “DNA chip.”

In DNA microarrays, a glass chip is first imprinted with covalently attached
oligonucleotide probes. The analyte (i.e., the unknown) usually consists of short
segments of DNA that will hybridize easily with the immobilized probes, if any
complementarity exists. The hybridization between probe and target is typically
accomplished by using target DNA that has been radioactively or fluorescently labeled.
In earlier applications of DNA microarrays, the analyte DNA was labeled with a
radioactive marker, whose hybridization to the target could be visualized using
autoradiography. Today it is more common to use safer methods of detection that rely on
fluorescent dyes. The energy emitted by the tagged analyte upon hybridization is used as
evidence that hybridization to the immobilized probe has occurred.

DNA microarrays achieved a great amount of success after their introduction
because the use of a microarray essentially reduces the reagent and analyte requirements
to a negligible amount. Many researchers were also drawn to microarrays because of the

inherent multiplexing capabilities; a single microarray chip can be imprinted with
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thousands of oligonucleotides. Laboratories that conduct many repetitive experiments
also found their work amenable to microarray technology because the DNA chips can be
manufactured reliably and reproducibly.

Although there are many advantages to microarray technology, there are also
some drawbacks. Compared to other instrumental techniques, the start-up costs
associated with microarray technology are fairly reasonable, yet for some laboratories the
investment may not be feasible. Additionally, smaller laboratories may find it
overwhelming to constantly produce the chips in-house for repetitive assays, thus
requiring the allocation of funds for commercial production of the DNA chips. This
continuous purchase of commercially prepared chips can represent an undesirable long-
term investment in the microarray technology. Indeed, it is well-documented that many
researchers are dissatisfied with the equipment requirements and the need to constantly
regenerate new arrays (Spiro ef al., 2000; Grate et al., 2003; Summerbell et al., 2005).

There are also several problems associated with the immobilization of the probes
on the glass chip. One problem is that the probes themselves may exhibit
complementarity to their neighbors, so the position of the probes must be carefully
chosen so as to avoid these undesirable interactions. The second problem is that the glass
substrate often precludes a uniform tendency for hybridization throughout the probe
molecule. For example, the bases closest to the end of the strand near the glass are more
prone to steric hindrance, owing to the fact that they are sheltered by neighboring probes.
The third, and most serious, problem is that DNA microarrays are based on solid-phase
two-dimensional chemistry. This means that, because the probes are immobilized on a

stationary glass chip, binding of the probe and target DNA depends solely on the mobility
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of the target DNA. Ideally, both the probe and target DNA would be mobile, thus
maximizing the opportunities for collision and hybridization.

There have been several proposed solutions to the problems with DNA
microarrays, some of which have produced favorable results. However, these issues will
never be totally resolved because they stem from characteristics that are intrinsic to solid-
phase assays. In contrast to DNA microarrays, liquid-phase assays such as bead-based
technologies are not as susceptible to the thermodynamics associated with the binding of

the probe to its target, for reasons to be discussed later.

6. Luminex Technology

Several instances have made it abundantly clear that specific, sensitive,
quantitative, and rapid identification of pathogenic microorganisms are necessary if
fatalities are to be minimized in the event of a bioterror attack. It has become apparent
that traditional methods of analysis are grossly inadequate in this regard. Even more
modern genetic analyses are lacking in one or more areas. Luminex” is at the forefront of
modern technologies poised to supplant traditional techniques that have outlived their
usefulness.

Bead-based liquid array technologies like Luminex represent a convergence of
several technologies, including DNA technology, microsphere technology, and flow
cytometry. As a hybrid of these technologies, microsphere-based liquid arrays also
represent the nexus of analytical chemistry and molecular biology (Chandler et al., 2000).
In the past, this has been a rare combination, but it is becoming an increasingly useful and

popular trend in modern bioanalytical techniques.
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At its core, the Luminex instrument is a flow cytometer. Flow cytometry is a
relatively new technique that was patented in the early 1970s (Kettman ef al., 1998) and
was introduced to clinical and research laboratories shortly thereafter (Horan and
Wheeless, 1977). Flow cytometry is a method of sorting microscopic particles. It serves
as an integral component of particle identification in the Luminex system. Thus, it is
appropriate to briefly discuss flow cytometry by itself before its application to the
Luminex technology is discussed.

As its name suggests, flow cytometry was originally designed to sort cells. As the
technique evolved, so did its range of potential analytes. Today, flow cytometry is
commonly used to sort and facilitate the detection of almost any microscopic particle. At
the advent of its development, flow cytometry was generally considered a novelty with
few practical applications. However, recent technological advancements have improved
sample labeling, excitation, and detection methods, to the point that flow cytometry has
established itself as a venerable necessity in many laboratories. Additionally, flow
cytometry possesses the two hallmarks that any technique must have if it is to receive
serious consideration and widespread use in today’s scientific community: multiplexing
capabilities and high sample throughput.

Flow cytometry consists of a pool of microscopic particles that are forced “single-
file” through a narrow channel. The particles are usually immersed in some liquid
medium and pressurized, which serves to guide the particles in their one-way movement.
However, in order for the particle to be identified as it flows through the channel, it must
be labeled in some way. It is usually not the particles themselves that are labeled; instead,

the substance that binds to the particles (i.e., the analyte, or unknown) is labeled.
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Therefore, any particles that have not undergone a hybridization event pass through the
channel undetected, whereas the particles that have hybridized to the analyte will have
undergone some change that makes them detectable. Usually this detection is made
possible by labeling the analyte with a fluorescent dye. The analyte could be something
as diverse as an antigen, a peptide, a nucleotide, or another ligand.

The reporter dye would be useless unless there was a means of exciting it, thereby
facilitating its detection. Fluorescence, by definition, is the excitation of some particle
with high frequency energy in order to yield the low frequency fluorescent energy
emission. The channel inside a flow cytometer has an illumination device that consists of
a light, which is designed to excite the reporter dye. The light is usually a diode laser, but
other light sources are also possible. When the light excites the reporter dye, the reporter
dye fluoresces. This fluorescence is detected by a detection apparatus. The detection
apparatus is capable of receiving fluorescent energy that has been scattered in the forward
direction (i.e., propagating in the same general direction as the light beam that originally
bombarded the sample), but also light that has been “side-scattered.” More complex
experiments can seek detailed information about the particles by interpreting the relative
quantities of forward- and side-scattered energy.

The main benefit of using flow cytometry stems from the rapidity with which this
technique is capable of examining the analyte. Although the particles flow through the
channel one at a time, they move so fast that anywhere from several hundred to several
thousand of them may pass through the channel per second, depending on the capabilities

of the particular instrument.
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The Luminex instrumentation is essentially a basic flow cytometer with some
modern adaptations. The Luminex instrument is capable of identifying not just one, but
many analytes. This is accomplished via the use of two different dyes that are used to
internally label small polystyrene microspheres (i.e., beads) that are 5.6 pm in diameter.
The two dyes are combined in five-hundred different proportions to create five-hundred
different types of microspheres.

In bead-based assays like Luminex, a unique DNA probe is attached to each of
the five-hundred different groups of microspheres (other ligands such as RNA or protein
can also be attached to the microspheres, depending on the assay). Probes must be
carefully selected so as to ensure minimum cross-reactivity. It is recommended that the
probes be about 20 bases in length (Fulton, et al., 1997; Dunbar and Jacobson, 2007).
Some researchers have used modifiers that fit between the actual probe and the
microsphere, in order to reduce steric hindrance (Wilson et al., 2005). The specificity of
the probes can be evaluated by comparing signal intensities for perfectly matched and
single-base mismatched duplexes (Chandler and Jarrell, 2004).

The target DNA (i.e., the unknown) is biotinylated. Biotin is a vitamin that has a
strong affinity for streptavidin (a protein) which is complexed to phycoerythrin (a
fluorophore). Thus, when the streptavidin-phycoerythrin (SAPE) reporter is introduced to
the biotin on the target DNA, they bind and, in doing so, enable a quantitative estimate of
the number of targets that have hybridized with the probe. Currently the most common
reporter to be used is SAPE, but some researchers have experimented with other reporters

(Wang et al., 2004) in response to complaints that high reporter fluorescence may
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interfere with the fluorescence of the internal dyes of the microspheres (Kettman et al.,
1998).

Target DNA is derived from highly polymorphic, thermodynamically stable, and
non-hairpin-forming regions of the DNA (Summerbell ef al., 2005). It is recommended
that the target DNA molecules be about 200 bp in length (Dunbar and Jacobson, 2007).
Longer sequences are not preferred because this can create steric hindrance that precludes
the target from binding its probe. However, the target sequences should be at least 200 bp
in length because this minimizes the chance that slight sequence complementation
between mixed targets would lead to the hybridization of two targets (instead of the
intended hybridization between probe and target). Sequences shorter than 200 bp are not
readily feasible because target DNA includes both a region that is complementary to the
probe (~20 bases), plus the forward and reverse flanking regions that must be available
for the PCR primers to bind (at least 20 bases in either direction). Furthermore, if one
desires to use degenerate primers capable of binding multiple DNAs, regions of high
similarity among the different DNAs (i.e., the easiest place to design a degenerate primer)
may be well outside the region of the target that is complementary to the probe.

Complementary probes and targets undergo hybridization (Figure 2.1). It is the
fluorescence emitted by the reporter molecules (bound to the targets, which in turn, are
hybridized to the probes) that is detected and quantified by the instrument. The
fluorescence of a reporter can be attributed to a particular probe because the probe will
have been attached to a microsphere containing a known proportion of the two internal

dyes. Thus, the fluorescence of the reporter dye can be traced back to a particular DNA
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probe solely because the unique internal dye combinations give each microsphere set a

unique spectral signature.

PCR product Q(,"“““”#;(/
from sample Ta X ""-;,g
7uAGTGAGTCTTCTCTGCAGCAGH ACTTTORN
AERRRRRRERRERRRRER
[N—CACTCAGAAGARACGTCGT — species
O MH specific oligo

—amino linker

FSTITSIFTIESIFEFI IS FFELT ST F LTSI FLISEAFITILSEFFTETEESETIETSIEETETI LI IS F TS S ST F S I

Figure 2.1. Hybridization of target DNA and probe. Probes are attached to microspheres
via an amino linker. Originally published as Figure 1 on page 1900 in Microcoding: the
second step in DNA barcoding (Philososophical Transactions of the Royal Society B.
360: 1897-1903) by Summerbell, R.; Levesque, C.; Seifert, K.; Bovers, M.; Fell, J.; Diaz,
M.; Boekhout, T.; de Hoog, G.; Stalpers, J.; and Crous, P. (2005). Reprinted with
permission from Highwire Press and R.C. Summerbell.

a) Advantages of Luminex Technology

The multiplexing ability of the Luminex technology is perhaps its most

impressive attribute. The Luminex system is able to achieve superior multiplexing ability
because of its use of the dual dye system, which enables up to five-hundred different
internal dye variations. Multiplexing is something that has become especially important
in the face of time and resource limitations. Luminex is one of the few technologies that
answers the need for multiplexing without sacrificing sensitivity or specificity. Luminex
technology is amenable to multiplexing because the various internal dye combinations
enable researchers to simultaneously screen for up to five-hundred different analytes.

Aside from its multiplexing capabilities, the greatest advantage of the Luminex

technology is its high throughput. Not only does this enhance laboratory efficiency, but it

19



also poses the advantage of conducting numerous trials within a short time frame.
Another advantage of this technology is that each assay occurs in its own well, translating
into less contamination and fewer opportunities for cross-reactivity. Only very minute
quantities of analyte are needed for each assay, which is especially important in forensic
applications, when the sample may be very limited.

The sensitivity of the microsphere technology is quite impressive. One study
demonstrated that detection was feasible when just 0.1% of the probes on the bead
surface were occupied with target DNA (Spiro et al., 2000). In another study (Biagini et
al., 2004), the limits of detection for high-performance liquid chromatography-mass
spectrometry (HPLC-MS) were compared to those for the Luminex technology. The
results indicated that HPLC-MS had a limit of detection of 0.4 ng/mL, whereas the
Luminex technology had a limit of detection of 0.10 ng/mL. In yet another study, target
sequences comprising as little as 0.3% of the total analyte solution were successfully
detected and identified (Spiro and Lowe, 2002).

The simple but elegant design of the microsphere technology, coupled with its
ability to produce real-time results, has led to the application of this technology to help
solve numerous practical problems. For example, environmental monitoring for allergens,
pesticides (Biagini ef al., 2002), and biowarfare agents (McBride ef al., 2003) has
become increasingly prevalent in recent years. Luminex technology has even been
combined with mobile formats, such as the autonomous pathogen detection system
(APDS), which is designed for on-site, real-time monitoring for biowarfare agents

(McBride et al., 2003; Hindson et al., 2004).
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b) Disadvantages of Luminex Technology

One of the more general disadvantages is that the microsphere technology may
require a considerable start-up investment. The retail price of the instrument itself is
approximately $70,000, plus about $10,000 for the accompanying software. Operating
costs may also be quite demanding, depending on the scope of the study. Each marker
has its own probe which is attached to its own bead set. Probes, reverse probes, and target
DNA must all be purchased from a commercial oligonucleotide vendor. Many
researchers view the start-up and operating costs as a small price to pay for the
capabilities of the Luminex instrumentation. Although these costs may be readily
absorbed by a large research laboratory, smaller laboratories may find the financial
commitment too demanding.

Luminex research also requires a substantial investment in background research
that must precede the benchwork. The research must be carried out using probe and target
sequences that have underdone extensive studies prior to their use. For example, it must
be confirmed that the target DNA is derived from highly polymorphic,
thermodynamically stable, and non-hairpin-forming regions of the DNA (Summerbell e?
al., 2005). The research and preparation involved (especially if hundreds of analytes will
be screened) can be quite laborious. Nevertheless, the data output mirrors the work that
preceded it, so it is important to invest the appropriate amount of time in the early phases
of the research. Once the initial background work is completed, many assays can be
completed without the need for any further bioinformatics research.

Problems with cross-hybridization on the Luminex instrument have been

encountered on several occasions. The impact of cross-reactivity may be more
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pronounced when more analytes are tested. In order to resolve this issue, unpredictable
probes (i.e., those derived from regions of the genome that undergo high rates of
mutation) should be avoided and/or removed from use (Chandler and Jarrell, 2004).
Multiple probes can also be used to distinguish each microorganism. Doing so minimizes
the chance that cross-reactivity with one probe will hamper identification using the other
probes. In sum, cross-reactivity has been observed in Luminex assays, but it is often to a
much lesser degree than the cross reactivity observed in alternative methods such as

DNA microarrays (Spiro et al., 2000).

7. Luminex Research at John Jay College
a) Overview

The Luminex instrument was purchased by John Jay College in August 2008. A
pilot study was undertaken in order to explore the abilities of the Luminex platform. The
findings of the pilot study were described in an unpublished Masters thesis (Battaglia,
2009) and in the literature (Battaglia et al., 2011).

First, four distantly related microbes of minimum pathogenicity were selected:
Bacillus cereus, Escherichia coli, Salmonella enterica, and Staphylococcus aureus. A
unique twenty base probe (residing in the 23S rRNA gene rr/) was selected for each of
the four microbes based on data available from prior research (Dunbar and Jacobson,
2007). The probes were each coupled to a unique microsphere set. Target DNA was

amplified using genomic DNA of the four chosen microorganisms.
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b) Specificity Study
In order to obtain some measure of this assay’s specificity, each target DNA was
separately combined with a mix of all four bead sets. The results indicated the specificity
of the probe-coupled beads to their respective target DNAs (Table 2.1). Some false
positives were observed in this and other assays (data not shown), indicating possible

cross-reactivity between E. coli and S. enterica.

Sample BC Probe EC Probe SE Probe  SA Probe
Bacillus cereus 1412 0 0 0
Escherichia coli 17 1130 0 0
Salmonella enterica 3 27 868 0
Staphylococcus aureus 1 0 10 579
Neg. control 180 116 104 100

Table 2.1. Raw MFIs for selected samples in specificity study. Highlighted values
indicate designed complementarity. Originally published as Table 4 on page 763 in
Pathogen Detection Using a Liquid Array Technology (Journal of Forensic Sciences 56:
760-765) by Battaglia, A.; Schweighardt, A.; and Wallace, M. (2011). Reprinted with
permission from John Wiley & Sons.

Further investigation into the cross-reactivity between E. coli and S. enterica
revealed that these two microbes shared an 85% sequence homology in the region of the
rrl gene which contained the probe. An additional source of the cross-reactivity observed
between these two microbes may have been related to the location of the polymorphisms
within these probes. Most of the polymorphism between the E. coli and S. enterica probe
resided toward the end of the probe. Ideally, polymorphisms should reside in the center of
the probe (Dunbar and Jacobson, 2005; Ishii ef al., 2008), because bases in the middle

hybridize first and move outward to the 5" and 3" ends. Polymorphisms located toward

the ends of the probe create a problem because, in the case of a mismatched probe and
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target, most of the duplex may be irrevocably formed before the polymorphism is

encountered at the termini.

¢) Sensitivity Study
A sensitivity study was performed to establish the lower limits of detection

(LLD). Target DNA sequences of various concentrations ranging from 0.25 to 25 ng
were introduced to the probe-coupled beads. The goal was to find the point at which the
target DNA could no longer be detected. The results indicated that the lower limit of
detection was 0.5 ng for B. cereus and E. coli; 2 ng for S. enterica; and below 0.25 ng for
S. aureus (Table 2.2). The LLD for S. aureus could not be precisely determined. This
could have been due to the high sensitivity of the S. aureus probe. However, it was more
likely due to slight errors in the quantitation process which led to S. aureus target DNA

and/or beads being more concentrated than they should have been.
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Sample B. cereus E. coli S. enterica S. aureus
probe probe probe probe
B. cereus 0.25 ng 0 0 0 0
B. cereus 0.5 ng 81 0 0 0
B. cereus 1 ng 161 0 0 0
B. cereus 2 ng 364 0 0 0
B. cereus 5 ng 576 0 0 0
B. cereus 10 ng 754 0 0 0
B. cereus 25 ng 1119 0 0 0
E. coli 0.25 ng 0 0 0 0
E. coli 0.5 ng 0 101 0 0
E. coli 1 ng 0 211 0 0
E. coli2 ng 0 332 0 0
E. coli 5 ng 0 616 0 0
E. coli 10 ng 0 965 0 8
E. coli 25 ng 0 1734 0 25
S. enterica 0.25 ng 0 0 0 0
S. enterica 0.5 ng 0 0 0 0
S. enterica 1 ng 0 0 0 0
S. enterica 2 ng 0 0 14 0
S. enterica 5 ng 0 0 74 0
S. enterica 10 ng 0 0 178 0
S. enterica 25 ng 0 0 453 0
S. aureus 0.25 ng 35 43 21 366
S. aureus 0.5 ng 5 9 0 614
S. aureus 1 ng 49 51 16 629
S. aureus 2 ng 75 60 44 1295
S. aureus 5 ng 224 218 205 1682
S. aureus 10 ng 179 170 169 2169
S. aureus 25 ng 234 203 161 2907
Negative control 18 17 29 15

Table 2.2. Net MFIs for selected samples in specificity study (*Net MFI = Raw MFI —
3X Neg. control for selected bead set; net MFIs < 0 reported as “0”). Yellow highlighted
cells indicate designed complementarity. Net MFIs in Blue font indicate a false positive.
Positive controls were above threshold but are not shown.
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d) Mixture Study

A mixture study was undertaken to determine the efficacy of detecting the
components of several bacterial DNA sequences when present in a mixture. A 1:1 ratio
(in terms of mass of sample, or amplicons) of all possible binary, ternary, and quaternary
combinations was made.

In the mixture study, the Luminex never detected any bacterial DNA that was not
present (i.e., no false positives). However, there were several false negatives, all of which
involved the S. enterica probe. This could have been another side effect of the cross-
reactivity between E. coli and S. enterica. The results of the mixture study are

summarized in Table 2.3.

Sample** BC Probe EC Probe SE Probe SA Probe
BC + EC 486 599 6 =2
BC + SE 586 -6 75 =9
BC + SA 537 —10 7 1643
EC + SE -8 665 62 7
EC + SA 5 713 —6 1733
SE + SA -8 =1 76 1750
BC + EC + SE 3 644 83 =1
BC + EC + SA 532 707 10 1672
BC + SE + SA 508 10 79 1642
EC + SE + SA 11 718 78 1362
BC + EC + SE + SA 502 519 80 722

Table 2.3. Net MFIs for 1:1 mixtures. All samples contained 20 ng of each PCR
amplicon. The combinations of designed complementarity are highlighted. Values two
times the average background (81) indicate a positive identification and are denoted in
bold. The net MFI values are equivalent to the raw MFI value less one background of the
specific microsphere set. Positive controls were above threshold but are not shown. **BC
= B. cereus, EC = E. coli, SE = S. enterica, SA = S. aureus. Originally published as Table
5 on page 764 in Pathogen Detection Using a Liquid Array Technology (Journal of
Forensic Sciences 56: 760-765) by Battaglia, A.; Schweighardt, A.; and Wallace, M.
(2011). Reprinted with permission from John Wiley & Sons.
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A second mixture study was conducted which involved studying only binary
mixtures in which the bacterial DNA components were present in various ratios (1:1, 1:2,
1:5, and 1:10, plus all converse ratios). The sensitivity study indicated that the highest
lower limit of detection was 2 ng (for S. enterica). Therefore, “1” was normalized to
mean 2 ng and other values were adjusted relative to this.

In the second mixture study, the Luminex never detected any bacterial DNA that
was not present (i.e., no false positives). There were several false negatives, again
involving the S. enterica probe. Considering the number of samples tested (forty-eight),
there were not many false negatives (three). It is important to emphasize that the
Luminex was able to detect both components of most binary mixtures, even when the
minor component was overshadowed ten-fold by the major component. Although the net
MFTI observed in each mixture was generally proportional to the quantity of input DNA,
the fluorescence did not always mirror the input DNA ratios. The results of this mixture

study are summarized in Table 2.4.
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BC EC 3E SA MFI

Sample**® Probe Probe Probe Probe Ratin®***
BC:EC 10:1 —2 41
BC:EC 5:1 9 2.5:1
BC:EC 2:1 -6 ol |
BC:EC 1:1 2 1:1
BC:EC 1:2 5 1:1.5
BC:EC 1:5 i 125
BC:EC 1:10 23 1:4
BC:SE 10:1 —8 24:
BC:SE 5:1 16:1
BC:SE 2:1 15:1
BC:SE 1:1 71
BC:SE 1:2 4.5:1
BC:5E 1:5 1L.5:1
BC:SE 1:10 I:1
BC:SA 10:1 25:1
BC:SA 51 251
BC:5A 2:1 1:1.5
BC:SA 1:1 12
BC:5A 1:2 135
BC:S5A 1:5 155
BC:SA 1:10 1:B.5
EC:SE 10:1 14.5:1
EC:SE 3:1 16:1
EC:SE 2:1 12.5:1
BEC:5E 1:1 &8:1
EC:5E 1:2 3.5:1
EC:SE 1:5 | |
EC:5E 1:10 1:1.5
BC:SA 10:1 1.5:1
EC:5A 5:1 11
EC:5A 2:1 1:1.5
EC:SA 1:1 125
EC:5A 1:2 Z.5:1
EC:5A 1:5 1:4
EC:5A 1:10 1:45
SE:SA 10:1 125
SE:SA 5:1 1:4
SE:SA 2:1 1:8
SE:SA 1:1 1:12
SE:SA 12 1:18
SESA 15 1:19
SESA 1:10 1275

Table 2.4. Net MFIs for ratio mixtures. The combinations of designed complementarity
are highlighted. Values two times the average background (46) indicate a positive
identification and are denoted in bold. False negative values are underlined. The net MFI
values are equivalent to the raw MFI value less one background of the specific
microsphere set. Positive controls were above threshold but are not shown. **BC = B.
cereus, EC = E. coli, SE = S. enterica, SA = S. aureus. ***An approximate ratio of MFI
values was determined between the two organisms present in the sample by dividing the
larger MFI value by the smaller one and rounding to the nearest 0.5. Originally published
as Table 6 on page 764 in Pathogen Detection Using a Liquid Array Technology (Journal
of Forensic Sciences 56: 760-765) by Battaglia, A.; Schweighardt, A.; and Wallace, M.
(2011). Reprinted with permission from John Wiley & Sons.
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CHAPTER III. RESEARCH DESIGN

A. Selecting Four Core Pathogens

There are many potential pathogens that could be used in a bioterrorist attack.
Figure 3.1 summarizes just a few of the most common bacterial pathogens. The Centers
for Disease Control and Prevention list Bacillus anthracis, Clostridium botulinum,
Francisella tularensis, and Yersinia pestis as Category A high-priority pathogens that
pose a risk to national security due to their ease of dispersal, high mortality rates,
potential to cause panic, and the need for special emergency response procedures (CDC,
2011). For all these reasons, B. anthracis, C. botulinum, F. tularensis, and Y. pestis are
highly likely to be used by a bioterrorist. The genomic DNA sequences of these bacteria
are readily available (Read et al., 2003; Smith et al., 2007; Larsson ef al., 2005; Parkhill
et al.,2001). The Bacillus and Clostridium genera both reside in the Firmicutes phylum.
The Francisella and Yersinia genera both reside in the Proteobacteria phylum, as shown

in Figure 3.1.
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1. Anthrax

Bacillus anthracis was identified in 1876 by the now famous German physician
and microbiologist Robert Koch (Koch, 1876). Aside from identifying the causative
agent of anthrax and tuberculosis, Koch is also well known for his Postulates, which
essentially state that microorganisms are the cause of disease. This was not a popular idea
in Koch’s time, when superstitions prevailed and popular culture dictated fallacious
explanations for disease. It was the pioneering work done by researchers like Koch, Redi,
Pasteur, Tyndall, and others that finally convinced skeptics of the “germ theory” of
disease.

Today, our knowledge of the bacterium that once eluded physicians and
microbiologists for centuries has grown quite impressive indeed. It is now known that B.
anthracis is a spore-forming (one characteristic of its life cycle that complicated its
discovery and classification), facultatively anaerobic, Gram-positive bacterium. It is also
known that this bacterium can cause inhalational, cutaneous, or gastrointestinal
infections, the former being the most lethal. Inhalational anthrax has been known to result
in a mortality rate of up to 80% in the absence of timely and adequate antimicrobial
therapy (Ciammaruconi et al., 2008). Antimicrobial therapies have been used with some
degree of success to treat victims of anthrax disease, provided that their illness is
diagnosed in a timely fashion (Ghosh ef al., 2002). If diagnosis is delayed, the toxins
secreted by the bacteria may have accumulated to the point where a neutralizing anti-
toxin treatment is needed in addition to antibiotic treatment.

Research over time has steadily demystified B. anthracis, to the point that the

entire genome of this bacterium is now known (Read et al., 2003). However, there is still
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much to be learned about B. anthracis. For example, this bacterium is difficult to identify
by genetic means because of the high degree of homology that its genome has with other
closely related microorganisms. Technologies designed for the identification of this
pathogenic microorganism cannot advance until further genetic research provides a basis
for genetically distinguishing B. anthracis from similar bacteria. Therefore, the discovery
and proven effectiveness of polymorphic genetic markers for B. anthracis remains an

area of great research interest.

2. Botulism

The name “botulism” comes from the Latin word for sausage, which is botulus.
The illness was so named because it was often contracted from eating contaminated
sausage (Black, 2005). Botulism is caused by a toxin secreted by the bacterium
Clostridium botulinum, which is a gram-positive rod-shaped bacterium.

The unusually heat-resistant spores of C. botulinum can be found on edible plants
or in the soil. The spores can also germinate in canned goods because they are obligate
anaerobes. The toxin is secreted from the bacterium when contaminated food is ingested.
Once ingested, the bacteria release an exotoxin that causes muscle paralysis by blocking
the release of the neurotransmitter acetylcholine. This neurotransmitter is essential for
carrying nerve impulses across the synaptic cleft that separates one nerve cell from the
next. With acetylcholine disabled, neurons cannot transmit the electrical signals that
cause muscles to contract, and therefore the muscles of infected individuals become
flaccid and useless.

Initial muscle paralysis manifests itself in the head and neck but eventually

progresses to all of the skeletal muscles. If the infection is not diagnosed or if the proper
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antiserum is not administered in a timely fashion, death results from total respiratory
arrest. Simultaneous infection of many individuals is a major concern because of the
potential to easily overwhelm medical treatment facilities (Ghosh et al., 2002). Even with
the timely diagnosis and treatment, the recovery is a long process that often requires

elaborate equipment such as a medical ventilator.

3. Tularemia

Francisella tularensis is the causative agent of tularemia. This bacterium i1s Gram-
negative with a coccobacillus morphology. It was first isolated in Tulare County,
California in 1911 and was named accordingly (Black, 2005).

Tularemia is normally transmitted by insect bites to various small mammals.
Humans can also be infected by the bite of an insect, among other modes of transmission.
The virulence of the disease is dependent on the method by which it has been transmitted,
but the most destructive form of the disease comes from inhalation of the aerosolized
bacteria, causing a severe form of the disease known as “pneumonic tularemia” (Ghosh et
al., 2002). The symptoms of the disease initially resemble pneumonia, but the condition
of the victims gradually worsens as the bacteria infect the lymphatic system. Estimates of
the mortality rate for tularemia range from 5% (Black, 2005) to 60% (Ghosh et al., 2002).
The high variability is due to the virulence of different isolates and/or the ability of a
particular geographic area to effectively treat the symptoms. Increased virulence could
also result from strains that have been genetically engineered for resistance to common

antibiotics.
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4. Plague

Plague is caused by Yersinia pestis, which is a Gram-negative bacterium with a
short, thick rod-shaped morphology (Black, 2005). Bacteria are spread via fleas that live
on and bite rodents. Once the rodent dies, the fleas seek a new rodent host. Historically,
urban areas are at an especially high risk for the plague because when high numbers of
rodents succumb to the disease, fleas seek alternative hosts which may include humans
(Ghosh et al., 2002).

Victims become symptomatic about one to eight days after the initial fleabite.
Flu-like symptoms develop first but the lymphatic system is soon compromised which is
evident from the characteristic “bubos,” or swollen lymph nodes in the groin and
underarm areas. The bacteria multiply in the lymphatic system and evade destruction
because of their secretion of a protein that inhibits phagocytosis. As the disease
progresses and the respiratory system becomes infected, the bacteria can be transmitted
from human-to-human by coughing. Further progression of the disease causes the
circulation of Y. pestis in the blood. This causes septicemia, or a generalized
inflammatory response characterized by shock, organ failure, internal bleeding, and
gangrenous extremities (Ghosh ef al., 2002). Plague is sometimes referred to as “Black
Death” because the extremities turn black from prolonged gangrene. The mortality rate is

close to 100% unless antibiotic treatments are administered.

B. Selecting Close Relatives of the Four Core Pathogens
Once the four core pathogens were selected, close relatives of each of the four
pathogens were sought. The purpose of selecting close relatives was to test the ability to

identify potential mimics and/or genetically modified relatives within the same genus.
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The close relatives chosen for this research were Bacillus cereus, Clostridium difficile,
Francisella tularensis subsp. holarctica and Yersinia enterocolitica. The genomes of
these four bacteria have been fully sequenced (Ivanova et al., 2003; Sebaihia et al., 2006;
Barabote et al., 2009; and Thomson et al., 2006).

An additional decision to be made before commencing the bioinformatics study
was to choose an outlying microorganism. The outlier should theoretically have less
DNA homology with the other eight microbes and thus its target DNA should not be very
reactive with the probes used in this study. In order to select an appropriate outlier, the
phyla of the four core pathogens and their respective close relatives were examined. The
Francisella and Yersinia genera reside in the Proteobacteria phylum; the Bacillus and
Clostridium genera reside in the Firmicutes phylum. The kingdom Bacteria has over
twenty phyla (Garrity ef al., 2001) but it was important to select the outlier from a
phylum other than Proteobacteria and Firmicutes.

Mpycobacterium tuberculosis was ultimately selected as the outlier because it
belongs to the Actinobacteria phylum which diverged before Firmicutes and
Proteobacteria (Ecker et al., 2005). The complete genome sequence of M. tuberculosis is
available (Cole ef al., 1998), and the rr/ gene sequence can also be found on the NCBI
Gene database. M. tuberculosis is the causative agent of the respiratory disease
tuberculosis and thus its genomic DNA can be readily acquired, along with the genomic

DNA of other priority pathogens, from BEI Resources.
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C. Identifying Genes for Probe Design

1. rrl Gene

Ribosomal RNA is an essential part of translation, the process by which the
information contained in an mRNA sequence is converted into the protein language.
Prokaryotic ribosomal RNA consists of a large (50S) and small (30S) subunit. The large
subunit is made of 23S and 5S RNA while the small subunit is made of 16S RNA. The
ribosomal RNAs are measured in Svedberg (S) units, which are a measure of
sedimentation under standard conditions (Lodish et al., 2004). Figure 3.2 illustrates the

composition of prokaryotic ribosomal RNA.

Complete Ribosomes| Subunits Nucleotides Proteins

Prokaryotic W
N

23S RNA 3000 nudleotides
55 RNA 120 nucleohdas

708 | Cped e B 21

30s 165 ANA 1700 nuclectides

Figure 3.2. Composition of prokaryotic ribosomal RNA. Originally published as Figure
8.23 on page 278 in Genetics: from genes to genomes, 3" edition (McGraw-Hill Higher
Education) by Hartwell, L.; Hood, L.; Goldberg, M.; Reynolds, A.; Silver, L.; and Veres,
R. (2008). Reprinted with permission from The McGraw-Hill Companies.

This study relied, in part, upon probes derived from DNA sequences that code for
23S rRNA. The 23S rRNA is coded for by DNA sequences that collectively comprise the
rrl gene. The rrl gene is usually part of a larger gene cluster that includes the upstream
rrs gene (which codes for the small, 16S rRNA subunit) and the downstream rrf gene

(which codes for the 5S component of the large rRNA subunit; Srivastava and

Schlessinger, 1990). Genetic analyses of bacteria can sometimes be complicated by the
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propensity for prokaryotic genomes to undergo high rates of mutation. However, such
complications are often minimized by studying ribosomal RNA genes, which are highly
conserved because they code for structural RNA molecules involved in processes, such as
translation, that are essential for life (Nomura et al., 1984). Genes that are essential for
life processes are ideal for probe design because they are under high selective pressure to
minimize mutations. Probing for ribosomal RNA gene sequences may also help to
improve sensitivity, as these genes are often present in multiple copies in order to
accommodate the cell during times when many ribosomes are needed for translation.

The nine pathogens selected for use in this study had a fully sequenced r7/ gene

available from the NCBI Gene database (Maglott et al., 2005).

2. TOX Genes
a) Overview

Many pathogenic microorganisms have toxin-coding sections of their genome that
separate them from their non-pathogenic cousins. These unique sections of the genome,
from which the organisms derive their pathogenicity, were thought to be good candidates
for confirmatory genetic identification. Each pathogenic species has its own special
toxin-coding genes, and therefore these probes were designed using a different gene for
each microbe, unlike those for the presumptive identification which targeted the same
gene (rr/) in all organisms. Accordingly, probe design for the toxin-coding genes began
by searching the literature to glean information about the toxin-coding genes for each of

the four core pathogens.
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b) Bacillus anthracis

The Sterne strain of B. anthracis was selected for this research because this was
the only strain available from BEI Resources, the genomic DNA provider. The genome
of this strain was completely sequenced in 2004 by the Joint Genome Institute of the U.S.
Department of Energy. A paper formally detailing the sequencing effort was not
published, but a paper on the plasmids from which B. anthracis str. Sterne mainly derives
its toxicity has been published (Okinaka ef al., 1999). The pathogenicity of B. anthracis
stems mainly from the genes on the pXO2 plasmid that code for capsule synthesis (capA,
capB, and cap(C) and from the genes on the pXO1 plasmid that code for the toxins pagA4
(protective antigen), lef (lethal factor), and cya (edema factor).

Even though B. anthracis derives its toxicity from genes on both the pXO1 and
pXO2 plasmids, probe design for this study was restricted to genes on pXO1 because the
Sterne strain is acapsulate (i.e., lacking the pXO2 plasmid). The three toxin-coding genes
(pagA, lef, and cya) on pXO1 were excellent candidates for probe design because prior
research demonstrated that even closely related microbes such as B. cereus and B.
thuringiensis lacked these genes (Read ef al., 2003). Furthermore, there appeared to be
high homology in the toxin-coding gene sequences for all B. anthracis isolates (Leppla,
1999). This meant that a probe designed within one of these three toxin-coding genes
would most likely be highly specific for B. anthracis.

The pagA and cya genes are essential in the early infective stages of anthrax
(Keppie et al., 1963), whereas the lef gene is important later on in the infection, just
before death occurs (Leppla, 1995). The toxin coded by the cya gene is an adenylate
cyclase that causes abnormally high levels of cyclic AMP, thereby leading to significant

incapacitation of neutrophils (O’Brien et al., 1985). The toxin coded by the /ef gene is a
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metalloprotease (Klimpel ef al., 1994) that was first discovered in 1961 (Stanley and
Smith). It works in tandem with pagA4 to create what is known as the lethal toxin. The
gene pagA codes for a protein that binds to cell surface receptors, subsequently creating a
channel that allows the protein coded by /ef to penetrate the cell and enter the cytosol
(Milne et al., 1994). The metalloprotease coded by lef may exert its pathogenesis by
inhibiting the mitogen-activated protein kinase (MAPK) signal transduction pathway
(Duesbery et al., 1998). This pathway, however, is not known to control short-term
homeostasis — a process that is severely compromised in the presence of the lethal toxin
(Leppla, 1999). Accordingly, it is believed that the protein coded by /ef may act on other
cytosolic components, perhaps even some that cause macrophages to secrete abnormally
high levels of cytokines, thus leading to systemic shock (Hanna et al., 1993). The /ef gene
was ultimately chosen for probe design because it is essential for pathogenicity — studies
have shown that virulence is more than 1000 times less when /ef is inactivated by
insertional mutagenesis (Pezard ef al., 1991). Indeed, the lef gene is regarded as the most

important virulence factor (Leppla, 1999) in B. anthracis.

¢) Clostridium botulinum

Neuroexocytosis is the process by which synaptic vesicles fuse with the
presynaptic membrane in a neuron and release neurotransmitters into the synaptic cleft. It
is a key step in the transmission of an action potential from one neuron to a neighboring
neuron. Botulinum neurotoxin (BoNT) is a metalloprotease that interferes with this
process by cleaving proteins called SNARESs that are essential for fusion of the synaptic

vesicle to the presynaptic membrane (Simpson, 2004; Poulain et al., 2006).
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C. botulinum is divided into four phenotypic groups, numbered I through IV, with
groups I and II being responsible for most cases of botulism in humans (Lindstrom and
Korkeala, 2006). Group I is designated as “proteolytic” because the neurotoxin achieves
maximum potency after the botulinum neurotoxin is cleaved by an endogenous protease,
whereas Group II organisms are designated as “non-proteolytic” because the neurotoxin
achieves maximum potency after the BoNT is cleaved by an exogenous protease
(Lindstrom and Korkeala, 2006). Each group can be further classified into serotypes A
through G, with specific serotypes being found only in certain groups (East ef al., 1998).
The serotype letter corresponds to the BONT produced by that particular organism.

The only C. botulinum genomic DNA available (from BEI Resources) was C.
botulinum Strain Walls 8G. According to the product information sheet, this is a group I
(proteolytic) BoNT type F toxin-producing strain. The BoNT/F gene is usually part of a
gene cluster with NTNH, BotR, and p47, as well as polycistronic open reading frames

orfX3, orfX2, and orfX1 (East et al., 1998; Smith et al., 2007).

d) Francisella tularensis

Upon entering the host organism, Francisella tularensis uses components of its
outer surface (such as its pili) to adhere to host macrophages (Gil et al., 2004). The
microbe is engulfed by the macrophage and becomes sequestered in a phagosome, where
it evades lysosomal degradation by creating a basic environment due to ammonia
generated by enzymes such as citrulline ureidase (Fleming and Foshay, 1955; Gordon et
al., 1980). Several hours after being engulfed by the macrophage, the bacteria degrade

the phagosomal membrane and enter the cytosol where they replicate (Golovliov et al.,

40



2003). Severe cytopathogenicity causes apoptosis of the macrophage within twenty-four
hours of the initial infection (Lai ef al., 2001).

A great deal is known about the mechanism by which F. tularensis enters host
cell macrophages and eventually causes apoptosis. However, very little is known about
the genes within F. tularensis that account for its destructiveness. This microbe does not
derive its virulence from toxin-coding genes. Instead, its virulence ostensibly stems from
enzymes that enable it to enter, replicate within, and destroy host macrophages. An
overview of some of the genes thought to be involved in these processes can be found in
the literature (Barker and Klose, 2007). Most efforts to identify F. tularensis have
focused on the genes that are responsible for enabling the bacteria to grow within, and
eventually be released from, the host macrophages. The genes mgl4 and mg/B
(macrophage growth loci A and B), for example, are critical for bacterial growth within
the macrophage (Baron and Nano, 1998). Also of interest are genes on the Francisella
pathogenicity island (FPI) such as ig/4, iglB, and ig/C, which are important for sustaining
growth of the bacteria within the macrophage, as well as orchestrating the release of the
bacteria from the phagosome (Bruin ef al., 2007 and Santic et al., 2005).

Although sufficient for identifying organisms belonging to the Francisella genus,
many of the aforementioned genes lack the uniqueness necessary to specifically identify
F. tularensis subsp. tularensis (the most virulent subspecies). One gene that may allow
specific identification of the tularensis subspecies is FTT0435 (also known as ctu), which
codes for citrulline ureidase, the enzyme whose generation of ammonia contributes to the

bacteria’s ability to evade lysosomal degradation (Larsson ef al., 2005). Citrulline
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ureidase is thought to be unique to the tularensis subspecies (Sjostedt, 2004), thus

making FTT0435 a good candidate for identification of F. tularensis subsp. tularensis.

e) Yersinia pestis

Humans can acquire plague through the bite of an infected flea or mammal, or
from inhaling respiratory droplets containing the bacteria (Perry and Fetherston, 1997).
There are eleven species within the Yersinia genus, but only Y. enterocolitica, Y.
pseudotuberculosis, and Y. pestis are pathogenic to humans. The bacteria cause illness in
humans not by producing toxins, but instead by evading immune system defenses. Some
genes code for proteins that facilitate entry into host cells (Forman ef al., 2008), whereas
others code for proteins that help the bacteria to avoid phagocytosis (Viboud and Bliska,
2005), leading eventually to apoptosis. Some of the virulence genes are located on the
bacterial chromosome, but some also reside in the plasmids. Genes on the plasmids were
preferentially sought for this research because these genes are more susceptible to
malicious genetic manipulations that could confer toxicity on an otherwise benign strain.

All three pathogenic strains possess the pCD1 (calcium dependence) plasmid.
However, the plasmids pMT1 (murine toxin) and pPCP1 (pesticin, coagulase,
plasminogen activator) are unique to Y. pestis. Genes on plasmid pMT1 were not pursued
for this study because of complications anticipated from the genetic relatedness of pMT1
to a plasmid in Sal/monella enterica (Prentice et al., 2001). This left genes on plasmid
pPCP1 for probe design. One gene that has been used to successfully identify Y. pestis is
the plasminogen activator, pla (Leal and Almeida, 1999; Lathem et al., 2007). This gene
was mapped in 1988 (Sodeinde and Goguen) and is thought to activate a protease that

inhibits coagulation and causes the lysis of fibrin clots (Sodeinde et al., 1992).
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CHAPTER 1V. METHODOLOGY

A. Bioinformatics
1. Searching for Gene Sequences

Sequences for the 77/ gene of the nine bacteria were accessed on the NCBI

website using their GenBank accession number as indicated in Table 4.1.

Organism GenBank
Number

Bacillus anthracis str. Sterne AE017225
Bacillus cereus CP000001
Clostridium botulinum CP000728
Clostridium difficile AM180355
Francisella tularensis tularensis SCHU S4 AJ749949
Francisella tularensis holarctica AM233362
Yersinia pestis CO92 AL590842
Yersinia enterocolitica enterocolitica AM286415
Mycobacterium tuberculosis H37rv AL123456

Table 4.1. Names and GenBank accession numbers for nine bacteria.

A literature search for the toxin-coding genes returned several candidate genes for
each of the four core microbes. However, after closer analysis (see section on identifying
genes for probe design in Chapter III: Research Design), one gene for each core microbe
was ultimately selected. The outcome of the literature search for toxin-coding genes is

summarized in the Table 4.2.
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Oreanism g:)):j‘;:- Cellular Base GenBank

g g Location | Location | Number

Gene
. 127442 to

B. anthracis str. Sterne lef pXO1 129871 AF065404

C. botulinum F str. Langeland BoNT/F chrom.* 822;2? 6t0 X99064
F. tularensis tularensis str. SCHU S4 | FTT0435 | chrom.* 432252;0 AJ749949
Y. pestis CO92 pla pPCP1 6?28;0 AL109969

Table 4.2. Toxin-coding genes selected for probe design. Abbreviation “chrom” =

chromosome.

2. Probe and Primer Design

RRL probe and primer sequences were designed to be complementary to

sequences within the 23S ribosomal RNA gene r7/. Initial attempts to design RRL probes

and primers at separate loci were not successful due to the high degree of homology in

the 77/ gene. The locus ultimately selected for probe and primer design was based on one

identified in prior research (Dunbar and Jacobson, 2007). This locus was optimal because

there existed a sufficient number of polymorphisms to permit the design of unique

probes, yet a substantial degree of homology in the flanking regions made these target

sequences amenable to amplification using degenerate PCR primers.

To facilitate degenerate primer design, the locus was aligned for all nine bacteria

using the Clustal W multiple sequence alignment tool (ClustalW, 2010). Probe and
reverse probe sequences are shown in Tables 4.3 and 4.4. RRL primer sequences are
shown in Table 4.5. The RRL primers and probes were checked for general uniformity in
terms of melting temperature and GC content using a DNA calculator available on the
World Wide Web (Sigma, 2010). Primer and probe specificity (see Section 3, below) and

propensity for secondary structure formation (see Section 4, below) were also evaluated.
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Ideally, the range of melting temperatures for probes and primers would not exceed 5°C,
but this goal had to be somewhat flexible to accommodate other important parameters in
sequence design such as maximizing specificity and minimizing the potential for self- or

cross-dimerization.

Probe RRL Probe Sequence Twm (°C) %GC
Bac/RRL CGTAATGGTATGGTATCCTT 56.3 40
Cdif/RRL AGTAATGTCTAAGTATCATT 50.2 25
Cbot/RRL GGTAACCCCATGTATCATG 58.0 47.4
Fran/RRL ACACAAGTTGGGTACTCACT 58.4 45
Yent/RRL CAATTCGTTGCACTATTGCA 56.3 40
Ypes/RRL CAATACGTTGCACTATCGTT 56.3 40
Myc/RRL AGTGATGTCGTGCTACCCGC 64.5 60

Table 4.3. RRL probe sequences (all shown in 5" to 3" orientation).

Rev. Probe RRL Reverse Probe Sequence Tm (°C) %GC
Bac/RRL AAGGATACCATACCATTACG 56.3 40
Cdif/RRL AATGATACTTAGACATTACT 50.2 25
Cbot/RRL CATGATACATGGGGTTACC 58.0 47.4
Fran/RRL AGTGAGTACCCAACTTGTGT 58.4 45
Yent/RRL TGCAATAGTGCAACGAATTG 56.3 40
Ypes/RRL AACGATAGTGCAACGTATTG 56.3 40
Myc/RRL GCGGGTAGCACGACATCACT 64.5 60

Table 4.4. RRL reverse probe sequences (all shown in 5" to 3" orientation).
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TOX gene sequences were opened in FASTA format and aligned (ClustalW,
2010) to identify regions in which there was no homology with other genes used in this
study. Unique sections of each gene were pasted into the source sequence box in Primer3
software (Rozen and Skaletsky, 2000), which was used to design TOX probe and primer
sequences. Default parameters were used in the analysis. Briefly, the optimum target
DNA size was between 150 and 250 bases. Primer specifications were set to an optimum
size of 20 bases and an optimum melting temperature of 60°C. The same length and
melting temperature specifications were used for the probe. Primer, probe, and reverse

probe sequences for the TOX targets are shown in Tables 4.6, 4.7, and 4.8, respectively.

Primer Name TOX Primer Sequence Ty (°C) %GC
Bant/TOX Fwd | TGGACATGCTGTGGATGATT 58.4 45
Bant/TOX Rev ATTGGAAAGTTTTCGGAGCA 56.3 40
Cbot/TOX Fwd | AAAAGGCATATTTATGGACATTGAA 56.4 28
Cbot/TOX Rev TTGTATCATCATTAACAGGGTCA 57.4 34.8
Ftul/TOX Fwd AATGATTGATGCGGATGGTT 56.3 40
Ftul/TOX Rev TCCCAGCAAATACCAACTCC 60.4 50
Ypes/TOX Fwd | GACATCCGGCTCACGTTATT 60.4 50
Ypes/TOX Rev | AGCATCTCCGCCAATAGAGA 60.4 50

Table 4.6. TOX primer sequences (all shown in 5" to 3" orientation).

Probe TOX Probe Sequence Tm (°C) | %GC
Bant/TOX | ATGGGAGAACAAATGAAGCG 58.4 45
Cbot/TOX | GGGGATTTTATGCCAGTTGT 58.4 45
Ftul/TOX TGCTGGTTTTAAGGTTTGGG 58.4 45
Ypes/TOX | TATGATGAGGGCAAAGGAGG 60.4 50

Table 4.7. TOX probe sequences (all shown in 5" to 3" orientation).

Rev. Probe TOX Reverse Probe Ty (°C) %GC
Bant/TOX | CGCTTCATTTGTTCTCCCAT 58.4 45
Cbot/TOX | ACAACTGGCATAAAATCCCC 58.4 45
Ftul/TOX | CCCAAACCTTAAAACCAGCA 58.4 45
Ypes/TOX | CCTCCTTTGCCCTCATCATA 60.4 50

Table 4.8. TOX reverse probe sequences (all shown in 5" to 3" orientation).
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3. Search of the BLASTN Database for Specificity

The RRL and TOX primer and probe sequences were uploaded in the FASTA
format to the query sequence box for the blastn algorithm on the website of the U.S.
National Center for Biotechnology Information (NCBI, 2010). The query sequence was
searched (using default algorithm parameters) against sequences found in all genomes
(approximately 1700) in the nucleotide collection (nr/nt) database to confirm the

specificity of each primer and probe.

4. AutoDimer Analysis

All probe, primer, and target sequences were analyzed by an AutoDimer (Vallone
and Butler, 2004) hairpin screen to assess the likelihood of self-dimerization.
Additionally, all primer, probe, and target sequences were analyzed by an AutoDimer
primer dimer screen for cross-dimerization. The software analyzes each potential
interaction for basepair matches and mismatches; the sum of the mismatches is then
subtracted from the sum of the matches. Any interaction that exceeds the threshold score
value (default is seven) is reported. Scores that are high above the threshold indicate a
strong propensity for dimerization, while scores closer to (or below) the threshold
indicate the opposite and are thus more favorable. If an interaction scores below the

threshold, it is not reported.

5. Determination of Copy Number
The whole genome of each microbe was searched to determine the copy number
of its target sequence. The purpose of this was to determine the number of times the

designated primers would amplify the target sequence. Target sequences were
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individually uploaded to the query sequence box of the blastn algorithm on the NCBI
BLAST search engine (Figure 4.1). The microbe’s GenBank number was then entered
into the Entrez Query box under the Search Set parameters. This limited the search for

the target sequence to the selected microbe.

¥ NCBI BLAST/ blastn suite

J blastn |bl.astg blastx tblastn | tblasix |

BLASTN programs search nucleotide databsses using a nucleotide guery.
Enter Query Sequence

Enter accession number, gi, or FASTA sequence & Clear Query subrange &
& ~ —_—
TAGGECEATGEACALCAGGTTGATATTCCTGTACCACCTCTTTATCGTTTGAGCART GGRAGEGACGCA From | |
GhI —
GEATAGAAGRAGCGTGCGATIGGTIGT GCACGTCCALMGCAGTTAGGCTGATALGTAGGCARATCCGE To | |
TIL R

Or, upload file | | Browse.. | @

Job Title | Target Sequence Copy Number in B. anthracis Sterne

Entera descriptive fitle for your BLAST search &)

] Align twe or more sequences &

Choose Search Set

Database O Human genomic + transcript CiMouse genomic + transcript & Others {nr etc.):
+ | Nucleotide collection {nr/nt) ~e
Organism [Erte i : : : St | +
i [Enter argani s o id—comipletions will be suggested | ] Exclude
Enter organism commaon name, binomial, or tax id. Only 20 top taxa will be shown. &
Exclude [ Models (MXP) [ Uncultured/environmental sample sequences
Optional
Entrez Query |AE017225 1
Optional :

Enter an Entrez query to limit search &)

Figure 4.1. Screenshot of the blastn algorithm for determining target sequence copy
number.

When the BLAST search is complete, a dialogue box at the top of the results page
reminds the viewer that the search has been limited to records matching the input entrez
query (Figure 4.2). In other words, results are not returned unless they belong to
sequences present in the organism whose GenBank accession number matches the

number typed into the Entrez Query box at the beginning of the search.
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» NCBI BLAST/ blastn suite/ Formatting Results - RSVV681V014

@ Your search is limited to records matching entrez query: AE017225.1.

Edit and Resubmit Save Search Strategies  >Formatting options > Download

Target Sequence Copy Number in B. anthracis Stermne

Query ID Icl|32605 Database Name nr
Description None Description All GenBank+EMBL+DDBI+PDE sequences (but no EST, STS,
Molecule type nucleic acid GSS,environmental samples or phase 0, 1 or 2 HTGS seguences)
Query Length 178 Program BLASTN 2.2.22+ »>Citation

Other reports: »Search Summary [Taxonomy reports] [Distance tree of results]

¥ Graphic Summary

Distribution of 11 Blast Hits on the Query Sequence &

iMDuse over to see the defline, click to show alignments |

Color key for alignment scores

<40 40-50 | 0+ 80-200 »>=200
R e ]
I I I I I |
0 30 60 [0 120 150

Figure 4.2. Screenshot of the results page for blastn algorithm for determining target
sequence copy number.

B. Probe/Primer Synthesis

The synthesis of all primers, probes, and reverse probes was performed by
Eurofins MWG Operon (Huntsville, AL). The probes (50 nmol; HPLC purity) were
synthesized with a 5" amino group and C12 spacer to facilitate attachment (via a
carbodiimide bond) to the carboxyl groups on the microspheres. All forward primers (1.0
umol; salt-free purity) were synthesized with a 5" phosphate to facilitate enzymatic
degradation of the non-complementary target strand. Reverse primers (1.0 umol; salt-free
purity) were synthesized with a 5" biotin moiety to facilitate fluorescent detection.
Reverse probes (0.2 umol; salt-free purity) were biontinylated on the 5" end and
synthesized for use in the titration study, as well as for positive controls throughout the

study.

C. PCR Preparation
1. Acquiring Genomic DNA
Lyophilized genomic DNA of nine bacterial species was acquired from BEI

Resources (Manassas, VA) as described in Table Al.1 in Appendix L.
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2. Rehydrating the Genomic DNA

Lyophilized genomic DNA was rehydrated in molecular grade water as
recommended by the certificate of analysis provided with each vial. The necessary
volume of water was added to each genomic DNA to achieve a final concentration of 20
ng/uL. To ensure thorough rehydration, all tubes were shaken for twenty minutes at 300

m on an Eppendorf Thermomixer® R (Eppendorf, Hamburg, Germany) and stored at
p pp pp g

4°C until use.

3. Rehydrating the PCR Primers
PCR primers were rehydrated in 1X Tris-EDTA (TE) buffer solution as
recommended by the oligonucleotide data sheet. The necessary volume of 1X TE was

added to achieve a stock concentration of 100 uM.

D. Monoplex PCR Specificity Check

1. PCR Parameters

Templates needed for PCR were rehydrated as previously described. The 100 uM
stock primer solutions were diluted to 5 uM working solutions. Other reagents were
acquired (Qiagen, Hilden, Germany) and used to prepare each sample by combining the

reagents as indicated in Table 4.9.
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Reagent Volume
Fwd. primer (5 uM) Sul
Rev. primer (5 uM) 5ulL
MgCl, (25 mM) 1 ulL
dNTP Mix (10 mM of each ANTP) 1 ul
10X Buffer SulL
Template (20 ng/ul) Sul
HotStarTaq Plus DNA polymerase (5 units/uL) | 0.7 uL

Table 4.9. PCR reagents and volumes used in the monoplex study. Reagents were
combined and enough molecular grade water was added to bring total reaction volume to
50 uL.

All templates were amplified in six separate batches (Table 4.10). The first batch
of samples was amplified with the RRLfwd#1/RRLrev degenerate primer set. The second

batch was amplified with the RRLfwd#2/RRLrev degenerate primer set. The remaining

four batches consisted of all templates amplified by each individual TOX primer set.

PCR Batch Primer Set
1 RRLfwd#1/RRLrev
2 RRLfwd#2/RRLrev
3 BantTOXfwd/BantTOXrev
4 CbotTOXfwd/CbotTOXrev
5 FtulTOXfwd/FtulTOXrev
6 YpesTOXfwd/YpesTOXrev

Table 4.10. Summary of sample batches in monoplex PCR specificity study.

All sample tubes were loaded into the GeneAmp® PCR System 9700 (Applied
Biosystems, Foster City, CA) and amplified according to the touchdown PCR (TD-PCR)

parameters outlined in Table 4.11. Samples were stored at 4°C until quantitation.

52



Stage Temp. (°C) | Cycle Number Time
Initial Incubation 95 1 5 min
Denaturation 94 30 sec.
Annealing 67* 12 30 sec.
Extension 72 30 sec.
Denaturation 94 30 sec.
Annealing S55%* 13 30 sec.
Extension 72 30 sec.
Final Extension 72 1 3 min.
Hold 4 1 o0

Table 4.11. TD-PCR parameters. *Starting annealing temperature was 67°C and

was decreased by one degree over the course of twelve cycles. **Annealing

temperature was held at 55°C for remaining thirteen cycles.

2. Quantitation

Quantitation of the PCR amplicons was performed using the Agilent 2100
Bioanalyzer and accompanying Agilent DNA 1000 reagent kit and 2100 Expert software
(Agilent Technologies, Santa Clara, CA). The gel-dye mix was prepared as per the
manufacturer’s instructions and loaded in the appropriate wells of the chip secured within
the priming station. DNA marker (5 uL) was added to each of the twelve wells in the chip
plus the ladder well. Ladder (1 uL) was added to the ladder well. PCR amplicons (1 uL)
were added to their respective wells in the chip. Additional DNA marker (1 uL) was
added to any unused sample wells. The chip was vortexed at 24,000 rpm for one minute

using the IKA® MS 3 vortex equipped with a chip adaptor (IKA, Wilmington, NC). The

chip was loaded into the Agilent 2100 Bioanalyzer and sample acquisition was initiated.

E. Multiplex PCR Specificity Check and PCR Optimization
1. Optimization of Primer Concentration
Several experiments were performed to optimize the multiplex. The first trial

consisted of separate forward and reverse primer mixes in which each primer had a
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concentration of 5 uM, except the degenerate RRL primers, which had a higher
concentration because they were designed to amplify multiple templates, as shown in
Table 4.12. The samples were amplified according to the TD-PCR protocol described

above. All PCR amplicons were quantified using the Agilent 2100 Bioanalyzer.

Fwd Primer Name | Final Conc. Rev Primer Name Final Conc.
BanthTOXfwd 5uM BanthTOXrev 5uM
CbotTOXfwd 5uM CbotTOXrev 5uM
FtulTOXfwd 5uM FtulTOXrev 5uM
YpestTOXfwd 5uM YpestTOXrev 5uM
RRLfwd#1 35uM RRLrev 45 uM
RRLfwd#2 10 uM

Table 4.12. Summary of primers in the original Fwd. and Rev. primer mixes.

The primer concentrations described in Table 4.12 were modified with the intent
of improving uniformity in terms of the amount of amplicons produced for each template.
Samples were prepared using the modified primer concentrations described in Table 4.13

and re-amplified according to the TD-PCR protocol described above. All PCR amplicons

were quantified using the Agilent 2100 Bioanalyzer.

Fwd Primer Name | Final Conc. Rev Primer Name Final Conc.
BanthTOXfwd 5uM BanthTOXrev 5uM
CbotTOXfwd 5uM CbotTOXrev 5uM
FtulTOXfwd 5uM FtulTOXrev 5uM
YpestTOXfwd 5uM YpestTOXrev 5uM
RRLfwd#1 15uM RRLrev 20 uM
RRLfwd#2 10 uM

Table 4.13. Summary of primers in the modified Fwd. and Rev. primer mixes.

The primer concentrations described in Table 4.13 were modified once more for
the purpose of diminishing the occurrence of primer dimers among the amplicons. The
modified primer mixes were diluted 1:2 to yield diluted primer mixes with each primer

having the concentrations summarized in Table 4.14. The samples were re-amplified
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according to the TD-PCR protocol described above and quantified using the Agilent 2100

Bioanalyzer.

Fwd Primer Name | Final Conc. Rev Primer Name Final Conc.
BanthTOXfwd 2.5uM BanthTOXrev 2.5uM
CbotTOXfwd 2.5uM CbotTOXrev 2.5uM
FtulTOXfwd 2.5uM FtulTOXrev 2.5uM
YpestTOXfwd 2.5uM YpestTOXrev 2.5uM
RRLfwd#1 7.5uM RRLrev 10 uM
RRLfwd#2 5uM

Table 4.14. Summary of primers in the diluted Fwd. and Rev. primer mixes.

2. Optimization of Template Concentration

PCR reactions in the primer optimization study each used 100 ng of template (20
ng/ul). The diluted primer mix was used to amplify just 10 ng of each individual
template. Additionally, each primer set was used to amplify mixtures containing 10 ng of
each template. Samples were amplified according to the TD-PCR protocol and quantified

using the Agilent 2100 Bioanalyzer.

F. Preparation for Attachment of Probes to Microspheres
1. Rehydrating the Probes
Lyophilized probes were rehydrated in molecular grade water to a stock

concentration of 250 uM. Working solutions (100 uM) of each probe were also prepared.

2. Bead Preparation

Eleven bead sets were acquired from Luminex® Corporation (Austin, TX). The
vials of uncoupled beads were vortexed for twenty seconds and sonicated for twenty
seconds. Stock beads (5.0 x 10°) from each set were transferred to respective

microcentrifuge tubes and centrifuged at 8000 x g for two minutes. The supernatant was
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discarded and the pelleted microspheres were resuspended in 50 uL of 0.1M MES (2-[N-
morpholino] ethanesulfonic acid) adjusted to pH 4.5. Each tube was vortexed for twenty

seconds and sonicated for twenty seconds.

G. Coupling Probes and Beads
Each of the amino-labeled probes was paired with its own set of beads according

to Table 4.15.

Probe Bead Set
Bac/RRL 112
Bant/TOX 113
Cdif/RRL 114
Cbot/RRL 116
Cbot/TOX 115
Fran/RRL 118
Ftul/TOX 117
Yent/RRL 120
Ypes/RRL 121
Ypes/TOX 119
Mtub/RRL 122

Table 4.15. Probe-Bead Coupling.

Working solution of each rehydrated probe (100 uM; 2 ul.) was combined with its
respective bead set and vortexed for twenty seconds. Fresh EDC (1-Ethyl-3-[3-
dimethylaminopropyl]carbodiimide hydrochloride) solution (10 mg EDC powder in 1 mL
distilled water) was prepared and added (2.5 uL) to each reaction tube. The reaction tubes
were vortexed and then incubated in the dark at room temperature for thirty minutes.
Another fresh EDC solution was prepared and added (2.5 uL) to each reaction tube,
followed by a pulse vortex and a thirty minute incubation in the dark at room
temperature. Tween-20 (0.02%; 1.0 mL) was added to each reaction tube and the tubes
were inverted to ensure mixing. The reaction tubes were centrifuged at 8000 x g for two

minutes. The supernatant was discarded and the pellet was resuspended in 1X TE (100
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uL; pH 8.0). The probe-coupled beads were vortexed for twenty seconds, sonicated for

twenty seconds, and stored at 4°C in the dark.

H. Counting the Probe-Coupled Beads

A 1 uL aliquot of each coupled bead set was withdrawn and diluted 1:100 in
distilled water. Each diluted probe-coupled bead set was individually and sequentially
treated as follows: The diluted beads (10 uL) were transferred to a hemacytometer and
covered with a coverslip. The number of beads in each of the four corners (all four Imm
x 1mm corner squares) was counted under 100X magnification. The number of beads per
microliter was tabulated by multiplying the sum of beads counted in all four corners by
2.5 (volume conversion) and 100 (dilution factor). The necessary volume of 1.5X TMAC
(tetramethylammonium chloride) was added to each probe-coupled bead set such that a

uniform stock concentration of 1650 beads/uL was achieved for all bead sets.

I. Verification of Probe-Bead Coupling and Titration Study

1. Rehydrating the Reverse Probes

Lyophilized reverse probes were rehydrated in 1X TE to a stock concentration of
5 x 10” umol/uL. A serial dilution was performed until the stock had been diluted

1:100,000.

2. Preparing the Beads
The necessary amount of 1.5X TMAC was added to each stock bead set to
achieve a working solution (approximately 500 uL) of each bead set with a concentration

of 150 beads/uL.
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3. Titration Study

Various increments of reverse probe from the appropriate working solution were
combined with the corresponding bead set (1) to verify probe-bead coupling, and (2) to
determine the approximate number of probes per bead. Table 4.16 represents a template
on which each titration study was based. Included in the table are the various increments
of reverse probe tested, the reverse probe dilution from which the reverse probe

originated, the volume of reverse probe needed to achieve the indicated amount, and the

volume of 1X TE needed to bring the total amount of sample to 17 uL in the Luminex

assay.
Sample Rev. Probe Rev. Probe Vol. Rev. Vol. 1IX TE
Dilution Concentration | Probe Needed Needed

0 fmol n/a n/a OuL 17 uLL

0.25 fmol 1:100,000 0.5 fmol/uL 0.5ulL 16.5 uL

0.5 fmol 1:100,000 0.5 fmol/uL 1 ulL 16 uL

1 fmol 1:100,000 0.5 fmol/uL 2ulL 15ul

10 fmol 1:10,000 5 fmol/uL 2ul 15ul

50 fmol 1:1000 50 fmol/uL 1 ul 16 uLL

100 fmol 1:1000 50 fmol/uL 2ulL 15ul

150 fmol 1:1000 50 fmol/uL 3ulL 14 uLL

200 fmol 1:1000 50 fmol/uL 4 uL 13ul

250 fmol 1:100 500 fmol/uL 0.5ulL 16.5ulL

Table 4.16. Titration study sample template.

Following the Luminex analysis of each bead set, a chart of MFI versus Reverse

Probe (fmol) was plotted to determine the point at which the fluorescence plateaued. The

amount of reverse probe present at the plateau was converted, through a series of

calculations (see Results, Section D), to an approximate number of probes per bead.
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J. Instrument Maintenance

1. Daily Start-up and Shut-down Procedures

The Luminex 100, sheath delivery system, and XY platform were all powered on
sequentially. The laser was warmed up for thirty minutes, followed by a prime to remove
air bubbles from the fluidics subsystem. A 70% alcohol flush was performed to remove
air bubbles from the cuvette. The start-up procedure concluded with a sheath fluid wash
to clear dust and other debris from the system.

After each assay, the system was sanitized using a 10% bleach solution to
decontaminate the sample lines and remove any trace amounts of biohazardous materials.
A soak step was performed using distilled water to remove any remaining sheath fluid

that could otherwise dry out and crystallize.

2. Monthly Maintenance

The system was calibrated on a monthly basis with control (CON1 and CON2)
and calibration (CAL1 and CAL2) microspheres. Calibration microspheres have a known
fluorescent light intensity and are designed to calibrate settings for both classification
channels and the doublet discrimination channel. Control microspheres verify the
calibration and optical integrity for both classification channels and the doublet

discrimination channel. A calibration log was maintained to document the results.

3. Semi-Annual Maintenance
Heavy use of the Luminex instrument sometimes caused obstructions to form in
the instrument probe despite the start-up and shut-down procedures designed to prevent

such blockages. Minor obstructions were removed by running two backflushes, three
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drains, two alcohol flushes, and five washes with distilled water. Severe clogs required
the removal of the probe, which was sonicated for five minutes to loosen the obstruction.
A syringe was used to flush water through the probe in the direction opposite of normal
flow. The instrument probe was then replaced in the instrument and probe height was
adjusted.

At the time of purchase, the instrument was certified by a Luminex field engineer.
Periodic maintenance of the instrument was performed by Luminex personnel as needed

according to the benefits allowed under the service contract.

K. Luminex Assay

Each Luminex assay was performed using a Luminex 100 (Luminex, Austin TX)
and MiraiBio MasterPlex® CT software version 1.2 (Hitachi Solutions America, San
Francisco, CA). Reverse probes were used as positive controls where indicated. Samples
and controls were loaded into a 96-well flat-bottom microtiter plate outfitted with a
polycarbonate PCR microplate with V-bottom wells (Corning Inc., Corning, NY). Three
1X TE washes (75 uL each) were included between each sample unless otherwise
indicated. The remainder of the assay was performed under the illumination of only a
darkroom light to protect the beads from exposure to light.

The appropriate bead set (titration study and enzymatic degradation study) or
bead mix (all other assays) was added (33 uL) to each sample well and mixed by pipeting
up and down. Any given bead set was added to the sample wells such that its
concentration was 150 beads/uL, whether one or more bead sets were present. The
reaction plate was covered with adhesive aluminum foil (Corning Inc., Corning, NY) and

incubated in a 95°C water bath. After five minutes, the reaction plate was transferred to a
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48°C water bath for fifteen minutes. This hybridization temperature was selected because
it was just below the lowest melting temperature of all probes used in this study (see
Tables 4.3 and 4.7).

The reaction plate was then centrifuged at 2250 x g for three minutes in an
Eppendorf 5430 microcentrifuge equipped with a swingbucket rotor for microtiter plates
(Eppendorf, Hamburg, Germany). A streptavidin-R-phycoerythrin (SAPE; Invitrogen,
Carlsbad, CA) reporter mix was prepared by combining 4 uL of stock SAPE (1 mg/mL)
with 996 uL of 1X TMAC. After centrifugation the supernatant was discarded and 75 uL
of the reporter mix was added to each sample well. The reaction plate was loaded in the

Luminex 100 and incubated at 48°C for five minutes. Samples were sequentially

analyzed at 48°C.

L. Options for Improving Sensitivity

1. Salmon Sperm DNA

All target sequences were single-stranded, but because they were amplified by
PCR, the complement of the target sequence was always amplified simultaneously. The
complement of the target sequence competes with the probe for binding to the target
sequence. This competition may be detrimental to the sensitivity of the assay. Although
the LLDs are heavily dependent on the chosen quantitation method, it is fair to say that
the LLDs in prior studies might have been improved if the target sequence was present
without its complement.

The use of salmon sperm DNA was explored as a method for removing unwanted
DNA. Salmon sperm DNA contains very heterologous sequences and has traditionally

been used as a blocking agent in blotting for the purpose of increasing specificity and
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sensitivity. It has been used more recently in DNA microarray protocols — applying
salmon sperm DNA during the hybridization step may reduce background fluorescence
signals. In the current research, salmon sperm DNA could have been used to bind non-
specifically to the unwanted complement of the target DNA. However, this idea did not
materialize because there was no apparent way to prevent the salmon sperm DNA from
binding the target sequence, which must be kept free for binding with the probe. The use
of salmon sperm DNA was also discouraged by Luminex technical support because it
was believed that this would only slow (and not entirely prevent) the re-association of the

PCR amplicon duplex (I. Rupani, personal communication, 19 February 2010).

2. Streptavidin-coated Microtiter Plates

Streptavidin-coated microtiter plates were also considered for improving
sensitivity. Recall that the strand of target DNA to which the probe binds is biotinylated.
The unwanted strand of the target DNA 1is not biotinylated. Therefore, a post-PCR
purification step could be performed in which the target DNA amplicon is introduced to a
streptavidin-coated plate. The biotinylated strand should bind the streptavidin, allowing
the non-biotinylated strand to be removed. The biotin-streptavidin bond would then have
to be broken, allowing elution of the biotinylated strand of the PCR product. This would
make the purified, biotinylated strand of the target DNA free for binding with the probe-
coupled beads. This idea was also not feasible because there was no apparent way to
break the biotin-streptavidin bond without compromising the biotinylated target DNA.
Biotin and streptavidin have a very strong association constant (K, ~ 10> M'; Morag et
al., 1996) which can be a very useful characteristic at times, and yet very

disadvantageous at others. Researchers have modified their methods in an effort to
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duplicate the strength of the biotin-streptavidin bond, yet with more options concerning
reversibility. These protocols have involved modifiying either the biotin (Olejnik et al.,
1995; Hirsch et al., 2002) or the streptavidin (Morag et al., 1996) moieties. Although
biotin and streptavidin may still bind to each other with these modifications, the
association is often weaker. Still other researchers have attempted to solve the problem
by experimenting with reagents such as EDTA/formamide mixtures in order to elute the
biotinylated analyte (Tong and Smith, 1992). Although these attempts have been met
with some success, there is speculation that the use of harsh reagents may have a
deleterious impact on the DNA analyte. Thus, the analyte may be purified, but its
quantity and quality could be seriously compromised in the process. The idea of using
streptavidin-coated plates in this research was abandoned because of the difficulties
anticipated in breaking the biotin-streptavidin bond without putting precious target DNA

at risk for destruction.

3. Allele-specific Primer Extension

One option for improving sensitivity was suggested by a technical support
specialist at Luminex (I. Rupani, personal communication, 12 February 2010). Allele-
specific primer extension (ASPE) is a technique that could potentially improve sensitivity
and minimize cross reactivity. This technique works by first amplifying the target DNA
by PCR. The DNA is then reduced to its single-stranded state by heating and an allele-
specific primer (with a 5 TAG sequence attached) anneals to the target DNA wherever a
complementary sequence is recognized. A polymerase then extends the primer, adding
biotinylated nucleotides that will facilitate detection inside the Luminex instrument.

When the extended primers are introduced to the beads, the 5" TAG sequence on the

63



primers should hybridize with a complementary anti-TAG sequence, which is covalently
linked to the beads by the manufacturer. Figure 4.3 shows a schematic of the overall
ASPE technique and Figure 4.4 shows a close-up view of the TAG sequence hybridizing

with the Anti-TAG sequence attached to the bead surface.
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PCR of target sequence, followed by  Primer extension specific for target TAG sequence hybridizes SAPE is added and facilitates detection
ExolSAP treatment to remove excess sequence. The 5' end of the primer to the anti-TAG sequence by binding to biotin on the target DNA
primers and oligonucleotides is attached to the TAG sequence on the bead

Figure 4.3. Schematic of ASPE and detection using Luminex MicroPlex xTAG
microspheres. Target sequence is first amplified and then a biotinylated complement of
the target sequence is extended using a primer with TAG sequence attached.
Microspheres with anti-TAG sequences attached are introduced and bind to TAG
sequences. Hybridization is detected by fluorescent emission when SAPE binds the
biontinylated target. Schematic adapted from original image found at
>http://www.luminexcorp.com/TechnologiesScience/xTAGTechnology/index.htm<.
Original image accessed on the World Wide Web on 09Aug2011. Reprinted with
permission from Luminex Corp.
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Figure 4.4. Close-up view of the TAG sequence hybridizing with the anti-TAG
sequence attached to the microsphere. Image accessed on the World Wide Web on
09Aug2011 at >http://www.miraibio.com/microspheres/luminex-microplex-xtag-
microspheres-flexmap-overview.html?Itemid=0<. Reprinted with permission of MiraiBio
Group of Hitachi Solutions America, Ltd.

The main advantage of using ASPE is that it eliminates the need for researchers to

couple probes and beads. MicroPlex-xTAG™ beads are sold with the anti-TAG

sequences already coupled to the beads by the manufacturer. Once the template has been
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amplified, the researcher has only to combine the TAG-labeled amplicon with the anti-
TAG-labeled beads in order for the reaction to occur. Use of the ASPE technique also
obviates the need for probe design; however, primers specific for the target sequence
must be designed instead. Special software is available to help researchers design
appropriate primers that will not cross-react with the TAG sequences. An ancillary
advantage of ASPE is that it has the potential to enhance specificity enough to permit
differentiation of targets whose sequences may differ by one SNP (Song et al., 2010).
Researchers have had greater success distinguishing sequences with SNPs because the
TAG sequence (not the region of the target with the SNP) is what actually binds the
probe (anti-TAG). Sensitivity is also improved with ASPE because there is nothing (other
than the anti-TAG) competing to bind with the TAG sequence. This contrasts with
traditional detections in which the probe is competing with single-stranded
complementary PCR product for binding with the target DNA.

Unfortunately, the option to perform ASPE did not become apparent until the
research was well underway — primers, probes, and target DNA had all been designed
and/or ordered from the vendor. Additionally, ASPE requires the use of special
MicroPlex-xTAG™ beads offered by Luminex. These beads are different from the
conventional MicroPlex beads because XTAG beads are sold with the anti-TAG sequence
already attached. Applying the ASPE technique would have essentially rendered the
beads already purchased useless, and purchasing new beads was not feasible within the
limits of the project budget. For these reasons, the ASPE technique was not applied, but
future researchers may want to consider it for improving sensitivity as well as expediting

benchwork.
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4. Enzymatic Digestion

Although there was at least one flaw with each of the proposed methods for
improving sensitivity, there was still one viable alternative. There remained some appeal
to the concept of somehow tagging for destruction the unwanted complement of the
target strand. Recall that the PCR primers were designed such that the reverse primer was
biotinylated, thus imparting a biotin moiety which enabled detection of the target strand.
Using similar logic, the forward primer could be phosphorylated on the 5" end. This
would enable post-PCR enzymatic degradation of the unwanted strand. A method has
been described for adding phosphate groups to unwanted DNA and subsequently
degrading this DNA using an enzyme called lambda exonuclease (Schwieger and Tebbe,
1998; Mitsis and Kwagh, 1999). The PCR amplicon would be almost exclusively
composed of the target DNA, thus relieving the probe of competition that it faces for the
target DNA.

Exonucleases are enzymes used by cells in vivo, usually for degrading DNA.
These enzymes vary slightly in terms of substrate and product, but in general they begin
at the terminus of a DNA sequence and work inwards, cleaving one base at a time until
the entire sequence is degraded. In order for lambda exonuclease to function, double-
stranded DNA sequences with a 5" phosphate on the strand(s) targeted for degradation
must be available as the substrate. Figure 4.5 illustrates how the phosphate group, when
attached to the 5" end of the primer which amplifies the unwanted strand of the PCR
product, can be incorporated into all PCR products. When the PCR amplicons are
subjected to lambda exonculease under specific reaction conditions, the unwanted PCR

strands with the 5" phosphate are degraded and the target sequence is left untouched.
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Figure 4.5. Lambda exonuclease selectively digests the strand of a PCR product
produced using a PCR primer with a 5’-phosphate. Copyright 2011 Epicentre (an
[Mlumina company), Madison, WI. Used with permission.

It has already been mentioned that the PCR primers were designed such that the
reverse primer was biotinylated, thus imparting a biotin moiety which enabled detection
of the target strand. By phosphorylating the forward primer on the 5” end, the non-
complementary PCR strand can be degraded (post-PCR) using lambda exonuclease. The
PCR amplicon would be almost exclusively composed of the target DNA, thus relieving
the probe of competition that it faces for the target DNA.

A study was undertaken to examine the effectiveness of enzymatically degrading
the non-complementary PCR strand. It was thought that the enzymatic degradation of
competing sequences in the reaction mixture might enhance the hybridization efficiency

of probe and target DNA. Lambda exonuclease (New England BioLabs, Ipswich, MA)

was acquired for this purpose. This enzyme is a highly processive 5'—3’ exonuclease
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isolated from a recombinant source. Its preferred substrate is 5'-phosphorylated duplex
DNA. If one strand of the duplex contains a 5’-phosphate group and the other does not,
only the phosphorylated strand will be digested, leaving a single-stranded product.

Multiple samples of B. cereus were amplified using the diluted primer mix and 10
ng of template (as determined in the PCR optimization study) according to the TD-PCR
protocol. PCR amplicons were quantified using the Agilent 2100 Bioanalyzer. Lambda
exonuclease 10X reaction buffer (5 uL) was added to the control and experimental tubes.
Lambda exonuclease enzyme (0.5 uL; 5000 U/mL) was added to the experimental tubes.
Enough water to bring the total reaction volume to 50 uL was added to both control and
experimental tubes. Samples were incubated at 37°C for 30 minutes followed by a 10
minute heat inactivation at 75°C. Post-digestion quantitation of control and experimental
tubes was performed using the Agilent 2100 Bioanalyzer. Select control and experimental
tubes were analyzed on the Luminex 100 as previously described. The only modification
was that Bac/RRL beads (no other bead sets) were added to each sample well.

It should be noted that even though the contents of the digested experimental
tubes were loaded on to the Luminex plate, the post-digest concentration of these tubes
was not used to determine the quantity of DNA added to each Luminex well. Although
the post-digest quantitation of experimental tubes helped to establish the presence of
digested DNA, the concentrations reported were not regarded as accurate because the
Agilent kit is designed for ds-DNA, and digested DNA is mostly ss-DNA. Furthermore,
loading equal amounts of control and experimental samples provided a better basis for
comparison. Accordingly, digested amplicons from the experimental tubes were loaded

into the Luminex sample wells based on the post-digest concentration reported for the
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RRL band in the corresponding control tubes. For example, if the RRL band in the B.
cereus post-digest control tube had a concentration of 5 ng/uL, then this (for the purposes
of loading the Luminex plate) was also assumed to be the concentration of the B. cereus
post-digest experimental tube. A graphical comparison of MFI values for control and
experimental samples was prepared to assess the effectiveness of enzymatic degradation
of the non-complementary PCR strand.

The enzymatic degradation study was repeated as described above for B.
anthracis (only Bac/RRL and Bant/TOX beads were used in the Luminex assay) and Y.

pestis (only Ypes/RRL and Ypes/TOX beads were used in the Luminex assay).

M. Specificity/Sensitivity Study

Templates from previous amplifications were pooled and the contents of each
PCR tube were split equally between a control and experimental tube. The experimental
tubes were digested with lambda exonuclease enzyme. Post-digest samples were
quantified using the Agilent 2100 Bioanalyzer. Samples of each template were loaded
into individual wells on a Luminex plate in the following increments: 0.1 ng, 0.5 ng, 1.0
ng, 5 ng, 10 ng, 20 ng, 40 ng, and 80 ng (unless otherwise indicated). A bead mix
consisting of all bead sets was prepared in which each bead set had a concentration of

150 beads/uL. The samples were analyzed on the Luminex 100.

N. Mixture Study (1:1)
A mixture study was performed in order to evaluate the ability of the Luminex
platform to identify all components in binary, ternary, and quaternary mixtures made up

of the four core bacteria and their close relatives. There were many possible mixtures that
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could have been created (excluding the outlier). The number of possible mixtures was
calculated using the formula C(n,r) = n!/r!(n-r)! where n = total number of bacterial
species and » = number of bacteria in each mixture. Mixtures in which both bacteria
belonged to the same genus were omitted from the calculations because intra-genus
mixtures were examined in a later study. The calculations indicated that there were 24
possible binary mixtures, 32 possible ternary mixtures, and 16 possible quaternary
mixtures. Studying all of these mixtures would have been impractical and wasteful of
limited reagents. Mixtures in which one or more components consisted of a core
bacterium (B. anthracis, C. botulinum, F. tularensis tularensis, or Y. pestis) were deemed
most important and thus received preference when the mixtures were selected for
Luminex analysis (Table 4.17).

Select samples were split into three batches and amplified using the diluted primer
mix and 10 ng of template (as determined in the PCR optimization study). Samples were
amplified according to the TD-PCR protocol and quantified using the Agilent 2100

Bioanalyzer.
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Table 4.17. Summary of all possible 1:1 mixtures (excluding M. tuberculosis). B = B.
anthracis; b = B. cereus; C = C. botulinum; c = C. difficile; F = F. tularensis tularensis; f
= F. tularensis holarctica; Y =Y. pestis; y =Y. enterocolitica. Cells highlighted in yellow
indicate samples in batch #1; cells highlighted in blue indicate samples in batch #2; cells
highlighted in orange indicate samples in batch #3.

Digested DNA was added to each sample well in the Luminex plate so as to
achieve a total target amount of 10 ng (the highest LLD observed in the
specificity/sensitivity study). When loading samples on the Luminex plate, the amount of

digested template needed to satisfy this threshold was determined using whichever one of

the following strategies applied:

= if only one RRL band was detected in a given control tube (for example, see
Appendix VII, Table A7.1, Lane 1), the concentration of digested template in the
corresponding experimental tube was estimated by dividing the concentration of
the sole RRL band by the number of components in the mixture;

= if one RRL band was detected for each component of the mixture (for example,

see Appendix VII, Table A7.1, Lane 2), the concentration of digested template in
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the experimental tube was estimated by taking the average concentration of all

RRL bands observed in the control sample.

The rationale behind the aforementioned calculations was to establish the amount
of DNA contributed by each component in a mixture, thereby ensuring that components
were present in roughly equal proportions. The concentration of the RRL band(s) were
selected as the basis for Luminex input amounts because concentration data were
available whether the bacterium was one of the four core microbes or a close relative.
Basing Luminex input amounts on TOX bands would not have been prudent because

only the four core microbes (not their close relatives) would display a TOX band.

O. Mixture Study (Intra-Genus; 1:1)

A binary mixture (1:1) of C. difficile and C. botulinum, as well as a binary
mixture (1:1) of Y. enterocolitica and Y. pestis were selected for analysis in the intra-
genus mixture study. Each sample was amplified using the diluted primer mix and 10 ng
of each template (as per the PCR optimization study). The samples were quantified on the
Agilent 2100 Bioanalyzer, digested, and re-quantified post-digestion. The amount of
digested DNA to be loaded on the Luminex plate was determined according to the

method described above. Samples were analyzed on the Luminex as previously

described.

P. Mixture Study (Ratios)
Four binary mixtures were selected for further analysis as mixtures with varying
ratios. These were B. anthracis and F. tularensis tularensis, B. anthracis and Y. pestis, Y.

pestis and F. tularensis tularensis, and B. anthracis and C. botulinum. These binary
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mixtures were selected based on favorable results observed in the 1:1 mixture study (e.g.,
adequate fluorescent response to both components, few false positives, and few false
negatives). Each binary mixture was amplified such that the template amounts were in the
following ratios: 10:1, 5:1, 2:1, 1:1, 1:2, 1:5, and 1:10. The PCR optimization study
determined that the optimum template amount was 10 ng, so this amount was added for
any component that made up one part of a mixture; 20 ng of template was added for any
component that made up two parts of a mixture, etc. Samples were then amplified using
the TD-PCR protocol. The PCR amplicons were quantified using the Agilent 2100
Bioanalyzer, digested using lambda exonuclease, and re-quantified post-digestion.

For the Luminex assay, the amount of digested DNA from the experimental tubes
to be loaded on the Luminex plate was determined using whichever one of the following

strategies applied:

= Ifseparate RRL bands were observed for each component in the mixture (except
1:1 mixtures), the concentration of digested DNA in the experimental tube was
taken to equal the concentration of the RRL band of the minor contributor
(according to the ratio of template) in the corresponding control tube (for
example, see Appendix IX, Table A9.1, Lane 1);

= [fseparate RRL bands were observed for each component in a 1:1 mixture, the

concentration of digested DNA in the experimental tube was estimated by taking
the average of the two RRL bands (for example, see Appendix IX, Table A9.1,
Lane 4);

= [f only one combined RRL band was detected for both components in the control

tube, the amount of digested DNA in the corresponding experimental tube was
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estimated by dividing the concentration of the RRL band (from the control tube)
by n+1, where n = parts of the mixture contributed by the major component (for
example, see Appendix IX, Table A9.3, Lane 1). The rationale behind this
calculation was to establish the amount of DNA contributed by the minor
component only, thus ensuring that the amount of input DNA for both

components would meet or exceed the Luminex LLD.

The samples were analyzed on the Luminex as previously described.

Q. Data Analysis

The uniformity of amplicons produced in the monoplex PCR study was assessed
by computing the average, standard deviation, and range of all reported concentrations.
Selection of the best primer mix for use in the multiplex PCR study was accomplished by
assessing the average and standard deviation for all concentrations reported when (1) the
original primer mix was used, (2) when the modified primer mix was used, (3) when the
modified, diluted primer mix was used, and (4) when the modified, diluted primer mix
was used with reduced template. The abundance of primer dimers was also a factor
considered when choosing the best primer mix.

The Luminex instrument has a red laser (635 nm) that classifies each bead type.
Light scatter from the red laser is interpreted by a series of avalanche photo diodes
(APDs). Two tandem APDs classify each bead by interpreting light scattered when the
internal red and infrared dyes are excited. The third APD acts as a doublet discriminator
and ensures that fluorescence is reported only for beads that pass through the instrument

channel as singlets and not doublets or triplets.
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The instrument also has a green laser (532 nm) that excites the reporter
fluorophore (SAPE) attached to each target sequence that has hybridized to a probe. A
photo multiplier tube (PMT) works with the green laser to interpret the light scatter
produced by the probe-target duplexes as each bead passes through the channel. The
reporter fluorescences emitted by all probe-target duplexes on a single bead in a given
bead set for a given sample were pooled and the median fluorescence intensity (MFI) was
calculated by the analysis software. The median statistic is preferred over the mean
because it discounts most (if not all) statistical outliers and helps to minimize a skew in
the data if one exists (J. Callaway, personal communication, 22 June 2011). Background
noise (three times the MFI for the negative control) was subtracted from each raw MFI
value to yield net MFI values.

In the titration study, the enzymatic degradation study, and the
specificity/sensitivity study, net MFIs as a function of target sequence quantity were
graphed as XY scatter plots in Microsoft® Excel. The plots created for the enzymatic
degradation study and the specificity/sensitivity study were further analyzed by
displaying the line equation and coefficient of determination (R*) for each assay.

For mixtures analyzed in the 1:1 inter- and intra-genus mixture studies, net MFIs
for each probe were plotted in bar graph format using Microsoft Excel. Average net MFI
values along with corresponding standard deviations for each bead set in the 1:1 inter-
genus mixture study were computed (but only for cases in which there was designed
complementarity between the probe and target sequence). Coefficients of variation (CV)
were also calculated for each bead set because CV facilitates an easier comparison of

variation across several data sets that have a wide range of means.
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Net MFIs for each of the four mixtures analyzed in various ratios were plotted in
Microsoft Excel as a three-dimensional column chart which enabled comparison of data
across multiple categories (ratios) and series (probes). Plotting the data in this format
permitted the visualization of trends in the net MFI values as the input ratios were
adjusted. Mean, standard deviation, and coefficient of variation were calculated for net
MFTI values of the minor component in each mixture. Microsoft Excel was used to
perform an Analysis of Variance (ANOVA) at a 95% confidence level on net MFI data
from the Bac/RRL and Bant/TOX probes for those mixtures in which B. anthracis was
the minor contributor. The purpose of this analysis was to determine if the variation in net
MFTIs observed with different major components was dependent on the identity of the

major component.
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CHAPTER V. RESULTS

A. Bioinformatics

1. RRL Probe and Primer Design

RRL probe and primer sequences were designed to be complementary to
sequences within the 23S rRNA gene r7/ that had been previously studied using other
bacteria (Dunbar and Jacobson, 2007). The high degree of homology in the primer
binding regions (see yellow highlighted bases in Figure 5.1) prompted the design of
degenerate primers. Unfortunately a separate forward primer had to be developed for Y.
enterocolitica and Y. pestis. Even though the forward primer binding region of the two
Yersinia species shared a great degree of homology (up to 16 out of 20 bases) with the
other sequences, the Yersinia forward primer was offset by one base, thus resulting in a
“frameshift” that made it difficult to align with the other sequences. Accordingly, RRL
fwd. primer #1 was designed to amplify the RRL target in B. cereus, B. anthracis, C.
difficile, C. botulinum, F. tularensis holarctica, F. tularensis tularensis, and M.
tuberculosis. RRL fwd. primer #2 was designed to amplify the RRL target in Y.
enterocolitica and Y. pestis. One degenerate reverse primer was designed to amplify the

reverse strand in all nine templates.
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CLUSTAL W (1.81) multiple sequence alignment
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Figure 5.1. ClustalW alignment of target regions in the r7/ gene for the nine bacteria.
The forward primer-binding region begins at the fourth base and continues for the next
twenty bases (see bracketed region). The probe sequences are designated by the next
bracketed region (multicolors). A unique probe-binding region is identified by a different
font color for each genus. Polymorphisms in the probe between two bacteria of the same
genus were left in black font. The reverse primer-binding region is the bracketed region
furthest downstream. Bases in the primer-binding region that are homologous across all
nine bacteria are highlighted in yellow.

Initially a presumptive probe was desired for each of the nine bacteria, but
unfortunately this was not possible due to homologies across species and genera. The
goal was modified such that a presumptive probe for each genus was sought. Total
homology between the probe binding regions of both species in some genera (Bacillus

and Francisella) enabled the design of one RRL probe for both species within that genus.

However, other bacteria (Clostridium and Yersinia) possessed one or more
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polymorphisms between two species of the same genus, and thus a unique probe for each

species had to be designed.

2. TOX Probe and Primer Design

Toxin-coding genes among the four pathogenic bacteria were selected. Primer3
software was used to identify TOX target sequences (including the flanking PCR primers
and the probe sequence within). Figure 5.2 shows an example of output data when
Primer3 was used to design the primer and probes for the TOX target sequence of B.

anthracis.
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Primer3 Output for 7¢f gene in Bacillus anthracis

No mispriming library specified
No hyb oligo mishybh library specified
Uzing l-bazed sequence positions

OLIG0 start len i g any 3' zeq

LEFT PRIMER 2les 20 59.893 45.00 4.00 1.00 TGGACATGCTGTGGATGATT
RIGHT PRIMER 2392 20 59,68 40.00 6.00 1.00 ATTGGARAGTTTTCGGAGCA
HYE 0LIGO aag2 20 a0.07 45.00 2.00 Z.00 ATGGGAGALC AAATGAAGCE

JEQUENCE 3IZE: 2430
INCLUDED EBEGION 3IZE: 2430

PRODUCT STIZE: 230, PATE ANY COMPL: 4.00, PAIR 3' COMPL: Z.00

2101 CTCCATGGACCTTCARALGGTCTAGAATTAL GLAATGATAGTGAGGGTTITATACACGSD

2lel TTTGGACATGHCTGT GLATCATTATGCTGEAT ATCTAT TAGATAAGARAC CAATCT GATTTA

PEEREFEREFRERRRFRR R

2221 GTTACALG TTCTAALAALTTCATTCATATTTTTAAGGALGALGGGAGTAGTTTAACTTCE

2281 TATGOGAGAACAAALTEALGE GEAAT TTTITGCAGRAGCCTITAGGTTALATGCATTCTACE

B

2341 GACCATGCTGAACGTITAALAGTTCALLLESATGCTC CoALLL CTTTC CAATTTATTASC
wlel el el ela e e e e

2401 GATCAGAT TALGTTCATTATTAACTCATAL

FETA (in order of precedence):
»xx=>r> left primer

< right primer

AAAAANA h-&-rh Dll gl:l

Figure 5.2. Screenshot of Primer3 output for TOX target sequence design in B.
anthracis. The highlighted region beginning at base 2163 indicates the forward primer.
The highlighted region beginning at base 2392 indicates the complement of the reverse
primer. The bases in red font indicate the probe sequence.

3. Search of the BLASTN Database for RRL and TOX Primer and Probe
Sequences
All RRL and TOX primer and probe sequences were uploaded in the FASTA

format to the blastn algorithm of the NCBI search engine. No significant alignments with

other sequences in the nucleotide collection (nr/nt) were reported.
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4. AutoDimer Analysis of RRL and TOX Primers/Probes
The AutoDimer hairpin and primer dimer screens (threshold of seven) of all
primers, probes, and target sequences predicted no hairpin-forming or dimerizing

sequences.

5. Determination of Copy Number for RRL and TOX Target Sequences
Table 5.1 provides a summary of RRL and TOX target sequence copy numbers
found in each of the nine bacteria. Primer and probe sequences targeted all copies of the

rrl gene in each species.

Organism rrl Copy | Tox Gene RRL TOX
Number Copy Target Target
Number Seq. Copy | Seq. Copy
Number Number
Bacillus cereus 13 n/a 13 n/a
Bacillus anthracis str. Sterne 11 1 11 1
Clostridium difficile 11 n/a 11 n/a
Clostridium botulinum 9 1 9 1
Francisella tularensis subsp. 3 n/a 3 n/a
holarctica
Francisella tularensis subsp. 3 1 3 1
tularensis
Yersinia enterocolitica 7 n/a 7 n/a
Yersinia pestis 6 1 6 1
Mycobacterium tuberculosis* 1 n/a 1 n/a

Table 5.1. Summary of RRL and TOX target sequence copy numbers. *Notice that M.
tuberculosis has only one copy of the RRL gene, thus causing this bacterium to have a
slow growth rate (Cox, 2004). A “not applicable” (n/a) sign indicates that no TOX gene
data was available for the non-pathogenic species.

In order to provide a better picture of the effective concentration of each target
region, the amplicon concentrations shown in Table A2.4 (Appendix II) were converted

to gene copies per microliter. The values in Table A2.4 were chosen for these

calculations because they came from amplicons that were produced from the primer
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dilution and template amount that was ultimately selected after the PCR optimization.
Briefly, the number of basepairs in the amplicon was multiplied by the mass in one mole
of basepairs, divided by the number of basepairs in one mole, and then multiplied by a
conversion factor. Next, concentration of the PCR product was multiplied by the number
of gene copies to yield the number of gene copies per microliter. These calculations are
summarized in Figure 5.3. The source data and final answer of these calculations for each

target sequence are summarized in Table 5.2.

618g _  1molbp 1ng

= ng of PCR product
1molbp  602x10%bp  1.0x107g

bp in amplicon >

PCR product copies of gene

concentration (ngfulL) ng of PCR product = copies of gene/ul

Figure 5.3. Sample calculations for determining gene copies per microliter.

Organism Target Length Copy Concentration | Copies per
sequence (bp) | number* (ng/uL)’ microliter
B. cereus Bac/RRL 111 13 12.90 1.47 x 10"
B. anthracis Bac/RRL 111 11 9.35 9.03 x 10"
B. anthracis Bant/TOX 230 1 6.35 2.68 x10™
C. difficile Cdif/RRL 110 11 13.20 1.29 x 10"
C. botulinum Cbot/RRL 109 9 2.54 2.04 x 10"
C. botulinum Cbot/TOX 100 1 1.01 9.83 x 10°
F. wlarensis Fra/RRL | 102 3 11.57 331 x 101!
holarctica
F. wlarensis Fran/RRL 102 3 14.88 426 x 10"
tularensis
F. wlarensis Ftul/TOX 159 1 8.46 5.18 x 101
tularensis
Y. enterocolitica | Yent/RRL 107 7 19.29 1.23 x 10"
Y. pestis Ypes/RRL 107 6 14.50 7.92 x 10"
Y. pestis Ypes/TOX 169 1 6.99 4.03 x 10"
M. tuberculosis Myc/RRL 110 1 1.54 1.36 x 10"

Table 5.2. Source data and final answers for calculating gene copies per microliter.
*From Table 5.1. "From Table A2.4; if more than one band was detected for a single
target sequence, the sum of the both concentrations was used for the calculations.
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The calculations in Table 5.2 were based on amplicon concentrations from a
single quantitation and although the number of copies per microliter would undoubtedly
be different for amplicons from another PCR batch, the overall trends should not deviate
much from the values reported in Table 5.2.

Note that the number of gene copies per microliter reported in Table 5.2 are
specific to those gene copies that contain the probe sequence, as these are the only sites
that were targeted in the PCR reaction. The results indicate that the number of gene
copies ranges from approximately 10° to 10'*. The lack of uniformity among gene copy
number may have contributed to the variation in fluorescent response that was observed

for different probes later on in this study.

B. Monoplex PCR Specificity Check

1. Nine Templates Amplified with RRL Fwd. Primer #1 and RRL Rev. Primer

Figure 5.4 and Table 5.3 provide a summary of the quantitation results of all nine
templates when amplified using the RRL fwd. primer #1 and RRL rev. primer. This
primer set was designed to amplify the RRL target in all templates except Y.

enterocolitica and Y. pestis, for which a different forward primer had to be designed.
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Figure 5.4. Gel image of nine templates amplified with RRL Fwd. primer #1 and RRL
Rev. primer. Key: L =ladder, 1 = B. cereus RRL target, 2 = B. anthracis RRL target, 3 =
C. difficile RRL target, 4 = C. botulinum RRL target, 5 = F. tularensis holarctica RRL
target, 6 = F. tularensis tularensis RRL target, 7 = faint band observed with Y.
enterocolitica template but concentration too low to be reported, 8 = faint band observed
with Y. pestis template but concentration too low to be reported, 9 = M. tuberculosis RRL
target, 10 = negative control, 11 = blank, 12 = blank.

Lane

1 2 3 4 5 6 7 8 9
Expected
Length bpy | 11| 1| 10| 109 | 102 | 102 | wa | wa | 110
Reported . .
Length (bpy | 124 | 123 | 118 | 121 [ 109 | 109 117
Concentration | 1) o) | g58 | 1029 | 7.96 | 7.41 | 6.63 | wa | wa | 243
(ng/ulL)

Table 5.3. Summary of quantitation data for amplification of all nine templates using
RRL Fwd. primer #1 and RRL Rev. primer. An asterisk (*) symbol indicates that a faint
band was visible but its concentration was too low to be reported.

The Bac/RRL target sequence was detected when both B. cereus and B. anthracis
served as template (Lanes 1 and 2). The actual length of the Bac/RRL target sequence
was 111 bp, which was in close proximity to the band lengths reported in lanes 1 and 2
(124 and 123 bp, respectively). A sufficient amount of Bac/RRL target was present for
both species (12.04 and 8.58 ng/uL, respectively).

The Cdif/RRL target sequence was detected when C. difficile served as template

(lane 3). The actual length of the Cdif/RRL target sequence was 110 bp, which was in
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close proximity to the 118 bp band detected in lane 3. The concentration of the Cdif/RRL
target in lane 3 was reported as 10.29 ng/uL, indicating a sufficient amount of target
DNA.

The Cbot/RRL target sequence was detected when C. botulinum served as
template (lane 4). The actual length of the Cbot/RRL target sequence was 109 bp, which
was in close proximity to the 121 bp band detected in lane 3. The concentration of the
Cbot/RRL target in lane 4 was reported as 7.96 ng/uL, indicating a sufficient amount of
target DNA.

The Fran/RRL target sequence was detected when both F. tularensis holarctica
and F. tularensis tularensis served as template (lanes 5 and 6). The actual length of the
Fran/RRL target sequence was 102 bp, which was in close proximity to the band lengths
reported in lanes 5 and 6 (109 and 109 bp, respectively). A sufficient amount of
Fran/RRL target was present in roughly equal concentrations for both species (7.41 and
6.63 ng/uL, respectively).

Lanes 7 and 8 contained Y. enterocolitica and Y. pestis template, respectively. A
faint band was observed in each of these lanes, although not officially detected by the
software because of insufficient concentration (the Agilent LLD is 0.02 ng/uL). The RRL
fwd. primer #1 was not designed to amplify Y. enterocolitica and Y. pestis, but the
sequence of this primer differed by only a few bases from RRL fwd. primer #2, which
was designed to amplify these two species. The non-specific amplicons observed in lanes
6 and 7 were likely the consequence of a minor deficiency in primer specificity.

The Myc/RRL target sequence was detected when M. tuberculosis served as

template (lane 9). The actual length of the Myc/RRL target sequence was 110 bp, which
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was in close proximity to the 117 bp band detected in lane 9. The concentration of the
Myc/RRL target in lane 9 was reported as 2.43 ng/uL, indicating a sufficient amount of
target DNA. The concentration of the Myc/RRL target was expected to be the lowest of
all target sequences because there is only one copy of the target sequence in M.
tuberculosis. The RRL target copy number is much higher for the other bacteria, ranging
from three to thirteen copies. Having fewer copies of the RRL target sequence means that
the concentration of the amplicons was expected to be lower because there was a lower
quantity of starting template (see Table 5.2; the Myc/RRL target sequence has a
concentration of 1.36 x 10'° copies/uL, whereas most other target sequences have more

copies per microliter).

2. Nine Templates Amplified with RRL Fwd. Primer #2 and RRL Rev. Primer

Figure 5.5 and Table 5.4 provide a summary of the quantitation results of all nine
templates when amplified using the RRL fwd. primer #2 and RRL rev. primer. This
primer set was designed to amplify the RRL target in Y. enterocolitica and Y. pestis.
These two species had a sequence that differed enough from the other bacteria at the RRL

target sequence locus to warrant the design of a unique forward primer.
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Figure 5.5. Gel image of nine templates amplified with RRL Fwd. primer #2 and RRL
Rev. primer. Key: L = ladder, 1 = faint band observed with B. cereus template but
concentration too low to be reported, 2 = band observed with B. anthracis template, 3 =
no band observed with C. difficile template, 4 = no band observed with C. botulinum
template, 5 = faint band observed with F. tularensis holarctica template but concentration
too low to be reported, 6 = no band observed with F. tularensis tularensis template, 7 =

Y. enterocolitica RRL target, 8 = Y. pestis RRL target, 9 = no band observed with M.
tuberculosis template, 10 = negative control, 11 = blank, 12 = blank.

Lane
1 2 3 4 5 6 7 8 9
Expected
Length (bp) n/a n/a n/a n/a n/a n/a 107 107 n/a
Reported « .
Length (bp) 121 | nfa | n/a na | 115 | 114 | n/a
Concentration n/a 1.03 n/a n/a n/a n/a | 18.58 | 20.69 | n/a
(ng/ul))

Table 5.4. Summary of quantitation data for amplification of all nine templates using
RRL Fwd. primer #2 and RRL Rev. primer. An asterisk (*) symbol indicates that a faint
band was visible but its concentration was too low to be reported. A “not applicable”
(n/a) sign in either “length” row indicates that a PCR product was neither expected nor
reported because the primers were not designed to amplify the template in that sample. A
“n/a” sign in the concentration row indicates that the concentration of the visualized band
was too weak to be reported, or a band was absent altogether because the primers were
not designed to amplify the template in that sample.

As expected, no bands were detected in lanes 3, 4, 6, or 9 because RRL fwd.
primer #2 was not designed to amplify the template used in the PCR reactions whose
amplicons were loaded into these wells. Lanes 1, 2, and 5 contained B. cereus, B.

anthracis, and F. tularensis holarctica template, respectively. A faint band was observed
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in lanes 1 and 5, although not officially detected by the software because of insufficient
concentration. A faint band was also observed in lane 2, whose concentration (1.03
ng/ul) was low but nevertheless adequate enough to exceed the LLD of the Agilent
Bionanalyzer (0.02 ng/uL)). The RRL fwd. primer #2 was not designed to amplify B.
cereus, B. anthracis, or F. tularensis holarctica target sequences, but the sequence of this
primer differed by only four bases from RRL fwd primer #1, which was designed to
amplify these three templates. The non-specific amplicons observed in lanes 1, 2, and 5
were likely the consequence of a minor deficiency in primer specificity.

The Yent/RRL target sequence was detected when Y. enterocolitica served as
template (lane 7). The actual length of the Yent/RRL target sequence was 107 bp, which
was in close proximity to the 115 bp band detected in lane 7. The concentration of the
Yent/RRL target in lane 7 was reported as 18.58 ng/uL, indicating a sufficient amount of
target DNA.

The Ypes/RRL target sequence was detected when Y. pestis served as template
(lane 8). The actual length of the Ypes/RRL target sequence was 107 bp, which was in
close proximity to the 114 bp band detected in lane 8. The concentration of the
Ypes/RRL target in lane 8 was reported as 20.69 ng/uL, indicating a sufficient amount of

target DNA.

3. Nine Templates Amplified with TOX Primers

Figure 5.6 illustrates the quantitation results of all nine templates when amplified
using the Bant/TOX primer set. The B. anthracis template in lane 2 was the only sample
that yielded a detectable amplicon with the Bant/TOX primer set. This band was detected

as a 231 bp fragment, which was in close proximity to the actual length (230 bp) of the
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Bant/TOX target sequence. The concentration of the amplicon in lane 2 was reported as

17.16 ng/uL, indicating a sufficient amount of target DNA.
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Figure 5.6. Gel image of nine templates amplified with Bant/TOX primer set. Key: L =
ladder, 1 = B. cereus, 2 = B. anthracis TOX target, 3 = C. difficile, 4 = C. botulinum, 5 =
F. tularensis holarctica, 6 = F. tularensis tularensis, 7 =Y. enterocolitica, 8 = Y. pestis, 9
= M. tuberculosis, 10 = PCR negative control, 11 = sample unrelated to this study, 12 =
blank.

Figure 5.7 illustrates the quantitation results of all nine templates when amplified
using the Cbot/TOX primer set. The C. botulinum template in lane 4 was the only sample
that yielded a detectable amplicon with the Cbot/TOX primer set. This band was detected
as a 112 bp fragment, which was in close proximity to the actual length (100 bp) of the
Cbot/TOX target sequence. The concentration of the amplicon in lane 4 was reported as

13.83 ng/uL, indicating a sufficient amount of target DNA.
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Figure 5.7. Gel image of nine templates amplified with Cbot/TOX p-rimer set. Key: L =
ladder, 1 = B. cereus, 2 = B. anthracis, 3 = C. difficile, 4 = C. botulinum TOX target, 5 =
F. tularensis holarctica, 6 = F. tularensis tularensis, 7 =Y. enterocolitica, 8 = Y. pestis, 9
= M. tuberculosis, 10 = PCR negative control, 11 = blank, 12 = blank.

Figure 5.8 illustrates the quantitation results of all nine templates when amplified
using the Ftul/TOX primer set. Amplicons were detected in lane 5 (F. tularensis
holarctica template) and lane 6 (F. tularensis tularensis template). The F. tularensis
tularensis template in lane 6 was expected to yield a detectable amplicon when amplified
with the Ftul/TOX primer set. This band was detected as a 166 bp fragment, which was in
close proximity to the actual length (159 bp) of the Ftul/TOX target sequence. The
concentration of the amplicon in lane 6 was reported as 20.64 ng/uL, indicating a
sufficient amount of target DNA.

The amplicon in lane 5 was not expected because this sample contained F.
tularensis holarctica template and the Ftul/TOX primer set was designed to have
specificity for the Ftul/TOX target sequence found only in F. tularensis tularensis. This
non-specific amplicon was detected as a 166 bp fragment, which was in close proximity
to the actual length (159 bp) of the Ftul/TOX target sequence. The concentration of the

non-specific amplicon in lane 5 was reported as 17.34 ng/uL, which was similar to the

concentration of the amplicon in lane 6. This observation, combined with the fact that the
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non-specific amplicon in lane 5 and the Ftul/TOX sequence were similar in length,
provided evidence for the possibility that the Ftul/TOX primers were not just amplifying
a random section of the F. tularensis holarctica genome, but were instead amplifying the
Ftul/TOX target sequence in F. tularensis holarctica. This possibility was further
explored (see Discussion) to (1) determine what section of the F. tularensis holarctica
genome was being amplified by the Ftul/TOX primers, and (2) to determine if the

Ftul/TOX probe sequence was included in the non-specific amplicon.
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Figure 5.8. Gel image of nine templates amplified with Ftul/TOX primer set. Key: L =
ladder, 1 = B. cereus, 2 = B. anthracis, 3 = C. difficile, 4 = C. botulinum, 5 = F. tularensis
holarctica (non-specific amplicon), 6 = F. tularensis tularensis TOX target, 7 =Y.
enterocolitica, 8 =Y. pestis, 9 = M. tuberculosis, 10 = PCR negative control, 11 = blank,
12 = blank.

Figure 5.9 illustrates the quantitation results of all nine templates when amplified
using the Ypes/TOX primer set. The Y. pestis template in lane 8 was the only sample that
yielded a detectable amplicon with the Ypes/TOX primer set. This band was detected as a
180 bp fragment, which was in close proximity to the actual length (169 bp) of the
Ypes/TOX target sequence. The concentration of the amplicon in lane 8 was reported as

20.24 ng/uL, indicating a sufficient amount of target DNA.
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Figure 5.9. Gel image of nine templates amplified with Ypes/TOX i)rimer set. Key: L =
ladder, 1 = B. cereus, 2 = B. anthracis, 3 = C. difficile, 4 = C. botulinum, 5 = F. tularensis
holarctica, 6 = F. tularensis tularensis, 7 =Y. enterocolitica, 8 = Y. pestis TOX target, 9
= M. tuberculosis, 10 = PCR negative control, 11 = blank, 12 = blank.

C. Multiplex PCR Study & Optimization Using Primer Mix

1. Multiplex TD-PCR Using Original Primer Concentrations

All eleven primer sets were combined into a single PCR primer mix such that
each individual primer set had a final concentration of 5 uM, except the RRL primers,
which had a higher concentration. Whereas each TOX primer set was designed to amplify
its respective target sequence, the degeneracy of the RRL primers meant that they would
have multiple targets. Accordingly, the concentration of the RRL primers was increased
so that the primer mix contained RRL fwd. #1 (35 uM), RRL fwd. #2 (10 uM), and RRL
rev. (45 uM). The forward primer with the highest concentration was RRL fwd. #1
because it was designed to amplify the RRL target sequence in B. cereus, B. anthracis, C.
difficile, C. botulinum, F. tularensis holarctica, F. tularensis tularensis, and M.
tuberculosis. RRL fwd. #2 was present in a lower concentration (10 uM) because it was

designed to amplify the RRL target sequence only in Y. enterocolitica and Y. pestis. The

RRL rev. primer was the most concentrated of all primers because it was designed to
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amplify the reverse strand in all RRL target sequences. Figure 5.10 below and Table A2.1

in Appendix II illustrate the amplicons produced with the original PCR primer mix.
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Figure 5.10. Gel image of nine templates amplified using original primer mix. L =
ladder; 1 = all nine templates; 2 = all nine templates; 3 = B. cereus template; 4 = B.
anthracis template; 5 = C. difficile template; 6 = C. botulinum template; 7 = F. tularensis
holarctica template; 8 = F. tularensis tularensis template; 9 = Y. enterocolitica template;
10 =Y. pestis template; 11 = M. tuberculosis template; 12 = negative control.

In addition to amplifying each individual template with the primer mix, two
samples were also prepared in which all nine genomes were combined. In Figure 5.10,
the bands observed in lanes 1 and 2 represent samples in which all genomic DNA
sequences were added as template. It was difficult to establish the specificity of the
primer mix when all template sequences were present simultaneously. The reason for this
was that many of the target sequences had overlapping size ranges, and oftentimes a
single band detected by the Agilent Bioanalyzer represented multiple target sequences.

In lane 3, the 111 bp Bac/RRL target sequence was expected. Although not
concentrated enough to be officially reported by the software, a faint band was observed
in lane 3 that fell within the general size range of the Bac/RRL target.

In the lane 4 sample, B. anthracis was used as the template, so the 111 bp

Bac/RRL and the 230 bp Bant/TOX target sequences were expected. Neither of these
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were detected. The only bands detected were primer dimers (19 and 29 bp bands),
indicating that the primer concentration may have been too high in the PCR primer mix.

The Cdif/RRL target sequence (110 bp) was most likely detected as the 117 bp
band present in lane 5 (C. difficile template). In lane 6 (C. botulinum template), there was
a noticeable discrepancy in size between the observed band (126 bp) and actual length of
the Cbot/RRL target sequence (109 bp), but prior data from the monoplex PCR study (see
Lane 4 in Figure 5.4 and Table 5.3) suggested that the observed band was indeed the
Cbot/RRL target sequence. The Cbot/TOX target sequence (100 bp) was not detected in
lane 6. As in lane 4, the primer dimers in lanes 5 (23 bp band) and 6 (19 and 29 bp bands)
were particularly abundant.

The 114 bp band detected in lane 7 (F. tularensis holarctica template) represents
the 102 bp Fran/RRL target sequence. In addition to some primer dimer bands (18 and 29
bp bands), a 170 bp band was also detected in lane 7, which was probably the non-
specific amplicon produced by the Ftul/TOX primers in the primer mix. This non-specific
amplicon was also observed in the monplex PCR study.

The primer dimers observed in lane 8 (F. tularensis tularensis template) were
especially abundant (22, 26, and 46 bp bands). However, neither the 102 bp Fran/RRL
target sequence nor the 159 bp Ftul/TOX target sequence were detected.

In lane 9 (Y. enterocolitica template), the Yent/RRL target sequence (107 bp) was
detected as the 120 bp amplicon. Similarly, the Ypes/RRL target sequence (107 bp) was
detected as the 119 bp fragment in lane 10 (Y. pestis template). The Ypes/TOX target

sequence (169 bp) was also detected in lane 10 as the 177 bp fragment.
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Finally, in lane 11 (M. tuberculosis template), the 110 bp Myc/RRL target
sequence was detected as the 121 bp fragment. Primer dimers were observed in lane 11
(19 and 29 bp bands) as in other samples.

A primer dimer band just above the green lower marker was observed in many
samples (see lanes 1-12 in Figure 5.10). The consistency and relatively high
concentration of the primer dimer band in most samples was indicative of the need to

reduce the primer concentration.

2. Multiplex TD-PCR Using Modified Primer Mix

The original primer mix was modified to reduce the abundance of primer dimers
and prevent the occurrence of amplification drop-out. The modified primer mix consisted
of TOX primers with the same concentration (5 uM each), but the concentration of the
RRL primers was reduced (RRL fwd. #1 — 15 uM; RRL fwd. #2 — 10 uM; RRL rev. — 20
uM). The results of the amplification using this modified primer mix are summarized in

Figure 5.11 below and Table A2.2 in Appendix II.
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Figure 5.11. Gel image of nine templates amplified using modified primer mix. L =
ladder; 1 = all nine templates; 2 = all nine templates; 3 = B. cereus template; 4 = B.
anthracis template; 5 = C. difficile template; 6 = C. botulinum template; 7 = F. tularensis
holarctica template; 8 = F. tularensis tularensis template; 9 = Y. enterocolitica template;
10 =Y. pestis template; 11 = M. tuberculosis template; 12 = negative control.

As in the amplification using the original primer mix, the modified primer mix
was used to simultaneously amplify all eleven target sequences (see lanes 1 and 2). There
was a universal sample drop-out observed in lane 1, and as expected, many of the
amplicons in lane 2 had overlapping size ranges that prevented the resolution of each
individual target sequence.

The Bac/RRL target sequence (111 bp) was probably detected as a combination of
the 129 bp and 140 bp fragments observed in lane 3 (B. cereus template). In lane 4 (B.
anthracis template), the Bac/RRL target sequence was detected as the 123 bp fragment.
Also in lane 4, the Bant/TOX target sequence was detected as the 230 bp fragment.

In lane 5 (C. difficile template), the Cdif/RRL target sequence (110 bp) was
detected as the 124 bp fragment. In lane 6 (C. botulinum template), the Cbot/RRL target

sequence (109 bp) was detected as the 127 bp fragment. The Cbot/TOX target sequence

(100 bp) was also detected in lane 6 as the 114 bp fragment.
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The Fran/RRL target sequence (102 bp) was detected in lane 7 (F. tularensis
holarctica template) as the 109 bp fragment. A 164 bp fragment was also detected in lane
7. This fragment was consistent with results observed for samples amplified in the
monoplex study, and in the multiplex study using the original primer mix. It was most
likely a non-specific amplicon produced when F. tularensis holarctica template was
amplified with the Ftul/TOX primers.

The Fran/RRL target sequence was also detected in lane 8 when template DNA
originating from F. tularensis tularensis was used. The Ftul/TOX target sequence (159
bp) was detected in lane 8 as the 169 bp fragment.

In lane 9 (Y. enterocolitica template), the Yent/RRL target sequence (107 bp) was
detected as the 121 bp fragment. The Ypes/RRL target sequence (107 bp) was detected as
the 118 bp fragment in lane 10 (Y. pestis template). Also in lane 10, the Ypes/TOX target
sequence (169 bp) was detected as the 177 bp fragment.

The Myc/RRL target sequence (110 bp) was detected in lane 11 (M. tuberculosis
template) as the 121 bp fragment.

The results of the amplification using the modified primer mix demonstrated an
improvement over the original primer mix. Primer dimers were still consistently observed
in most samples (see bands just above green lower marker in lanes 1-12, Figure 5.11),
although their concentrations were usually much lower than observed with the original
primer mix. A subsequent amplification was planned to determine whether diluting the
modified primer mix two-fold would maintain amplification efficiency while reducing

the occurrence of primer dimers.
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3. Multiplex TD-PCR Using Modified Primer Mix Diluted 1:2

In order to determine if the concentration of primer dimers could be further
reduced, the modified primer mix was diluted 1:2 and used to re-amplify the samples.
The diluted primer mix concentrations were half of those in the modified primer mix
(Each TOX primer — 2.5 uM; RRL fwd. #1 — 7.5 uM; RRL fwd. #2 — 5 uM; RRL rev. —
10 um). The results of the amplification using the diluted primer mix are summarized in

Figure 5.12 below and Table A2.3 in Appendix II.
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Figure 5.12. Gel image of nine templates amplified using modified primer mix diluted
1:2. L = ladder; 1 = all nine templates; 2 = all nine templates; 3 = B. cereus template; 4 =
B. anthracis template; 5 = C. difficile template; 6 = C. botulinum template; 7 = F.
tularensis holarctica template; 8 = F. tularensis tularensis template; 9 = Y. enterocolitica
template; 10 = Y. pestis template; 11 = M. tuberculosis template; 12 = negative control.

As in the other assays performed in the primer optimization study, the diluted
primer mix was used to simultaneously amplify all eleven target sequences (see lanes 1
and 2). There was a universal sample drop-out observed in lane 2, and as expected, many
of the amplicons in lane 1 had overlapping size ranges that prevented the resolution of
each individual target sequence.

In lane 3 (B. cereus template), the Bac/RRL target sequence (111 bp) was

detected as the 122 bp fragment. The Bac/RRL target sequence was also detected in lane
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4 (B. anthracis template) as the 122 bp fragment. The Bant/TOX target sequence (230
bp) was detected in lane 4 as the 228 bp fragment.

The Cdif/RRL target sequence (110 bp) was detected in lane 5 (C. difficile
template) as the 117 bp fragment. The Cbot/RRL target sequence (109 bp) was detected
in lane 6 (C. botulinum template) as the 120 bp fragment. Also detected in lane 6 was a
107 bp fragment corresponding to the 100 bp Cbot/TOX target.

In lane 7 (F. tularensis holarctica template), the Fran/RRL target sequence (102
bp) was detected as the 109 bp fragment. A 164 bp fragment was also observed in lane 7,
which most likely corresponded to the non-specific amplification of the Ftul/TOX target
sequence when F. tularensis holarctica DNA was used as template. This observation was
consistent with other results observed in the monoplex and multiplex PCR studies.

The Fran/RRL target sequence was detected as the 108 bp fragment in lane 8 (F.
tularensis tularensis template). Also detected in this lane was a 162 bp fragment
corresponding to the 159 bp Ftul/TOX target sequence.

In lane 9 (Y. enterocolitica template), the Yent/RRL target sequence (107 bp) was
detected as the 114 bp fragment. The Ypes/RRL target sequence (107 bp) was detected in
lane 10 (Y. pestis template) as the 170 bp fragment. Also detected in lane 10 was a 170 bp
fragment corresponding to the Ypes/TOX target sequence (169 bp).

In lane 11 (M. tuberculosis template), the Myc/RRL target sequence (110 bp) was
not officially detected, although a faint band was visible on the gel image.

The results demonstrated that using a diluted version of the modified primer mix
reduced the frequency and concentration of primer dimers (see bands just above the green

lower marker in lanes 1-12, Figure 5.12). Although the concentration of the target
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sequences was also reduced, the concentrations were still within an acceptable range for

input into the Luminex assay.

4. Multiplex TD-PCR — Template Concentration Study

The multiplex PCR primer optimization study indicated that the diluted, modified
primer mix was the most capable of amplifying the targets within an acceptable
concentration range while still minimizing primer dimers. Although having the
appropriate concentration and ratio of primers is important for amplification efficiency,
templates that are too plentiful can detract from optimum performance. The PCR
reactions performed in the primer optimization study all used 100 ng of template. The
amplification using the diluted primer mix was repeated, using only 10 ng of template. A

summary of the results is provided in Figure 5.13 below and Table A2.4 in Appendix II.
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Figure 5.13. Gel image of amplicons produced using 10 ng of template and modified
primer mix diluted 1:2. L = ladder; 1 = all nine templates; 2 = all nine templates; 3 = B.
cereus template; 4 = B. anthracis template; 5 = C. difficile template; 6 = C. botulinum
template; 7 = F. tularensis holarctica template; 8 = F. tularensis tularensis template; 9 =
Y. enterocolitica template; 10 =Y. pestis template; 11 = M. tuberculosis template; 12 =
negative control.

As in the assays performed in the primer optimization study, the diluted primer

mix was used to simultaneously amplify all eleven target sequences (see lanes 1 and 2).
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As expected, many of the amplicons had overlapping size ranges that prevented the
resolution of each individual target sequence.

In lane 3 (B. cereus template), the Bac/RRL target sequence (111 bp) was
detected as a combination of the 109 and 120 bp fragments. The Bac/RRL target
sequence was also detected in lane 4 (B. anthracis template) as the 120 bp fragment. The
Bant/TOX target sequence (230 bp) was detected as the 231 bp fragment in lane 4.

The Cdif/RRL target sequence (110 bp) was detected as the 116 bp fragment in
lane 5 (C. difficile template). The Cbot/RRL target sequence (109 bp) was detected in
lane 6 (C. botulinum template) as the 119 bp fragment. Also in lane 6, the Cbot/TOX
target sequence (100 bp) was detected as the 107 bp fragment.

In lane 7 (F. tularensis holarctica template), the Fran/RRL target sequence (102
bp) was detected as the 107 bp fragment. A 163 bp fragment was also observed in lane 7,
which most likely corresponded to the non-specific amplification of the Ftul/TOX target
sequence when F. tularensis holarctica DNA was used as template. This observation was
consistent with other results observed in the monoplex and multiplex PCR studies.

The Fran/RRL target sequence (102 bp) was detected in lane 8 (F. tularensis
tularensis template) as a combination of the 97 and 107 bp fragments. Also in lane 8, the
Ftul/TOX target sequence (159 bp) was detected as the 162 bp fragment.

In lane 9 (Y. enterocolitica template), the Yent/RRL target sequence (107 bp) was
detected as the 114 bp fragment. The Ypes/RRL target sequence (107 bp) was detected in
lane 10 (Y. pestis template) as the 112 bp fragment. Also detected in lane 10 was a 170 bp

fragment corresponding to the Ypes/TOX target sequence (169 bp).
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The Myc/RRL target sequence (110 bp) was detected in lane 11 (M. tuberculosis
template) as the 114 bp fragment.

Amplifying the reduced template (10 ng) with the 1:2 diluted primer mix yielded
results that were similar to those that were observed when 100 ng of template was
amplified with the same diluted primer mix. The parameters of all subsequent PCR
reactions were modified with the conclusions of the template concentration study in

mind.

D. Titration Study

Before the target DNA was introduced to the beads, the attachment of the probes
to the beads was first confirmed. This was accomplished by designing and purchasing
biotinylated reverse probes which were complementary to each probe sequence. If
hybridization between the probe and reverse probe was detected, this was indicative of
successful probe-bead coupling. Various increments of reverse probe were used not only
to verify successful probe-bead coupling, but also to enable an extrapolation of the
approximate number of probes per bead. Raw data and plots of MFI vs. Reverse Probe
(fmol) for each bead set are shown in Figures A4.1-4.11 in Appendix IV.

The results of the titration study indicated that the curve platueaued at
approximately 50 fmol of reverse probe for each of the eleven bead sets studied. This
value was first converted to moles of reverse probe and then to molecules of reverse
probe, using Avogadro’s number. The molecules of reverse probe were divided by ten to
account for the ten-fold excess of reverse probe added to each sample to drive the
reaction to completion (C. Carrasco, personal communication, 12 October 2009). This

yielded an estimate of the molecules of probe in each reaction well, based on the 1:1 ratio
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of probe bound to reverse probe. However, each reaction well had approximately 5000
beads, so the molecules of probe was divided by 5000 to ultimately provide the number
of probes attached to each bead. Assuming that each titration curve pleateued around 50
fmol, it was concluded that each bead had approximately 608,282 probes attached. The
conversion of reverse probe to an estimation of the number of probes per bead is
summarized in Figure 5.14. A better baseline for comparing MFI values arising from the
eleven bead sets was established after it was confirmed that each bead set consisted of

beads with roughly the same number of probes attached.

It was determined that the curve plateaued at ~50 fmal of reverse
probe. The first step is to convert this number to maolecules of reverse probe:

80 frmol rev. probe x 1 10%18 mol = 5% 1014 mols rev. probe
1 frnol

5% 10%14 maols rev. probe »x B.022 x 1023 molecules rev. probe = 3.011 x 10%0 molecules
1 maol rev. prohe

One reverse probe hybridizes with exactly one probe. Howewver, reverse probe is added to the
reaction in 10-fold excess to drive the reaction toward completion. The molecules of reverse
probe must be divided by 10 to obtain a more accurate estimate of the number of probes:

3.011x 100 maolecules rev. probe x 1 malecule probe =3.011 % 10"d molecules probe
10 molecules rev. probe

5o far the total number of probes has been calculated. But this number must be divided by the
number of beads in order to determine the number of probes per bead. Each reaction well
contains 33 ul of working bead solution (150 beads/ul), which means that each well contains
about 4950 beads:

3.011x 103 molecules probe = 608,282 probes per bead
4950 beads

Figure 5.14. Sample calculations for determining number of probes per bead.
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E. Enzymatic Degradation of the Competing PCR Strand

1. Enzymatic Degradation of B. cereus

Before the enzymatic degradation protocol was universally applied, its
effectiveness was first studied using just one bacterium: B. cereus. This bacterium was
chosen because prior assays demonstrated that amplification of the Bac/RRL target
sequence yielded PCR products that were generally free of non-specific amplicons and of
an ideal concentration.

B. cereus control and experimental samples were amplified in triplicate. The pre-
digest quantitation results (Figure AS5.1 and Table A5.1 in Appendix V) for all six
samples displayed a band having a length of approximately 120 bp, which was in close
proximity to the length of the Bac/RRL target sequence (111 bp). The quantitation results
also indicated a concentration of amplicons in all samples that was sufficient to proceed
with the enzymatic digestion. The average concentration of the Bac/RRL target was 11.2
ng/uL.

The enzymatic digestion on the samples described above was carried out once a
sufficient amount of pre-digest DNA was verified. Figure A5.2 and Table A5.2 show the
post-digest quantitation results of all samples. Once again a band of approximately 120
bp was observed in all samples. The average concentration among the control samples
was 6.49 ng/uL, which was approximately half the concentration observed in the same
samples pre-digestion (11.2 ng/uL). This reduction in concentration was expected
because of the 1:2 dilution inherent to the digestion protocol, as described previously.
With this dilution in mind, the concentration of the original PCR products and the pre-

digest control samples were approximately equal.
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Although a band having an approximate length of 120 bp was observed in all
experimental samples, the concentration was too low to be reported. As discussed
previously, the Agilent DNA 1000 kit was not designed to quantify single-stranded DNA.
The post-digest quantitation of experimental samples was conducted for qualitative
verification of digested DNA, not to provide a quantitative estimate of the amount of
digested DNA. Therefore, the lack of quantitative data for post-digestion experimental
samples did not preclude the Luminex analysis.

One control (7.21 ng/uL) and one experimental (concentration too low to be
reported) sample from those in Table A5.2 (lanes 2 and 6; highlighted samples) were
chosen for Luminex analysis. The basis for choosing the control sample in lane 2 was that
its band had a concentration higher than the band in either of the other two control
samples in lanes 1 and 3. The basis for choosing the experimental sample in lane 6 was
that the experimental samples in lanes 4 and 5 had been exhausted in preceding trial runs
(data not shown). Also analyzed on the Luminex were original PCR products from which
the control and experimental samples originated (data not shown). The MFI values
observed for these samples are summarized in Table 5.5. Figures A5.5 and A5.6 in
Appendix V compare the instrument’s sensitivity when double-stranded (undigested) and

single-stranded (digested) target DNA were analyzed.
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Sample Bac/RRL
NC 71
NC x 3 213
Net MFI*

BC/con/5ng 128
BC/exp/5ng 388
BC/con/10ng 239
BC/exp/10ng 507
BC/con/20ng 348
BC/exp/20ng 1010
BC/con/40ng 501
BC/exp/40ng 1493
BC/con/80ng 748
BC/exp/80ng 2039

BC - PC 8911

Table 5.5. Summary of net MFI values produced for digested B. cereus DNA. *Net MFI
= Raw MFI - 3X NC for selected bead set.

2. Enzymatic Degradation of B. anthracis and Y. pestis

Enzymatic digestion of amplicons from the non-pathogenic B. cereus produced
favorable results. Two pathogenic bacteria (B. anthracis and Y. pestis, respectively) were
studied next in order to determine if the same success observed with the enzymatic
degradation of RRL target sequences would be observed with TOX target sequences.

As shown in Figure A5.3 and Table A5.3 in Appendix V, all samples for 5.
anthracis and Y. pestis were amplified in duplicate. The pre-digest quantitation results for
the four B. anthracis samples all displayed a band having an approximate length of 118
bp, which was similar to the length of the Bac/RRL target sequence (111 bp). The four B.
anthracis samples also displayed a band having an approximate length of 237 bp, which
was probably from the 230 bp Bant/TOX target sequence. The pre-digest quantitation
results for the four Y. pestis samples also displayed two bands each. The first was a band
having an approximate length of 111 bp, which corresponded to the 107 bp Ypes/RRL

target sequence. The second was a band having an approximate length of 171 bp, which
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corresponded to the 169 bp Ypes/TOX target sequence. The quantitation results also
indicated a concentration of amplicons in all samples that was sufficient to proceed with
the enzymatic digestion. The average concentration of the Bac/RRL and Bant/TOX
targets were 11.3 ng/uL and 8.3 ng/uL, respectively. The average concentration of the
Ypes/RRL and Ypes/TOX targets were 16.3 ng/ulL and 9.7 ng/uL, respectively.

The enzymatic digestion on the samples above was carried out once a sufficient
amount of pre-digest DNA was verified. Figure A5.4 and Table A5.4 show the post-
digest quantitation results of all samples. Two bands (approximately 120 and 230 bp in
length) were again observed in all B. anthracis samples. The average concentrations of
the Bac/RRL target and Bant/TOX target in the two B. anthracis control samples were
6.2 ng/ul and 5.3 ng/uL, respectively. The average concentrations of the Ypes/RRL
target and Ypes/TOX target in the two Y. pestis control samples were 10.0 ng/uL and 5.3
ng/uL, respectively. All post-digest concentrations in the control tubes were roughly half
the concentration observed in pre-digest samples, because of the 1:2 dilution involved in
the enzymatic degradation protocol. With this dilution in mind, the concentration of the
original PCR products and the pre-digest control samples were approximately equal.

Both target sequences were detected in all four experimental samples, except one.
Although faintly visible on the gel, the Bac/RRL band was not concentrated enough to be
reported (lane 3). Similar observations were made for experimental samples in other
assays, but this did not eliminate these samples from Luminex analysis. The faint band
observed on the gel confirmed that some DNA was present. Furthermore, the fact that

concentrations were not reported for experimental samples was somewhat expected
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because the Agilent DNA 1000 kit was not optimized for quantifying single-stranded
DNA.

One control (7.81 ng/uL) and one experimental (2.95 ng/ulL) sample from the B.
anthracis samples in Table A5.4 (highlighted samples) were chosen for Luminex
analysis. The MFI values observed for these samples are summarized in Table 5.6.
Figures AS5.7 and A5.8 in Appendix V compare the fluorescent response of double-

stranded and single-stranded target.

Sample Bac/RRL | Bant/TOX
NC 59 57
NC x 3 177 171
Net MFI*
BA/con/5ng 149 825
BA/exp/5ng 410 1843
BA/con/10ng 241 1528
BA/exp/10ng 727 2493
BA/con/20ng 370 2031
BA/exp/20ng 1095 3121
BA/con/40ng 509 2254
BA/exp/40ng 1478 3487
BA/con/80ng 569 2255
BA/exp/80ng 2216 4174
BA - PC 2209 3192

Table 5.6. Summary of net MFI values produced for digested B. anthracis DNA. *Net
MFI = Raw MFI - 3X NC for selected bead set.

One control (10.47 ng/uL) and one experimental (4.02 ng/uL) sample from the
post-digest Y. pestis samples in Table A5.4 (highlighted samples) were chosen for
Luminex analysis. An internal obstruction in the Luminex instrument caused aberrant
MFI values when these samples were first analyzed (data not shown). After the blockage
was cleared, the analysis was successfully repeated. The MFI values observed for these
samples are summarized in Table 5.7. Figures A5.9 and A5.10 in Appendix V compare

the fluorescent response of double-stranded and single-stranded target.
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Sample Ypes/RRL | Ypes/TOX
NC 96 348
NC x 3 288 1044
Net MFI*

YP/con/5ng 0 1110
YP/exp/5ng 0 1037
YP/con/10ng 0 1139
YP/exp/10ng 0 1885
YP/con/20ng 0 1528
YP/exp/20ng 0 2676
YP/con/40ng 0 2167
YP/exp/40ng 142 3204
YP/con/80ng 0 3147
YP/exp/80ng 325 3522

YP - PC 4387 6292

Table 5.7. Summary of net MFI values produced for digested Y. pestis DNA. *Net MFI
= Raw MFI — 3X NC for selected bead set. Net MFIs < 0 reported as “0”.

F. Specificity/Sensitivity Study

1. Sample Preparation

The results of the enzymatic degradation study demonstrated that single-stranded
target DNA yielded a stronger fluorescent response than double-stranded DNA. With this
conclusion in mind, the samples used in the specificity/sensitivity study were
enzymatically digested prior to analysis on the Luminex instrument.

Pre-digested samples for the specificity/sensitivity study did not all come from the
same amplification batch. Many amplifications were performed and pre-digested samples
from the most successful amplifications (in which there was no evidence of superfluous
bands, contamination, drop-out, etc.) were pooled and quantified as a group. The contents
of each sample tube were split equally between a control and experimental tube. The

appropriate treatment was administered and the samples were quantified in separate
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control (Figure A6.1 and Table A6.1 in Appendix VI) and experimental (Figure A6.2 and
Table A6.2 in Appendix VI) batches.

As described in the Methodology section, the concentration of the RRL band in
all control tubes was used to determine the amount of DNA from the corresponding
experimental tube to be loaded on to the Luminex plate. A concentration of 0.05 ng/uL
was assumed for the RRL band of any control sample (e.g., M. tuberculosis) whose target
DNA was visible on the gel image but had a concentration too low to be reported. The
basis of this assumption was that the LLD on the Agilent is ~0.02 ng/uL and the presence
of a faint band was indicative of a concentration at or slightly above the LLD.

Net MFI values for the Specificity/Sensitivity Study can be found in the Figures
A6.3-6.11 and Tables A6.3-6.12 in Appendix VI. Representative charts of excellent,
satisfactory, and poor results are shown below in Figures 5.15-5.17 (see Appendix VI for

all figures pertaining to this study).
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G. Mixture Study —1:1

Three batches (see Table 4.17) of 1:1 mixtures were amplified, quantified,
digested, and re-quantified. The post-digest quantitation results for all control samples in
each batch are shown in Tables A7.1, A7.3, and A7.5 in Appendix VII. Guidelines for
determining Luminex input amounts were followed as described in the Methodology
section. The corresponding Luminex data is summarized in Tables A7.2, A7.4, and A7.6.

The fluorescent response of all probes to each mixture is depicted graphically in Figures

5.18-5.50 below.

114



"IMXIW I J/d A 03 asuodsar juadsaion]] ‘[7'S 2An3L|

pejoajeq (s)uonezipughy

\ ¢ \ ] @] 3
& %@% %@%M%%@%@“o%w&%oﬂo%v@% wo,ro%e@% g
N7 o , ! 0
%7
%
77
-
-

00se

SINIXIN Ld + dA

141N 39N

ImxIw g)/ve 03 asuodsar jusosaion| *(g°S 931

pa3a93aQ (s)uoneziplghy

I I I I I I 0
00S
0001

0051

0002

NN

0052

000€

005€

AN

000V

INIXIN 99 +Vv4

14N 39N

"INIXIW J,]/Ve 03 9suodsay juaosaion)] *¢1'S 2131

pajoajaq (s)uoneziplghy

«
7 —
-_—

2 s

[E1REL

-

Z—.

000e

00S€

SInixiN 14 +vd

QIMIXIW J A /v g 01 osuodsal juadsaion]] ‘§1°S dIng1

pajoeyaq (s)uonezipughy

005

0051

£
Z
N

14N 319N

0002

00se

000€

SINIXIN dA + V4

115



IXTW gD/ A/VH 03} 9suodsar jusosaIon]] *Sg°S 21N

pajoseq (s)uoneziplghy

0ost
vl
0002

00s2

14N 19N

000€

00s€

000t

AANNNNNNNRRNNNNNY

00S¥

000S

SINixiN 90 + dA + V4

amxIw 1 J/dA/Vd 01 osuodsal juadsaion] ‘p7'S InSL

pajosleq (s)uonezipughy

00s}

\\
\ 000}
m

0002

14N 33N

00s2

000€

00s€

NI

000%

00SY

SINIXIN 14 + dA +Vd

ImxIw gD/ 03 9suodsar Juadsaion] *€7°S IS

pajos3aQ (s)uonezipughy

00S

0004

0051

0002

00SZ

14N 3eN

NANNRNNNNRRG

000€

00S€

000%

00S¥

aInixiN g9 + 14

ImxXIw gD/d A 03 asuodsar juadsaion]] °*7g'S 3An3L

pajos3aQ (s)uonezipughy

S E\ 2SN S N R S > N N o

R R PO R PO RO O R
\ \ 00S
\ \ 0001
\ lm 0051 w
\ 0002 Jw._
7/
\ 00sz
\ 000

00S€

SINIXIN 80 + dA

116



ImxIw J A /LA/gD/Vd 03 asuodsar juadsaion)] *§7'S 21N

pajoajeq (s)uonezipughy

S N X D> > PPN P
S FF TS TSNS
R R PR PO R POROR
,E, ,\ L L L L ,\ L 0
0001
“ N 0051
“ rk 0002 m
=
00se H
“ 000€
\ 00se
\ 000
00S¥
aINIXIN dA + L4 + 8D + V4
amxtw g0/ LA/d A 03 9suodsar juddsaron[ LS 3An31q QImxIw g/ 1LA/VE 03 suodsar juddsaion|q *97'S d.IngLy
pajo9jeq (s)uonezipughy pajo93aq (s)uoneziplghy
S M PP PP PP PP L L PP
F T FT LTSS ST F TS ST S S
R R PO R PR OO R R R R PO R PR PO RO R
,E, L L L L L L L 0 ,S 1 ‘ ,E Il N Il Fh, L 0

005

0001 \

r 000L

00s1

\

0002 0002

DURNNNNNNNN

14N 3°N
14N 39N

00s2

- 000g “
t oose

00S2

000€

00S€

AN

AARANNNNNNERNNNN

000% 000%

SINIXIN 80 + 1d + dA SINxiIN 90 + 14 +va

117




IxIW g/ A 03 9suodsar juadsaiony] ‘7¢'S InJig

pajoajeq (s)uoneziplghy

000}

oozt

oovL

«
w
%
%
\ 008
7
%
7

0091

0081

SINIXIN 90 + 3JA

14N 39N

IxIw I,J/0¢g 03 9suodsar jusosaron] ‘J€°S dIn3L|

pajoajaq (s)uonezipughy

R L R S NP S T > B S
F LT FTTF S NS
DR R PO R PR ORI OR

,E L \ ,\ L L ,‘ 0

/7

1

00S1

14N 39N

000€

00s€

aINXIN 14 + 09

"ImXIwW H,/vVg 03 9suodsal juaosaion] *(¢'S 9In3L

pajosleq (s)uonezipgiy

© T oor > > PP & &L
>.w% \@.% zv.% +o% >.v.% +o«// >.v.% +o«4 zv.v,,. +on zv.%
NZR7ZB v :
““ “ 00S
\\_\ \ 0001
77
\ \ 0051
“ 0002
N 00sZ

000¢g

00se

SINIXIA H4 + vE

141N 3°N

IMIXIW g A /V{ 01 9suodsar juadsaion] *67'S 21n31q

pajos3eq (s)uonezipugAy

00S

14N 319N

00S1

o
w
7

0002

00se

SINXIN JA +vd

118



IxTw g/ A/VE 03 9suodsar juadsaiony ‘9¢'S dIn3nf

pajosjeq (s)uoneziplgAy

\ \ @ @] o
éfﬁv /n..amv o,.vai /V@&V /oe«w, /V/Ao.v 409 0109 /x/wo /v/oe &
ST TS PSS LSS
,S, ,E L S, L ,E, L 0

00s

S
Z
7
7
7

ANNNNNNNNNNN

00S1

0002

00sz

SINXIN g0 + A +VE

[ELRC]

pajoajeq (s)uonezipughAy

ARNINNNNNNNNNNN

SIMXIN 14 + dA + 09

IxIw TJ/d A/D€ 03 9suodsal juaosaIon]] *S¢°S 2INSIq

drmxIw gO)/HA 03 9suodsar juddsaion[] ‘H¢°S 3In31y

pajoajaq (s)uoneziplighy

0004

NANNNNNNNNNNN

14N 318N

0054+

AR

0002

00sz

9IMXIN 890 + Hd

ImxXIW (10)/ LA 03 dsuodsar juddsaionyq *€¢'S dIngLy

pajosleq (s)uonezipghy

000}

005k

0002

00s2

000€

00s€

SIMXIN 4O + 14

14N 319N

119



IxIw g A/HA/dD/Vd 03 osuodsar juadsaion]j *6€°S 9In3L

pajo93aq (s)uonezipughy

0.0
e N &

oe&

+on

o

D
A R
3

L 0

7.

T

DANNNNRRNNNGN

00041

14N 39N

00S1

DI

ARNANNRNRNNNNN

0002

00s2

9INIXIN JA + H4d + 90 +vd

QIMXIW (D)/LJ/dA 0} @suodsal jusdsaion],] *§€°S InJ1q

pa39939Q (s)uonezipghy

000k

0051

0002

00se

14N 38N

000€

00s€

000

SANNNNNNNNNRNNGN

005

000S

SINIXIN D + 1d + dA

IxIw gO/HA/VE 03 asuodsar juaosaion]] °L¢€'S 3an31

pajoajaq (s)uoneziplgAy

0004

0051

NN

0002

14N 39N

00s2

AR

000e

00S€

9INIXIN 90 + H4d +vdg

120



"QINXTW HI/d A 0} osuodsar juaosaion[j *¢€p°S 9In3Ig

pajosleq (s)uonezipughy

I I I I I 7 I I I 0
[@ -

0001

0051

ARNENNIRRNRIIRNNG

IyxIw g/ 03 suodsal JuadsaIon],] ‘gH'S 2INSI

pajoajeQ (s)uoneziplghAy

DARNARRRNINNNRRN

00se

SINIXIN @O +vd

z oz
000z m 0001 m
oz = oozr B
oovL
000¢
0091
oose 008
000% 000z
SINIXIN HA + dA aInixiN 90 + 09
LIMxIw (dH/vy o1 asuodsax juadsalonyd °Iy°S th—wmm LImxiua J X /09 03 asuodsai juaddsalony “Op°s Qh——wmrﬂ
pajosjeq (s)uonezipuiahH pa3093a( (S)uonezipuah
- S R R N> R B B SIS R e S S > B 4
S LSS ST TFFF T FEfSFF ST TS F S
DR R PO R PR PO PO R R R R PO RO RO RO R
L L L \- L Q L 0 L \ L L L L 0
&’“ 005 “ & o0s
“ oost W “ 000} W
= =
\ 0002 H \ 0051 H
\ 00sz \
N \ 0002
000¢ k

00s2

SINIXIN dA + 09

121



IxTW (1D)/d A/DF 03 9su0dsal judosaIon]] *Lp°S IS

pajoajeQ (s)uoneziplighAy

> M o AN » > P P »n 2
F LSS TS FH S
FFFPIFTPLOIF TS
,E,,

0001

0002

14N 39N

0052

000€

«
w
%
7
m
%

005€

000

005y

SINIXIN dJ + dA + 04

axtw gD/g A/Dd 03 9suodsar jusosaron ‘9p°S dInSL|

pajoayaq (s)uonezipughy

S N DO PP n R
S S FSF TS F ;S
P FE OO

,&, L ,§, L L ,g,wo

008

14N 39N

000}

ooz

AAANNNRNNRRNNNN

oovl

0091

SINIXIN g0 + 3A + 08

ImXIw ([D/d A 03 9suodsal juaosaion] *Sp°S 9.IngL

pajosleq (s)uonezipughy

005

0001

14N 3°N

0002

00Se

000e

s
m
W
7

00S€

3INiXIN O + dA

QIMIXIW J/gA 03 osuodso1 juodsaion) ‘Hp°S 9IS

pajoslaq (s)uonezipughy

S e P> PP o P
S ST SFTFTF FHyY P
ST L P L LSS

,E, ,\, 1 1 1 0

005

- 0001

00S+

- 0002

14N 319N

0o0se

SANNNNRRRNNNRNNG

0o00¢e

00s€

SINIXIN 14 + 3A

122



QIMXIW g A/ LA/AD/VE 03 dsuodsar juoosaion]] °*(S'S 31n31]

pajoajeq (s)uonezipghy

A/,{V 090

4
D

14N 39N

0051

2
m
-
m

0002

00SZ

SINIXIN JA + 14 + @D +vd

amxIw (10/LA/Dg 01 asuodsar juddsaion[] ‘6p'S 21n31q

paja93aQ (s)uonezipughy

oo X DD 0O O » >
ll@ &V 00 o < & 09 09 O /VQ &
FFFTST LSS S DS
R R R PR PR PR PR
,E Il \ Il Il Il Il ,\ 0

%

T 00§

000}

005k

0002

00sz

AARRRNNNNRRNNN

000€

00S€

9IMXIN D + 14 + 089

000

14N 39N

QImxIw (1D/dA/VE 031 asuodsar juddsaion) *‘8p°S 9INSI

pajo93aQ (s)uonezipudAH

LS SR At S S S T S
S LSS TS FE S
LT LT LE LSS

,‘ L L L ,\ L L 0
“ W 002
v

008

14N 3eN

0004

ooz

AANNNNRNNNNNNNY

00¥L

0094

SINIXIN @O + 3JA +Vd

123



H. Intra-genus Mixture Study (1:1)

Mixtures studied in the 1:1 and ratio mixture studies (discussed below) were
limited to mixtures in which each component belonged to a different genus. The
specificity of the Luminex platform was further challenged by analyzing 1:1 binary
mixtures in which both components belonged to the same genus.

One reaction tube containing template from C. difficile and C. botulinum, and
another containing template from Y. enterocolitica and Y. pestis, were prepared and
amplified according to the TD-PCR (mixtures of bacteria in the Bacillus or Francisella
genera were not studied because they would not have been distinguishable due to the
absence of a unique RRL probe for these bacteria). The PCR amplicons were split into a
control group (undigested) and experimental group, with the experimental group being
digested with lambda exonuclease as per the usual protocol. The post-digest quantitation
results are shown in Table A8.1 in Appendix VIII. The standard rules for determining
Luminex input amounts were applied. Table A8.2 provides a summary of net MFI values
for each mixture analyzed in this assay. Figures 5.51 and 5.52 below illustrate the MFI

results for this assay in bar graph format.
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Figure 5.52. Fluorescent response of the eleven probes to a 1:1 mixture of Y. enterocolitica and Y. pestis.



I. Mixture Study — Ratios

1. BA/FT Ratio Mixtures

Mixtures of B. anthracis and F. tularensis tularensis genomic DNA were
amplified and the PCR amplicons were split into a control group (undigested) and
experimental group, with the experimental group being digested with lambda
exonuclease as per the usual protocol. The post-digest quantitation results for all control
samples in the first batch of ratio mixtures is shown in Table A9.1 in Appendix IX. The
quantitation results indicated that, for most target sequences, concentration values
generally increased when more template was present, and vice versa. Table A9.2
provides a summary of net MFI values for each mixture analyzed in this assay. The MFI

data is depicted graphically in Figure 5.53 below.
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2. BA/YP Ratio Mixtures

Mixtures of B. anthracis and Y. pestis genomic DNA were amplified and the PCR
amplicons were split into a control group (undigested) and experimental group, with the
experimental group being digested with lambda exonuclease as per the usual protocol.
The post-digest quantitation results for all control samples in the second batch of ratio
mixtures is shown in Table A9.3. Table A9.4 provides a summary of net MFI values for
each mixture analyzed in this assay. The MFI data is depicted graphically in Figure 5.54

below.

129



‘s1ysad “{ pue s190.4yjup g JO SOIjeI SNOLIeA 0) S9q0Id UOAS[S o) JO 9su0dsal JudsaIoN]] *$S°S AN

vy)
0o QO O v w @
m m g § 2 3 9 A
S3s 3£ 2 25 3 §F
=% @335 =53 323 g 3 &5 L,
S e 2% 3 4R o0 A X F Ly Ly,
LS A OH r oD A
-4 A x > ¥y SR
] A A2 x r NI SR
2 QR F F VNS S
e NGAR
0 Ny
0001
000z |
pa
a
000€ -
w —
L
000~
0005 -
SOL

saJN)XI|N oney dA:vVg 0} asuodsay juadssaion|

130



3. YP/FT Ratio Mixtures

Mixtures of Y. pestis and F. tularensis tularensis genomic DNA were amplified
and the PCR amplicons were split into a control group (undigested) and experimental
group, with the experimental group being digested with lambda exonuclease as per the
usual protocol. The post-digest quantitation results for all control samples in the third
batch of ratio mixtures is shown in Table A9.5.

The quantitation results indicated that, for most target sequences, concentration
values generally increased when more template was present, and vice versa. The main
exception was the Ypes/TOX target sequence, which had a consistently high
concentration whether it was one or ten parts of the mixture. Table A9.6 provides a
summary of net MFI values for each mixture analyzed in this assay. The MFI data is

depicted graphically in Figure 5.55 below.
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Figure 5.55. Fluorescent response of the eleven probes to various ratios of Y. pestis and F. tularensis tularensis.



4. BA/CB Ratio Mixtures

Mixtures of B. anthracis and C. botulinum genomic DNA were amplified and the
PCR amplicons were split into a control group (undigested) and experimental group, with
the experimental group being digested with lambda exonuclease as per the usual protocol.
The post-digest quantitation results for all control samples in the fourth batch of ratio
mixtures is shown in Table A9.7.

The standard rules for determining Luminex input amounts were applied. There
were two exceptions preventing these rules from being applied as usual. The
concentration of the RRL band reported for the BA:CB/1:5 and the BA:CB/1:10 samples
was so low that the minimum amount of minor contributor needed to satisfy the Luminex
LLD (10 ng) could not be loaded into the Luminex well. Each Luminex well has a
capacity of 17 uL of DNA and the concentration of these samples was so low that >17 uL
would have been necessary to satisfy the Luminex LLD. Thus, it was decided to load the
maximum volume of target DNA (17 uL) into each of these wells. Table A9.8 provides a
summary of net MFI values for each mixture analyzed in this assay. The MFI data is

depicted graphically in Figure 5.56 below.
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Figure 5.56. Fluorescent response of the eleven probes to various ratios of B. anthracis and C. botulinum.



CHAPTER VI. DISCUSSION

A. Probe Design for the rrl Gene

The first obstacle in this research was encountered when searching for the r7/
gene sequence of the nine microbes. Some 77/ gene sequences were easy to locate in the
NCBI Gene database, while others were more difficult to find. After some
experimentation, it became apparent that these difficulties stemmed from the database
nomenclature — there was no standardization for the manner in which uploaded gene
sequences were named and/or abbreviated. When the nucleotide sequence of a particular
gene was discerned, some researchers uploaded the sequence to the Gene database and
named the file according to the gene name, while other researchers uploaded the file and
named it according to the gene product. Therefore, 77/ gene sequences were found when
searching both 77/ (the gene name) and 23S rRNA (the gene product). Once this subtlety
of the system was realized, the search for 77/ gene sequences progressed with greater
ease.

Initially a separate locus was sought for all RRL target sequences. However, a
high degree of homology in the r#/ gene made it difficult to establish primers that
possessed an adequate degree of specificity. In preliminary experimentation, an attempt
was made to improve primer specificity by manipulating template amounts, PCR cycling
parameters, and primer concentrations (data not shown). The results were still
unsatisfactory and ultimately a locus of the 7/ gene that had been studied in prior
research (Dunbar and Jacobson, 2007; Battaglia et al., 2011) was selected for target
sequence design. The same locus for all nine bacteria was used for RRL probe design.

This locus was ideal because the primer- and probe-binding regions were thought to be
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polymorphic enough to enable a suitable level of specificity. An ancillary benefit was that
the use of the same locus for all RRL target sequences permitted the use of degenerate
primers, which were more cost-effective to synthesize than nine separate primer sets.
Within this locus, it would have been preferred to design a unique RRL probe for each
species, but again this was precluded in some cases by a high degree of homology in the
probe-binding region. A unique RRL probe was successfully designed for the two species
in the Clostridium genus (Cdif/RRL and Cbot/RRL) and the two species in the Yersinia
genus (Yent/RRL and Ypes/RRL). However, a unique RRL probe could not be designed
for the two species in the Bacillus genus or the two species in the Francisella genus.
Instead, generic Bacillus (Bac/RRL) and Francisella (Fran/RRL) probes had to be
designed due to total homology in the probe-binding sequences of organisms in each of
these genera. Confirmatory identification of the four pathogenic species was

accomplished through the use of the TOX probes.

B. Probe Design for the TOX Gene

Unlike the RRL probes which were (1) designed to target the same gene locus for
all nine bacteria, and (2) designed within a locus that had been previously studied, the
TOX probes were each within different genes and designed de novo for this study. This
was reflected in the extensive background literature search and bioinformatics study
undertaken for the TOX genes. After the TOX gene sequences were identified, they were
aligned using ClustalW to identify regions in which there was little or no homology with
sequences in the genomes of the other pathogenic bacteria used in this study. The TOX
gene sequences were uploaded to Primer3 software (Rozen and Skaletsky, 2000). This

program designs probes and PCR primers while considering factors such as melting
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temperature, length, GC content, secondary structure, and primer-dimer formation. Any
homologous regions identified in the ClustalW alignment were excluded from probe
design in Primer3. With these excluded regions in mind, Primer3 identified a probe
sequence (as well as PCR primers needed to amplify the probe) for each of the four
pathogenic bacteria. The TOX probes were all designed with similar melting
temperatures (~60°C) so that a single hybridization temperature could be used in a
multiplexed analysis. For the same reason, the PCR primers were also designed with
similar melting temperatures.

The candidate probes identified by Primer3 were carefully examined for the
specific location of polymorphic bases within the twenty base oligo. Based on
recommendations from Luminex technical support and the findings of other researchers
(Dunbar and Jacobson, 2005; Battaglia ef al., 2011), probes were designed so that there
existed a minimum homology to other probes, particularly in the mid region. When the
probe and target sequence collide and begin to hybridize, bases in the middle of the
sequence bind first, followed by an outward expansion on both sides of the growing
duplex. Base complementarity in the middle of a non-specific probe and target sequence
may lead to hybridization because the duplex could be irrevocably formed by the time
polymorphisms located on the periphery of the binding region are encountered.
Polymorphisms close to the center of an oligo are more adept at preventing non-specific

binding.

C. Touchdown PCR
A modified method of PCR called touchdown PCR (TD-PCR) was devised in

1991 (Don et al.). The technique requires starting the amplification with an annealing
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temperature approximately 10°C above the highest primer melting temperature and then
incrementally decreasing the annealing temperature (usually 1°C per cycle) until it is just
below the lowest melting temperature, at which point the annealing temperature remains
constant for the remaining PCR cycles (Korbie and Mattick, 2008). TD-PCR enables the
target sequence to be preferentially amplified early on when the higher annealing
temperatures are used, thus enhancing amplification of the target and reducing non-
specific amplification.

As long as the initial annealing temperature is high enough (while still remaining
below the 72°C extension) and provided that it does not drop too far below the lowest
primer Ty, it should theoretically pass through the ideal annealing temperature ranges for
all primer sets as it descends during the first few cycles. The final annealing temperature
should be far enough below the Tys so as to permit the primers to anneal, yet not so far
below to allow non-specific priming.

TD-PCR is an ideal method for enhancing the specificity of primers whose
melting temperature is in the middle or upper part of the range of Ty;s. However, primers
whose Ty is at the lower part of the range may be more prone to drop-out and/or non-
specific amplification. Amplicons whose primers have higher melting temperatures are
preferentially amplified in the first half of the PCR reaction, but amplicons whose
primers have lower Tys do not experience this benefit. TD-PCR may be a good
compromise when primers of various Tys are used in a multiplexed PCR reaction, but
researchers should also be aware of the nuances of this technique. Imbalances in the
proportion of amplicons observed may be partially corrected by modifying other PCR

parameters such as primer concentration, template amount, and salt concentration.
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D. Monoplex PCR Specificity Study

Proper validation procedures dictated the need for singleplex amplifications to
demonstrate that each primer set was capable of amplifying the intended target DNA.
Without the singleplex amplifications, there would have been no way to confirm that
each primer set successfully amplified the target DNA for which it was designed. It
would not have been possible to confirm primer specificity without singleplex
amplifications because all target DNA sequences fell within the same general size range
(~100-200 bp). Their similar sizes would have made it difficult to differentiate all target
DNA sequences using the Agilent 2100 Bioanalyzer.

The touchdown method of PCR as described previously was employed in the
singleplex amplifications as a means of further enhancing primer specificity. Ultimately,
the goal was to integrate all primers into a single primer mix, which meant that any TD-
PCR reaction in which these primers were used would require the use of annealing
temperatures consistent with the primer melting temperatures. The melting temperatures
of all primers ranged from 64.5 to 56.3°C (see Tables 4.5 and 4.6). Accordingly, a final
annealing temperature of 55°C was selected for the monoplex amplifications because this
would allow even the primers with the lowest Tys to hybridize with the template during
the annealing step. The touchdown PCR reaction was programmed to begin with an
annealing temperature of 67°C, dropping by 1°C over the first twelve cycles before
reaching the final annealing temperature of 55°C for the remaining thirteen cycles.

The expected amplicons were produced when each template was amplified using
its designated primer set (Figures 5.4-5.9). The concentrations of the amplicons produced

for each template varied somewhat, ranging from 2.43 to 20.69 ng/uL, with a standard
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deviation of 6.2 (see Table A3.1 in Appendix III). This was expected because of several
variables such as the use of degenerate primers, and the fact that the target sequences
were present in higher copy numbers in some bacteria. It was somewhat surprising that
the RRL amplicons generally had lower concentrations than the TOX amplicons, because
the RRL target sequences were often present in multiple copy numbers whereas the TOX
target sequences occurred only once in each respective genome. However, the
amplification efficiency of the RRL target sequences could have been compromised by
the use of degenerate primers, which may not have amplified the target DNA as
efficiently as the TOX primers. The TOX primers were custom designed for each
individual pathogenic bacteria and were therefore expected to yield a greater
amplification efficiency.

Amplification efficiency could have also been impacted by the various primer
melting temperatures. Touchdown PCR begins with an annealing temperature
approximately ten degrees above the highest primer melting temperature, descending by
about one degree over the course of ten cycles before stabilizing for the remaining cycles.
Before the annealing temperature stabilizes, the amplicons whose primers have high
melting temperatures are preferentially amplified. Therefore, there could be a correlation
between PCR yield and primer melting temperatures. Using the amplicons described in
Table 5.4 and Figure 5.9 as an example, yield was often good for Y. pestis and Y.
enterocolitica amplicons, whose primers had Tyss toward the high end of the range. This
supports the statement made above, that amplicons whose primers have high Tys are
more efficiently amplified using TD-PCR. However, this theory cannot be universally

applied to explain all results. For example, yields were often very low for M. tuberculosis
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amplicons (Table 5.3), whose primers had Tys in the middle of the range. Overall these
observations might indicate that yield is more dependent on template amount (M.
tuberculosis has only one rrl gene copy) than primer melting temperatures.

Despite a moderate degree of variation in the concentration of amplicons
produced, a template concentration study was not undertaken to balance the concentration
of all amplicons. The uniformity of all amplicons (in terms of their concentration) was
not deemed essential for success of the Luminex assay. The aim of this study was to
establish a platform for identifying pathogenic microorganisms. Even if a template
concentration study was performed, this would not necessarily be useful as clinical
samples would not have balanced ratios. Nevertheless, future researchers may wish to
adjust the template input amounts as needed to balance the amplicons, in order to
establish a baseline for comparing MFI values for different target sequences.

For quantitations performed on the Agilent 2100 Bioanalyzer, the linear
regression line of apparent length (bp) vs. time (sec.) for the ladder should have a
coefficient of determination (R?) near one to ensure optimum sizing accuracy (C.
Vanselow, personal communication, 23 August 2011). The reported lengths for the target
sequences in the monoplex PCR study (and all subsequent assays) were at or near the
accepted sizing accuracy standard for the Agilent Bioanalyzer (Agilent, 2011; data not
shown). Occasionally the size of the amplicons reported were slightly outside the
accepted sizing accuracy of the Agilent Bioanalyzer (+/- 5% for oligos between 100 and
500 bp; Agilent 2011). This may have been due to the formation of secondary structures

within the amplicons, which would affect their migration through the gel. Nevertheless,
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any disparities between the reported lengths and the expected lengths were still small
enough such that the amplification of the intended targets was able to be confirmed.

A satisfactory level of specificity was observed for the RRL and TOX primers in
the monoplex amplification study. Specificity was gauged by the overall absence of
superfluous bands when each target DNA was amplified using the designated primers.
The specificity of the TOX primers was expected to be especially good because these
primers were designed to amplify target sequences found in highly unique toxin-coding
genes exclusive to certain pathogenic species. Surprisingly, there was one instance in
which a non-specific amplicon was detected — the TOX primers produced a non-specific
amplicon when F. tularensis holarctica (nonpathogenic species) was used as template
(Figure 5.8). This was unexpected because all primers were scrupulously designed to
minimize cross-reactivity.

1. Addressing the Non-specific Amplicon Produced in the Amplification of F.

tularensis holarctica Template using the Ftul/TOX primer set

Although the initial search of the Ftul/TOX primer and probe sequences produced
no significant alignments with species other than F. tularensis tularensis, early PCR data
indicated non-specific amplification (within the F. tularensis holarctica genome) of a
PCR product having a similar size as the Ftul/TOX target (Figure 5.8).

The FTTO0435 gene codes for citrulline ureidase, an ammonia-producing enzyme
that helps F. tularensis tularensis to evade lysosomal degradation in host organisms
(Larsson et al., 2005). Given that this enzyme was thought to be unique to F. tularensis
tularensis (Sjostedt, 2004), it was surprising to find that the TOX primers produced an

amplicon of the expected length in the non-toxic species. However, it was considered that
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the FTT0435 gene may have been present but undetectable when initial studies with this
gene were conducted. For example, techniques used by prior researchers (to infer that
FTTO0435 is unique to F. tularensis tularensis) were based on enzyme activity (Fleming
and Foshay, 1955). In other words, because the products (citrulline ureidase and its
ammonia byproduct) of the FTT0435 gene were not detected, it might have been
erroneously inferred that the gene was absent in F. tularensis holarctica.

Another possibility for the FTT0435 gene not being detected in F. tularensis
holarctica was that the gene may have been present but not expressed. The FTT0435
gene in F. tularensis holarctica may be a pseudogene, which is a gene that is still present
in the genome but is not transcribed and/or translated, due to a mutation within the gene
itself or in the control region. If FTT0435 is a pseudogene in F. tularensis holarctica,
then the gene would be detectable in a genetic analysis (such as the present study) but the
product of this gene would be undetectable (i.e., protein expression for this gene would
be negative).

However, having a PCR product of similar size to the Ftul/TOX target does not
confirm the presence of the FTT0435 gene in F. tularensis holarctica. Furthermore, this
non-specific amplification would not necessarily lead to a false positive in the analysis of
F. tularensis holarctica on the Luminex. If the Ftul/TOX probe-binding region of the
target sequence was absent or mutated in the non-specific amplicon from F. tularensis
holarctica, it would not be detected in a Luminex assay. Nevertheless, it was still
puzzling that the Ftul/TOX primers were able to amplify a section of the F. tularensis
holarctica genome, because all primers underwent an extensive bioinformatics analysis

to confirm specificity.
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The F. tularensis holarctica genome was manually searched for the presence of
the Ftul/TOX target sequence. Surprisingly, the Ftul/TOX target sequence possessed 98%
similarity to a sequence in F. tularensis holarctica beginning at base number 489927
(Figure 6.1). Both the forward and reverse primers for Ftul/TOX were 100% identical to
the corresponding sequence found in F. tularensis holarctica, thus explaining the non-
specific amplicon. Furthermore, the probe sequence was identical to the aligned sequence

in the F. tularensis holarctica genome at 18 of the 20 bases.

> enb | AMZ 33362, 11 [] Francisella tularensis subsp. holarctica LVI complete genome
Length=15395004

Features in this part of subject sequence:
beta-alanine synthase or beta-ureidopropionase

Score = 278 bits (150), Expect = Se-72Z
Identities = 136/139 (98%), Gaps = 05159 (0%)
Jtrand=Flus/Flus
Query 1 AATEATTGATGCGEAT GETTCGATAATGGETCTATATCGTAALGC CCATATTCCAGACGE A0

Frrrrrrerererererrrerrrrerer et tererrr e e e e e e
Gbhijct 489927 AATGATTGATGCGFATGGTTCGATAATGGGTATATATCGTAAAGCCCATATTCCAGACG: 4399584

Query al TATTGGTTACCALGAGARATAT TATTTC TCACCT GRALGTGCTEETTTTAAGGTITORRE 120

Frrrereerrererrrerrrrrrrrrrerrrrrerrrrerr reerrrerr e
3bjct 4899537 TATTGGTTACCAAGAGAAATATTATTICTCACCTGGAAGTGTTGLGTTITAAGGTITAGRLE 490046

Query 121 TACTALATATGCTAMLGTTGEAGTTGETATTTGC TR 159

Frrrrrrrrrrrrrrrrrrrr e err e rrrr et
Jbjct 450047 TACTAAATATGCTALL GTTGGAGTTGGTATTTGCTGRGA 490085

Figure 6.1. Comparison of the Ftul/TOX target sequence (Query) with a sequence found
in the beta-alanine synthase or beta-ureidopropionase gene in F. tularensis holarctica
(Subject). Yellow highlighted regions indicate PCR primers for the Ftul/TOX target
sequence. Bases colored in red font indicate the Ftul/TOX probe. Aligned bases without a
dash mark in between indicate a polymorphism between the query and subject sequence.
The sequence producing the significant alignment to the Ftul/TOX target resides
in the beta-alanine synthase or beta-ureidopropionase gene (also known as FTL0504) in
F. tularensis holarctica (Chain et al., 2011). The gene product hydrolyzes amide (carbon-

nitrogen) bonds which is similar in function to other hydrolases such as FTT0435

(Mahawar et al., 2009). Although FTT0435 may exhibit reaction catalysis properties that
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are similar to other genes such as FTL0504, the literature still supports the belief that
FTTO0435 is unique to F. tularensis tularensis. The role of FTT0435 in conferring toxicity
has been corroborated by insertional mutagenesis studies but the results are sometimes
complicated to interpret because genomic redundancy evidently compensates for the
absence of FTT0435 (Mahawar ef al., 2009). It is still possible that FTT0435 is unique to
F. tularensis tularensis but apparently the particular section of the gene from which the
target region originates is not.

It was still puzzling that these significant alignments were not reported when the
sequences were originally searched against the nucleotide collection (nr/nt) database
maintained by NCBI. The cause may have been related to an algorithm parameter called
the Expect (E) value. When the BLAST search engine finds a match to the query
sequence, an E value is reported. This value predicts the number of chance matches to the
query sequence. Lower E values portend fewer matches by chance, and thus the match
becomes more significant.

The default E value threshold for the BLAST software is ten, meaning that any
significant matches with an E value higher than ten are not reported. However, the
matches for short sequences (such as the primers and probes searched for this study) can
sometimes yield E values greater than ten because there is a greater probability of
sequences matching by chance when the query sequence is short. This means that
significant alignments to the query sequence may not be reported simply because of an E
value that is higher than the threshold. In sum, lower E value thresholds enhance the
stringency of a search because fewer chance matches are reported, with the caveat that

some significant alignments may be unreported. If the E value threshold had been raised
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above the default value of ten when the Ftul/TOX primers and probe were searched in the
database, the matching sequences in F. tularensis holarctica might have been reported as
signficant alignments.

Filtering is another possible reason that homologous sequences in F. tularensis
holarctica might not have produced significant alignments when the Ftul/TOX primers
and probes were searched. When a query sequence is uploaded to the BLAST search
engine, the software automatically detects regions of low complexity in the sequence.
These are sequences with an unusual base composition (usually because of repetition or
lack of variability in the bases) that can disrupt the search by producing many
insignificant matches. In order to avoid this, the BLAST algorithm uses a default filter
called DustMasker (Morgulis et al., 2006) to mask regions of low complexity. The
masked regions are excluded from alignments with sequences in the database, thereby
potentially preventing a significant match from being made. It is not known for certain
whether any part of the Ftul/TOX primers or probe would be considered regions of low
complexity, but more significant alignments to these sequences might have been
produced if the default filter had been disabled.

The bioinformatics analysis portion of this research began with primer and probe
design using Primer3 software, followed by a search of the sequence in the BLAST
database. Future researchers may find it more convenient to consolidate these tasks into
one program called Primer-BLAST. This is a primer designing tool maintained by NCBI
which uses Primer3 for primer design. Additionally, there is an option for the design of
an internal hybridization oligo (i.e., probe sequence). The advantage of using Primer-

BLAST is that the software automatically reports significant alignments to primer and
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probe sequences by searching within the BLAST database. Another advantage of using
Primer-BLAST is that the default algorithm parameters are optimized for searches of
short sequences. For example, the default E value in Primer-BLAST is 30,000 instead of
the default of ten used in the traditional BLAST database search.

The data from the monoplex PCR study strongly indicated that the Ftul/TOX
primers lacked specificity and were amplifying a section of the F. tularensis holarctica
genome. Despite this minor setback, it was still thought that the Luminex might be able
to differentiate F. tularensis tularensis and F. tularensis holarctica. There were two
polymorphisms between the Ftul/TOX probe and the aligned section of the F. tularensis
holarctica genome (Figure 6.1). In lieu of re-designing the Ftul/TOX target, it was
decided to test the specificity of the Luminex instrument and determine whether these
two polymorphims would be sufficient to enable differentiation of F. tularensis tularensis
and F. tularensis holarctica. Although prior research indicated the ability of the Luminex
platform to differentiate sequences that differ by as little as one SNP (Diaz and Fell,
2004; Drago et al., 2009; Deshpande et al., 2010), subsequent research has provided
evidence that the location of the SNP(s) within a probe may play an important role in

determining specificity (Dunbar and Jacobson, 2005; Battaglia ef al., 2011).

E. Multiplex PCR Specificity Study

1. PCR Primer Optimization

The ultimate goal of this study was to create a pathogen detection array, which
required the simultaneous amplification of all target sequences that may or may not have

been present in the sample. Therefore, PCR primers for all eleven target sequences had to
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be combined into a single primer mix and used to amplify each individual template. The
primers were combined in very precise ratios based on the abundance of the target
sequences for which they were designed. For example, the degenerate RRL primers made
up a larger composition of the primer mix because there were seven RRL target
sequences. The need for primer concentrations to be well balanced in multiplex reactions
has indeed been documented by other researchers (Schoske et al., 2003). Having a primer
mix in which the primers are either too scarce or too abundant could have deleterious
effects such as amplification drop-out, non-specific amplification, or primer-dimer
formation.

When the original primer mix (see Table 4.12) was used to amplify the eleven
target sequences (Figure 5.10 and Table A2.1 in Appendix II), there was only one
instance of non-specific amplification (the Ftul/TOX target sequence produced when F.
tularensis holarctica was used as the template). Most primers demonstrated a sufficient
degree of specificity when used in a primer mix to amplify their resepective target
sequences. Additionally, for the samples in which target sequences were successfully
amplified (not including two samples in which all templates were mixed), the
concentration of the target sequences was usually adequate (mean amplicon concentration
of 13.1 ng/uL; Table A3.2 in Appendix III) and consistent with the results of the
monoplex PCR study (mean amplicon concentration of 12.8 ng/uL; Table A3.1). The
uniformity among the concentration of target sequences amplified using the original
primer mix (standard deviation of 5.1; Table A3.2) was also similar to the concentrations

reported in the monoplex PCR study (standard deviation of 6.2; Table A3.1).
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Although non-specific amplification was detected infrequently among amplicons
from the original primer mix, there were several instances in which amplification drop-
out occurred. The expected bands were not always observed, such as in lanes 3, 4, 6, and
8, when B. cereus, B. anthracis, C. botulinum, and F. tularensis tularensis were used as
template, respectively (Figure 5.10). Most of the instances of amplification drop-out
involved the TOX target sequences. In the original PCR primer mix, the primers for the
TOX genes were present in 5 uM concentration, whereas the degenerate RRL primers
were present in excess (RRL fwd. #1 — 35 uM; RRL fwd. #2 — 10 uM; RRL rev. — 45
uM) to accommodate the five targets which they were designed to amplify. However,
these high primer concentrations may have interfered with the ability of the TOX primers
to amplify their target (a theory supported by the high volume of primer dimers
observed).

The primer-dimer formation observed was unexpected because the initial
AutoDimer primer dimer screen did not predict any dimerizations among the primers.
First, AutoDimer is a tool for analyzing the tendency for self- and cross-dimerizations,
but may not yield predictions that are always observed in practice. Second, the initial
AutoDimer primer dimer screen was performed using the default threshold value of
seven. Match scores are computed in AutoDimer by comparing two sequences and
subtracting the number of mismatching bases from the matching bases. Two sequences
whose interaction produces a score below the threshold would not be reported. Although
the propensity for cross-reactivity is reduced as the score number drops, this does not
imply that interactions with scores below the default threshold value can not occur in situ.

Such interactions do occur, and future researchers are encouraged to use AutoDimer
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threshold values below the default value to obtain a more complete representation of all
interactions that could potentially occur, before primers are synthesized and put to use.

Although the occurrence of primer dimers became an inherent and unwanted
byproduct, a modified primer mix (see Table 4.13) was devised to minimize their
frequency and concentrations, and to ameliorate other problems encountered with the
original primer mix (e.g., amplification drop-out). When the modified primer mix was
used to amplify the eleven target sequences (Figure 5.11 and Table A2.2 in Appendix II),
there was one instance of non-specific amplification, also observed in prior assays (the
Ftul/TOX target sequence produced when F. tularensis holarctica was used as template).
For the single-template samples, the concentration of the target sequences was both
adequate (mean amplicon concentration of 12.7 ng/uL; Table A3.2 in Appendix III) and
fairly consistent (standard deviation of 6.3; Table A3.2). The mean target sequence
concentration produced using the modified primer mix was slightly lower than that
observed when the original primer mix was used. Likewise, the standard deviation was
also higher when the modified primer mix was used in the PCR reaction. However, these
minor differences were overshadowed by the fact that no amplification drop-out was
observed in any samples.

Amplification efficiency was probably improved by using an equitably balanced
primer mix in which the individual primers were not excessively concentrated. This, in
turn, may have reduced the incidences of primer dimer formation. When the original
primer mix was used to amplify the individual templates, amplification drop-out was
observed in several samples and the average primer-dimer concentration was 12.0 ng/uL

(Table A3.2). It came as no surprise that, for samples amplified with the modified primer
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mix, the average primer dimer concentration dropped to 6.8 ng/uL and amplification
drop-out was totally eliminated (Table A3.2).

A 1:2 diluted version of the modified primer mix (see Table 4.14) was prepared
and used to amplify the templates to determine whether primer dimer formation could be
further reduced without compromising the specificity of the primers (Figure 5.12 and
Table A2.3 in Appendix II). When this diluted primer mix was used to amplify the target
sequences, one non-specific amplicon was observed (as in other assays), which most
likely corresponded to the Ftul/TOX target sequence amplified when F. tularensis
holarctica DNA served as template. Technically there were no amplification drop-outs
because all target sequences were visible on the gel, although the Myc/RRL target
sequence was not concentrated enough to be officially reported. This was not explored
further because it was regarded as an aberration, based on successful amplification of the
Myc/RRL target in prior amplifications. Also, the concentration of the Myc/RRL target
sequence was typically lower than the concentrations of other target sequences in any
given assay, most likely because there is only one copy of the r7/ gene in M. tuberculosis.

For single-template samples amplified using the diluted primer mix, the mean
target sequence concentration was 10.0 ng/uL (Table A3.2 in Appendix III), not far
below the mean target concentrations observed when samples were amplified using the
original and modified primer mixes (13.1 ng/uL and 12.7 ng/uL, respectively; Table
A3.2). The standard deviation of target sequences amplified with the diluted primer mix
was 4.6, compared to 5.1 (original primer mix) and 6.3 (modified primer mix), indicating
a superior level of uniformity among the concentrations of target sequences amplified

with the diluted primer mix (Table A3.2). The most corroborative evidence collected in
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favor of the diluted primer mix was the low frequency of primer dimers. Not only did the
diluted primer mix yield the lowest incidence of primer-dimers among all primer mixes
tested, but the primer dimers that were observed with the diluted primer mix had the
lowest average concentration (3.4 ng/uL) when compared to the average primer dimer
concentrations observed with the original and modified primer mixes (12.0 ng/uL and 6.8

ng/uL, respectively; Table A3.2).

2. PCR Template Optimization

When the primers and their templates are abundantly present in the PCR reaction
mixture, two things may happen: (1) the primers are so plentiful that non-specific
amplification products become more prevalent, or (2) the template DNA is so plentiful
that other primers could have an increased tolerance for mismatches and thus bind to non-
specific DNA with greater ease. For these reasons, it was important to optimize both
primer concentration and template amounts before a standard PCR protocol was
established.

The diluted, modified primer mix (see Table 4.14) was used to amplify 10% of
the template amounts used in previous studies (Figure 5.13 and Table A2.4 in Appendix
IT). The purpose was to determine if using 10 ng of template was as effective as using the
typical amount (100 ng). There were no non-specific amplicons observed, except for the
one Ftul/TOX target sequence that was amplified when F. tularensis holarctica was used
as template. This phenomenon was observed in other amplifications as well. For single-
template samples amplified using the diluted primer mix (and 10 ng of template), the

mean target sequence concentration was 9.4 ng/uL, which was very close to the mean
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target sequence concentration observed when 100 ng of template was amplifed with the
same primer mix (10.0 ng/uL; Table A3.2 in Appendix III). The standard deviation (5.6)
of the amplicon concentrations reported when the reduced amount of template was used
was in close proximity to the standard deviation (4.6) of the amplicon concentrations
reported when the higher amount of template was used (Table A3.2). The number of
primer dimers detected in samples amplified with reduced template were the least
abundant of any assay performed in the primer concentration study. However, the mean
primer dimer concentration observed with reduced template was 6.3 ng/ulL, which was
slightly higher than the corresponding value observed when 100 ng of template was used
(3.4 ng/uL; Table A3.2).

Overall, the data collected with 100 ng and 10 ng template amounts was
comparable except that the mean concentration of primer dimers was slightly higher
when only 10 ng of template was input into the PCR reaction. These minor artifacts were
not expected to be detrimental to the Luminex assay. Also, using less template was
preferable given the limited quantity of genomic DNA available from BEI Resources,
and more representative of a real-life sample. Even if the genomic DNA sequences were
available in unlimited quantities, using 100 ng of template was not necessarily preferable
because it often yielded amplicons whose concentration far surpassed the quantities
required in the Luminex assay. The standard PCR protocol was ultimately amended to
include the use of the diluted, modified primer mix (see Table 4.14) and 10 ng of

template per sample.
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F. Titration Study

Before probe-coupled beads were used in this study, the attachment of probes to
beads was first confirmed. This was accomplished by using reverse probes that were
complementary in sequence to their corresponding probe. The verification of probe-bead
coupling was paired with a titration study in which the general uniformity in number of
probes per bead (across all eleven bead sets) was established by using various amounts of
reverse probe, ranging from 0.0 to 250 fmol. Whereas other assays in this study utilized a
mixture of all eleven bead sets for multiplexing purposes, the titration study only
involved the bead set which had complementarity to the particular probe being studied.
This was expected to reduce cross-reactivity that might otherwise prevent an estimate of
the number of probes per bead.

The results of the titration study confirmed that all bead sets had the appropriate
probe attached. It was also apparent that all eleven bead sets consisted of beads with a
generally uniform number of probes attached (approximately 600,000 which was
consistent with other estimates; Spiro et al., 2000; Brian Schrader, personal
communication, 31 August 2009). This estimate was tabulated by plotting fluorescence
observed when various amounts of reverse probe were used. Then, the amount of reverse
probe was noted at the approximate location where the curve plateaued. This served as
the starting point for a series of calculations used to determine the number of probes
attached to each bead. The theory behind starting with the amount of reverse probe at the
plateau was that the probes were saturated with reverse probe at this point. An estimate of

the number of probes per bead was calculated based on this principle (Figure 5.14).
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Although the titration study yielded useful data, the major issue was that
fluorescence was sometimes detected for beads that should not have been present.
Despite the use of only one bead set per assay, beads from other sets were occasionally
detected. Carryover from other assays was not considered as a potential explanation to
the problem because, in some instances, beads were being detected from a set that had
never been run through the instrument before. Instead, it seemed likely that the
instrument was sometimes not able to distinguish one bead set from another.

The titration study for the Yent/RRL bead set, for example, displayed some of the
aforementioned aberrant MFI values (Table 10.1 in Appendix X). This assay used only
Yent/RRL reverse probe, which meant that all fluorescence observed was expected to
correspond to the Yent/RRL bead set. However, fluorescence was also observed for the
Bant/TOX bead set. This was puzzling because beads from the Bant/TOX bead set were
not used in this assay. These aberrant MFI values were considered a serious problem
because if this were a multiplexed assay, the MFI values detected for the Bant/TOX bead
set would be false positives.

In order to examine this problem further, the count data from this assay was
observed (Table A10.2 in Appendix X). The MFI data represents the median fluorescent
intensity for all beads that passed through the channel in a given sample. However, the
count data represents the actual number of beads that passed through the channel in a
given sample. It was important to refer to the count data because, according to Luminex
technical support, MFI values derived from any less than thirty-five beads are unreliable
and should not be regarded as significant (C. Norton, personal communication, 05 July

2010). In the Count data table for the Yent/RRL titration study (Table A10.2), note that
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reliable MFI values were consistently derived from approximately 500 beads or more.
However, the aberrant MFI values often resulted from as few as one or two beads.
Given that the aberrant MFI values originated from less than thirty-five beads,
they were regarded as insignificant. But it still did not explain why this phenomenon was
being observed. Recall that all beads had two internal dyes (red and infrared) which
enabled the instrument to classify them as one particular bead set among one hundred.
Each of the one hundred bead sets marketed by Luminex has a very unique spectral
signature. If the spectral emission ranges of the two internal dyes for a given bead were
plotted against each other, one would expect each bead set to occupy a very precise and
exclusive location on a chart of all bead emissions. For example, Figure 6.2 shows the
unique spectral location (white ovals) for all 100 Luminex beads when the emission

spectra of the internal dyes are plotted against each other.

1 10 100 1000 10000
Classification 1

Figure 6.2. Classification plot of two internal dyes for 100 bead sets. The unique
spectral location of each bead set is denoted by a white oval. Image adapted from original
version found in the Luminex PowerPoint® presentation entitled “Luminex Advanced
Applications Training: Nucleic Acid Assay Development”. Reprinted with permission
from Luminex Corporation. Note: this image was provided by Luminex and is unrelated
to any data in this study.
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Even though only eleven of the one hundred available bead sets were utilized in

this study, each bead set still occupied a unique spectral location. Figure 6.3 shows the

classification plot of the eleven bead sets used in this study.
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Figure 6.3. Classification plot of two internal dyes for eleven bead sets used in this
study.

To obtain more information about the cause of the aberrant MFI values, the

classification plot for a selected sample in the Yent/RRL titration study was examined.

The selected classification plot is shown in Figure 6.4.
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Figure 6.4. Classification plot of two internal dyes for selected sample in Yent/RRL
titration study.

In Figure 6.4, notice that most of the beads for the selected sample were classified
as belonging to set #20 (Yent/RRL probe). However, some beads were also “bleeding”
into a neighboring spectral region, namely that belonging to set #13 (Bant/TOX). Thus,
the instrument was apparently misclassifying beads from set #20 as belonging to set #13,
possibly because of the close proximity of their spectral regions. This same phenomenon
was observed in the titration study for other bead sets as well (data not shown).
Misclassifications were more abundantly and frequently observed when the bead set
involved in the analysis was diagonally juxtaposed with another bead set, particularly one
whose spectral region resided “northeast” or “southwest” of the spectral region for the
bead set undergoing analysis . For example, this problem was scarcely observed when
bead sets #16, 17, and 18 were analyzed, because these bead sets had no “northeast” or

“southwest” neighbors.
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Luminex technical support was notified when misclassification problems were
first encountered. In order to rule out contaminated buffer as a potential cause for the
aberrant MFI values, select samples were re-analyzed with sheath fluid only (no TMAC
buffer). However, the same unusual MFI values were observed even when the TMAC
buffer was withheld (data not shown). Technical support then produced quality control
data to illustrate that the misclassification rate being observed still fell within a range
deemed acceptable by Luminex. Given that all misclassifications involved MFI values
derived from only one to three beads, technical support advised continuous monitoring of
the count data on all samples to ensure that MFI values were considered significant only
when derived from more than thirty-five beads. Future researchers are encouraged, if
possible, to use bead sets that are spectrally separated as much as possible to minimize

the risk of misclassifications.

G. Enzymatic Degradation Study

1. Enzymatic Degradation of B. cereus

The MFI values for the original PCR products (data not shown) and the control
group were generally consistent with each other, thus confirming again that the enzyme
reaction buffer did not inhibit Luminex detection. For every amount of DNA tested, the
MFI values for the experimental group were conspicuously higher than those observed
for the control group (Table 5.5). Furthermore, the gap between the net MFIs of a control
and experimental sample for a given amount of input DNA steadily widened as the
amount of input DNA increased (Figure A5.5 in Appendix V). This was because the net

MFTI values for the experimental samples had a fast rate of change (linear regression line
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slope = 21.9) whereas the net MFI values for the control samples had a slower rate of
change (linear regression line slope = 7.8; Figure A5.6).

The MFI values for all samples increased proportionally to the amount of input
DNA used, often covering a wide range between the 5 ng and 80 ng samples. For
instance, the range of net MFI values for control samples was 620 (see Table 5.5).
However, the range of net MFI values was much broader for the experimental group
(1651; see Table 5.5), which indicated that the binding of single-stranded target
sequences to probes was more efficient in experimental samples. In contrast, the
attenuated range observed for control samples was indicative of binding efficiency that
was consistent, although not as successful, as binding efficiency observed when the non-
complementary PCR strand was absent.

The regression lines for the control and experimental samples displayed R? values
that were both generally close to 1.0 (0.96 and 0.94, respectively; Figure A5.6). The good
fit of the data to the linear trendline in both sample sets indicated that the rate of growth
closely resembled a linear model. It was interesting that both control and experimental
samples exhibited linear growth instead of logarithmic. This may be evidence that, had
larger amounts of input DNA been tested, the curve for the B. cereus samples may have
eventually plateaued. Nevertheless, the intriguing difference between the control and
experimental samples for B. cereus was not their pattern of growth, but rather their rate of
growth. The rate of growth was substantially higher for the net MFIs of experimental
samples. Additionally, the magnitudes of the net MFI values for the experimental
samples were higher overall than comparable net MFI values for the control samples. All

of these observations provided further support for the belief that the enzymatic
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degradation of competing sequences in the reaction mixture enhances the hybridization

efficiency of probe and target DNA.

2. B. anthracis

For every amount of DNA tested, the MFI values for the experimental group were
noticeably higher than those observed for the control group (Table 5.6). A similar trend
was observed for other bacteria in the enzymatic degradation study. Another trend that
was observed for the Bac/RRL and Bant/TOX targets was that the gap between the net
MFTs for single-stranded DNA (digested) and double-stranded DNA (undigested)
widened as larger amounts of DNA were used (Figure A5.7). When the net MFIs for
RRL and TOX target sequences were examined, the single-stranded DNA had a faster
rate of change than the corresponding double-stranded DNA. For example, the slope of
the linear regression line for the digested RRL target was 22.56, but the slope of the line
for undigested RRL target was only 5.23 (Figure A5.8). This trend was repeated for the
TOX target — the slope of the line for digested target was 27.2, but only 14.8 for
undigested target (Figure AS5.8).

The MFI values for all samples increased in a manner that was proportional to the
amount of input DNA used, often spanning a wide range between the 5 ng and 80 ng
samples (Table 5.6). The range of net MFI values of the Bac/RRL and Bant/TOX targets
in control samples were 420 and 1430, respectively). However, the range of net MFI
values of the same target sequences in the experimental samples was much broader (1806
and 2331, respectively). The breadth of the net MFI ranges in experimental samples was
attributed to the enhanced binding efficiency observed when sequences that compete with

the probe for access to the target DNA were absent.
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A comparison of the coefficients of determination was performed to determine if
the data from digested or undigested data was a better fit to the linear model (Figure
A5.8). The R? value of the net MFIs for digested Bac/RRL target was 0.96, but the R?
value of the net MFIs for undigested Bac/RRL target was only 0.81. A better linear fit
was also observed when the R? values of the net MFIs for the Bant/TOX target were
examined — digested and undigested DNA had R? values of 0.86 and 0.54, respectively.
For both target sequences in the control sample, the net MFIs plateaued near 20 ng of
input DNA, thus causing them to deviate more from the linear model. In contrast, the rate
of change for both target sequences in the experimental sample was more consistent
across the entire range of input DNA. This constant rate of change not only yielded a
better linear fit, but was also portentous of a better overall performance with larger

amounts of input DNA.

3. Y. pestis

With the exception of the 5 ng sample (Ypes/TOX probe) and some samples that
yielded zero net MFI for the Ypes/RRL probe, all experimental samples displayed net
MFI values that were higher than those observed for the corresponding control samples
(Table 5.7). Similar to the trend observed for other bacteria (Figures A5.5 and A5.7 in
Appendix V), a large gap was observed between the net MFIs of digested and undigested
DNA that further expanded when larger amounts of input DNA were used. However, this
gap was not as pronounced and generally uniform for both target sequences in Y. pestis
(Figure A5.9). The slope of the linear regression line could not be calculated for
undigested Ypes/RRL samples (because no net MFI values for these samples exceeded

the threshold), but the slope of the line for the net MFI values of digested Ypes/RRL
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target was still only 4.62, indicating a very slow rate of change, especially for digested
DNA (Figure A5.10). When the net MFIs for the TOX target sequences were examined,
the double-stranded DNA had a slope of 27.10, which was only narrowly surpassed by
the slope of 28.34 reported for the single-stranded DNA.

The MFI values for all Y. pestis samples (except those mentioned above)
increased proportionally to the amount of input DNA used. Although the range of MFI
values observed for single-stranded DNA was typically greater than the double-stranded
DNA, it did not mirror the wide ranges observed with B. cereus and B. anthracis. The
range of net MFI values of the Ypes/RRL and Ypes/TOX targets in control samples were
0 and 2037, respectively; Table 5.7). The range of net MFI values of the same target
sequences in the experimental samples was somewhat broader (325 and 2485,
respectively; Table 5.7). These ranges were acceptable, but far from being vastly superior
to the ranges observed in control samples. The data indicated that the Y. pestis probes did
bind their target DNA with greater efficiency when competing DNA was absent, but the
enzymatic degradation of the competing DNA did not promote hybridization of the probe
and target as much as expected, or as much as it had for other bacteria.

The R? values of the linear regressions were compared for digested and
undigested Y. pestis samples to examine the ability of the data to fit the linear model
(Figure A5.10). The R? value for the undigested Ypes/RRL samples was not computed,
but the R” value for digested Ypes/RRL samples was 0.97. The R? value of the net MFI
values for undigested Ypes/TOX DNA (0.99) was better than the R? value for digested
Ypes/TOX DNA (0.78). The poor R? value for the digested Ypes/TOX target was the

result of the plateau in the curve (see Figure A5.9). This was surprising because data
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from previous assays indicated that the net MFIs for digested DNA maintained a linear
trend even when large quantities of input DNA were tested, whereas the net MFIs for
undigested DNA tended to exhibit a more logarithmic trend that plateaued at a certain
input amount. Although the Y. pestis results exhibited some unusual trends, they still
corroborated the main conclusion of this study, which was that enzymatically digested
DNA binds its probe with greater efficiency when competing sequences are eliminated.

Even though the overall conclusions of the enzymatic degradation study were
upheld despite some minor aberrations observed in the data for Y. pestis, it was still
necessary to investigate the cause of the diminished hybridization efficiency between the
Ypes/RRL probe and target DNA. The net MFIs for the Ypes/RRL target were
conspicuously lower than those observed for other bacteria in the enzymatic degradation
study. It was believed that the diminished binding efficiency for this probe might have
been caused by formation of secondary structure in the probe or probe-binding region of
the target. Secondary structures might diminish MFI values for a given probe because
they prevent optimum hybridization efficiency.

When the primers and probes were initially designed, all sequences were
uploaded to an AutoDimer file to check for self-complementarity and cross-reactivity
with other sequences. The default threshold value of seven was used which meant that no
potential primer dimers or hairpins were reported unless their score exceeded seven
(AutoDimer scores are computed by subtracting the number of mismatched bases from
the matching ones). However, interactions with scores below the threshold could still
occur. In order to further examine the predilection for dimerization or hairpin formation,

the Ypes/RRL probe and Ypes/RRL target sequence were uploaded to AutoDimer and
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analyzed for hairpins using descending threshold values lower than seven but greater than
three. The hairpin screen predicted one hairpin in the Ypes/RRL target sequence (Figure
Al1.1 in Appendix XI). This hairpin was not detected in the initial AutoDimer screen
because the threshold was seven and the aforementioned hairpin returned a score of four.

The propensity for secondary structure formation could have possibly been
reduced by raising the hybridization temperature, thus favoring more specific binding.
However, the hybridization parameters were optimized to accommodate all sequences in
this study, and it was not possible to raise the temperature without going above the
melting temperature for other sequences.

Regardless of the cause, it was not felt that the low response for the Ypes/RRL
bead set would inhibit an identification of Y. pestis. A positive response with the
Ypes/TOX bead set was the most reliable indicator of Y. pestis, and the Ypes/TOX bead

set consistently displayed a strong response to Y. pestis.

H. Specificity/Sensitivity Study

1. B. cereus

Enzymatically digested samples of B. cereus were analyzed on the Luminex
instrument. The LLD for the Bac/RRL probe was 1 ng (Table A6.3 in Appendix VI).
There were some false positives but the net MFIs were relatively low and only occurred
when large amounts of target DNA were analyzed. For example, there were no false
positives for any samples in which 5 ng of target DNA (or less) was loaded into the
Luminex well. The most prominent group of false positives (in terms of frequency and

magnitude) occurred with the Cdif/RRL bead set.
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Overall, the data were consistent with data previously collected for single-
stranded target DNA of B. cereus in the enzymatic degradation study (Table 5.5). In both
this assay and the enzymatic degradation study of B. cereus, the Bac/RRL probe
displayed net MFI values that reached close to 2000 (for the 80 ng sample). When
digested B. cereus DNA was analyzed in the enzymatic degradation study, the slope of
the linear regression and R? value for the net MFIs corresponding to the Bac/RRL probe
were 21.9 and 0.94, respectively (Figure A5.6). A similar slope and R? value were
observed for the same probe in the specificity/sensitivity study of B. cereus: 27.0 and
0.85 (Figure A6.3). In addition to verifying the reproducibility of the data, the slopes of
the regression lines confirmed the strong sensitivity of the Bac/RRL probe for its
complementary target DNA. The R” values demonstrated the data’s close adherence to

the linear model, which was a reflection of the data’s consistent rate of change.

2. B. anthracis

Enzymatically digested samples of B. anthracis were analyzed on the Luminex
instrument. The LLD for the Bac/RRL probe was 1 ng and the LLD for the Bant/TOX
probe was less than 0.1 ng (Table A6.4). There were a few false positives but the net
MFIs were relatively low and only occurred when very large amounts of target DNA
were used. For example, there were no false positives for any samples in which 20 ng of
target DNA (or less) was loaded into the Luminex well. Again, the most prominent group
of false positives was observed for the Cdif/RRL bead set.

The data were consistent with data previously collected for single-stranded target
DNA of B. anthracis in the enzymatic degradation study (Figure 5.6). When digested B.

anthracis DNA was analyzed in the enzymatic degradation study, the slope of the linear
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regression and R? value for the net MFIs corresponding to the Bac/RRL probe were 22.56
and 0.96, respectively (Figure A5.8). A similar slope and R? value were observed for the
same probe in the specificity/sensitivity study of B. anthracis: 24.0 and 0.82 (Figure
A6.4). Likewise, the linear regression line for the Bant/TOX probe in the enzymatic
degradation study displayed a slope and R? value of 27.2 and 0.86, respectively (Figure
A5.8). Although the slope of the linear regression line (41.1; Figure A6.4) indicated
better sensitivity to the Bant/TOX probe in the specificity/sensitivity study, the R value
(0.56) was demonstrative of an inconsistent rate of change, which was caused by the
plateau in net MFIs that was observed around 20 ng of input DNA.

Other evidence supporting the reproducibility of the data was that the Bac/RRL
and Bant/TOX probes in both studies of B. anthracis displayed net MFI values that
reached close to 2000 and 4000, respectively (for the 80 ng sample). One might have
expected a stronger fluorescent response for the Bac/RRL probe because the Bac/RRL
target sequence is present eleven times in B. anthracis, but the Bant/TOX target sequence
is present only once. Theoretically this discrepancy would have been at least partially
carried over to the digested DNA that was analyzed on the Luminex, because a template
concentration study was not performed to ensure the homogeneity of amplicon
concentrations. However, the precise amount of Bant/TOX target analyzed is difficult to
pinpoint because the amount of DNA analyzed in each Luminex assay was based solely
on post-digest quantitation results of the RRL band (not the TOX band).

The fact that the fluorescent response for the Bac/RRL probe was not stronger
may have been due to cross-reactivity of the Bac/RRL target sequence with other probes.

However, this theory was neither predicted by the AutoDimer primer dimer screen nor
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supported by the net MFI values for other probes in this assay, which demonstrated very
low levels of cross-reactivity. The attenuated fluorescent response of the Bac/RRL probe
might have also been due to tendencies for secondary structure formation within the
primer, probe, or target sequences. Even though hairpin formation within these sequences
was not predicted in the AutoDimer hairpin screen, other secondary structures (besides
hairpins) could have formed within these sequences which might have led to a

diminished fluorescent response of the Bac/RRL probe to its target DNA.

3. C. botulinum

Enzymatically digested samples of C. botulinum were analyzed on the Luminex
instrument. The LLD for the Cbot/TOX bead set was 0.5 ng and the LLD for the
Cbot/RRL bead set was 5 ng (Table A6.5). There were some false positives but the net
MFIs were relatively low and were generally observed only when large amounts of target
DNA were used. For example, there were no false positives for any samples in which 5
ng of target DNA (or less) was loaded into the Luminex well.

Two prominent groups of false positives were observed: those of the Bant/TOX
and Cdif/RRL bead sets. False positives with the Cdif/RRL bead set were commonly
observed with other samples and were investigated further at the end of this study. False
positives with the Bant/TOX bead set may have been due to the Cbot/TOX and/or
Cbot/RRL target sequences cross-reacting with the Bant/TOX probe. An AutoDimer
primer dimer screen (threshold of 3) of the Bant/TOX probe sequence against the
Cbot/TOX and Cbot/RRL target sequences was performed. The results predicted cross-
reactivity between the Bant/TOX probe and the Cbot/RRL target sequence, and between

the Bant/TOX probe and the Cbot/TOX target sequence (Figure A11.2).
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The peak MFI value for the Cbot/TOX probe (4003; Table A6.5) and the slope of
the linear regression line (46.4) both support the superior sensitivity of the Cbot/TOX
probe (Figure A6.5). The R? value (0.67) reflected a moderate deviation of the data from
the linear model. This represented a departure from a uniform rate of change, but was
likely caused by the plateau in the net MFI values as larger quantities of DNA were used.

The fluorescent response of the Cbot/RRL probe was much weaker, displaying a
maximum net MFI value of 298 within the amounts tested (Table A6.5). Although a
relatively constant rate of change was confirmed by the R? value (0.82), the slope of the
linear regression line was just 4.0, providing further evidence for the lack of sensitivity
for the Cbot/RRL probe (Figure A6.5).

The unusually low net MFI values for the Cbot/RRL probe were not likely to have
been caused by hairpin formation within the probe attached to the bead. The reverse
probe was evidently binding without difficulty (see positive control net MFI of 4676;
Table A6.5). The low net MFI response for the Cbot/RRL bead set could have been due
to formation of hairpins that were undetected by the initial AutoDimer hairpin screen
when a threshold of seven was used. The AutoDimer hairpin screen for the Cbot/RRL
target DNA was repeated using a threshold of three. The results indicated three possible

hairpin-forming structures within the Cbot/RRL target sequence (Figure A11.3).

4. F. tularensis holarctica

Enzymatically digested samples of F. tularensis holarctica were analyzed on the
Luminex instrument. The LLD for this bacterium was 0.5 ng (Table A6.6). One group of
false positives occurred with the Cdif/RRL bead set, a trend that was observed in other

assays and discussed further below. A few other scattered false positives were observed,
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but these were relatively low and only observed when large amounts of target DNA were
used. For example, excluding the Ftul/TOX bead set, there were no false positives for any
samples in which 10 ng of target DNA (or less) was loaded into the Luminex well.

The Fran/RRL probe displayed an adequate level of sensitivity, having net MFI
values that reached 2614 (for the 80 ng sample) and a linear regression slope of 32.7
(Figure A6.6). The net MFI values pleateaued around 20 ng of input DNA, thus causing
the R? value (0.62) to reflect an inconsistent rate of change.

The most prominent group of false positives were those observed within the
Ftul/TOX bead set, which displayed consistently high MFIs even when as little as 0.5 ng
of target DNA was used. Recall from the monoplex and multiplex PCR studies that a
non-specific amplicon within the general size range of the Ftul/TOX target sequence was
observed when F. tularensis holarctica DNA was used as template.

Although initially not detected, further investigations into the fully sequenced
genome of F. tularensis holarctica revealed that a 98% identical form of the Ftul/TOX
target sequence was indeed present in the F. tularensis holarctica genome (Figure 6.1).
The primer-binding regions for the Ftul/TOX target sequence were identical in F.
tularensis tularensis and F. tularensis holarctica, thus accounting for the non-specific
amplicon observed when F. tularensis holarctica was amplified with the Ftul/TOX
primer set.

Despite the total homology between the two Francisella bacteria in the Ftul/TOX
target sequence primer-binding region, there were two polymorphisms between the
Ftul/TOX probe and the probe-binding sequence in the non-specific amplicon from F.

tularensis holarctica. Other researchers (Diaz and Fell, 2004; Deshpande ef al., 2010)
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have reported their ability to distinguish binding with probes between which there is a
single nucleotide polymorphism (SNP). Therefore, it was thought that these two
polymorphisms might be sufficient to allow the Luminex platform to prevent non-
specific binding.

The non-specific target DNA was able to bind the Ftul/TOX probe with
surprisingly great efficiency (despite the two polymorphisms), with the net MFI values
ranging from 85 to 3043. However, the net MFI values observed when Ftul/TOX target
(generated from F. tularensis tularensis) and Ftul/TOX probe bind had a slightly higher
range, spanning from 623 to 3827 (Table A6.7). The difference between net MFI values
of the actual complement and the non-specific amplicon are noticeable but not nearly
sufficient for distinguishing the binding of the true complement from false positives due
to F. tularensis holarctica.

Ikuta et al. (1987) found that the melting temperature for the hybridization of a
perfectly matched probe and target sequence may differ by several degrees when
compared to the melting temperature for a probe and target sequence with a SNP.
However, the difference in melting temperatures between perfectly matched sequences
and single base mismatched sequences was difficult to exploit in the current research
because a multiplexed assay requires a hybridization temperature that accommodates the
melting temperatures of all sequences. Furthermore, the two polymorphisms in the probe-
binding region of the F. tularensis holarctica non-specific amplicon reside at bases three
and eighteen, respectively. Prior research has shown that SNPs are most effective in
preventing cross-reactivity when they reside between positions eight and fourteen of a

twenty-base probe (Dunbar and Jacobson, 2005).
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5. F. tularensis tularensis

Enzymatically digested samples of F. tularensis tularensis were analyzed on the
Luminex instrument. The LLD for the Fran/RRL bead set was 0.5 ng and the LLD for the
Ftul/TOX bead set was also 0.5 ng (Table A6.7). There were some false positives but the
net MFIs were relatively low and generally only observed when large amounts of target
DNA were used. For example, there were no false positives for any samples in which 5
ng of target DNA (or less) was loaded into the Luminex well. The Cdif/RRL false
positive trend was again observed, which was addressed at the end of this section.

Although the R? values for the linear regressions of the Fran/RRL and Ftul/TOX
net MFIs were mediocre (0.76 and 0.54, respectively), the slopes of the linear regressions
(34.5 and 37.4, respectively) indicated a reasonable degree of sensitivity (Figure A6.7).
This was further confirmed by the net MFI values for these probes, which reached close
to 3500 (for the 80 ng sample). Unfortunately the two-base polymorphism between the
non-specific amplicon in F. tularensis holarctica and the Ftul/TOX probe was not
enough to enable a differentiation of the two Francisella species. However, there was
minor difference in the sensitivity of this probe for its real target and the non-specific
amplicon, albeit too minute to enable a reliable differentiation. The MFIs for the
Ftul/TOX probe when F. tularensis tularensis was analyzed had a range of 3204 and
reached as high as 3827 (for the 80 ng sample; Table A6.7). In contrast, the net MFIs for
the Ftul/TOX probe when F. tularensis holarctica was analyzed had a range of 2958 and

reached as high as 3043 (for the 80 ng sample; Table A6.6).
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6. Y. enterocolitica

Enzymatically digested samples of Y. enterocolitica were analyzed on the
Luminex instrument. The LLD for this bacterium was 10 ng (Table A6.8). There were
some false positives but the net MFIs were relatively low and generally occurred only
when very large amounts of target DNA were used. For example, there were no false
positives for any samples in which 20 ng of target DNA (or less) was loaded into the
Luminex well. The Cdif/RRL false positive trend was again observed in the table below.
This trend was further explored at the end of this section.

The uniform rate of change for the net MFIs corresponding to the Yent/RRL
probe was confirmed by the R? value of 0.99 (Figure A6.8). However, the slope of the
linear regression (4.7) and the highest net MFI observed (364 for the 80 ng sample) both
attest to the weak sensitivity of this probe. The data did not indicate secondary structure
formation within the probe (attached to the bead), because the reverse probe was
evidently binding with reasonable efficiency, having a net MFI of 2553 (Table A6.8).
These low MFI values may have been due to hairpin formation within the Yent/RRL
target sequence. These hairpins may not have initially been predicted when the
AutoDimer hairpin screen was performed using the default threshold of seven. An
AutoDimer hairpin screen of the Yent/RRL target sequence was repeated using a
threshold value of three (Figure A11.4).

The probe sequence is further downstream of the secondary structure in the
Yent/RRL target sequence shown in Figure A11.4. Although the probe sequence is not

involved in the secondary structure, binding of the probe could still be inhibited
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somewhat because of steric hindrance, thus accounting for the low (though not

completely absent) MFI response for the Yent/RRL probe.

7. Y. pestis

Enzymatically digested samples of Y. pestis were analyzed on the Luminex
instrument. The LLD for the Ypes/RRL bead set was 10 ng and the LLD for the
Ypes/TOX bead set was 0.5 ng (Table A6.9). There were some false positives but the net
MFTIs were relatively low and generally observed only when very large amounts of target
DNA were used. For example, there were no false positives for any samples in which 40
ng of target DNA (or less) was loaded into the Luminex well. The false positive trend
with the Cdif/RRL bead set was again observed, which is discussed at the end of this
section.

The data were consistent with data previously collected for single-stranded target
DNA of Y. pestis in the enzymatic degradation study (Table 5.7). When digested Y. pestis
DNA was analyzed in the enzymatic degradation study, the slope of the linear regression
and R? value for the net MFIs corresponding to the Ypes/RRL probe were 4.62 and 0.97,
respectively (Figure A5.10). A similar slope and R* value were observed for the same
probe in the specificity/sensitivity study of Y. pestis: 1.28 and 0.80 (Figure A6.9).
Likewise, the linear regression line for the Ypes/TOX probe in the enzymatic degradation
study displayed a slope and R” value of 28.3 and 0.73, respectively (Figure A5.10). The
R? value of the linear regression line for the Ypes/TOX probe in the specificity/sensitivity
study was 0.72, indicating a consistent rate of change in both assays. However, the slope
of the linear regression line (41.0) indicated better sensitivity to the Ypes/TOX probe in

the specificity/sensitivity study (Figure A6.9).

174



Other evidence supporting the reproducibility of the data was that the net MFIs
for the Ypes/RRL and Ypes/TOX probes in both studies of Y. pestis reached close to 200
and 3500 MFT for the 80 ng sample, respectively (Tables 5.7 and A6.9). One might have
expected a stronger fluorescent response for the Ypes/RRL probe because the Ypes/RRL
target sequence is present six times in Y. pestis, but the Ypes/TOX target sequence is
present only once. Theoretically this discrepancy would have been at least partially
carried over to the digested DNA that was analyzed on the Luminex, because a template
concentration study was not performed to make the amplicon concentrations
homogeneous. However, because the amount of DNA analyed in each Luminex assay
was based solely on post-digest quantitation results of the RRL band (not the TOX band),
it was difficult to pinpoint the precise amount of Ypes/TOX target actually analyzed.

One potential cause for the attenuated fluorescent response with the Ypes/RRL
probe could have been secondary structure formation within the probe. However, this
theory could not be corroborated by the data; the net MFI for the positive control (4000)
confirmed that the probe was binding the reverse probe with adequate efficiency (Table
A6.9). The low MFI values observed with the Ypes/RRL probe may have been due to
hairpin formation within the Ypes/RRL target sequence. These hairpins may not have
initially been predicted when the AutoDimer hairpin screen was performed using the
default threshold of seven. An AutoDimer hairpin screen of the Ypes/RRL target
sequence was repeated using a threshold value of three (Figure A11.1).

As with the hairpin predicted for the Yent/RRL target sequence (Figure A11.4),
the probe-binding sequence in the Ypes/RRL target sequence is downstream from the

hairpin (Figure A11.1). Although this may not completely prevent binding of the probe to

175



its complementary sequence, binding of the probe could be inhibited due to steric
hindrance imparted by the hairpin.

Note that the secondary structure predicted using the lower threshold in Figure
A11.1 has a very low melting temperature (19°C) relative to the perfectly matched probe
(56.3°C; see Table 4.3). This was a common observation for most secondary structures
depicted in Appendix XI. Duplexes with such low melting temperatures should
theoretically be unstable at the hybridization temperature used (48°C). However, the
position of complementary bases relative to the center of the binding sequences may be
the overriding factor that permits partial formation of the duplex even when the oligo
should, in theory, favor the single-stranded state given the high hybridization

temperature.

8. M. tuberculosis

Enzymatically digested samples of M. tuberculosis were analyzed on the Luminex
instrument. The LLD for this bacterium was 0.2 ng, which made the M. tuberculosis RRL
probe one of the most sensitive in this study (Tables A6.10 and 6.1). There were some
false positives in the M. tuberculosis specificity/sensitivity study, most notably with the
Cdif/RRL bead set. Many of these false positives displayed net MFIs whose magnitudes
were greater than those corresponding to the Myc/RRL probe. False positives in the
Cdif/RRL bead set were observed in this study for other bacteria. With the small amounts
of DNA tested in this sensitivity study, the Cdif/RRL false positives would make it
difficult to distinguish between C. difficile and M. tuberculosis. Perhaps if larger amounts

of DNA were available, the ability to distinguish M. tuberculosis would be improved.
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Analyzing M. tuberculosis on the Luminex presented a unique situation because
the amount of available digested M. tuberculosis target DNA was very low compared to
the amounts of target DNA available for other bacteria in this study. This was probably
due to the fact that all of the other bacteria in this study had multiple copies of the r7/
gene (and thus more DNA available for amplification), but M. tuberculosis has only one
copy. There was so little M. tuberculosis target DNA in the enzymatically digested
sample that its concentration was not even reported by the Agilent software. However, a
band was visible in the gel (Figure A6.2). The LLD for the Agilent assay is 0.02 ng/uL,
and because a faint band was observed, it was assumed that approximately 0.05 ng/uL
(just slightly above the Agilent LLD) of M. tuberculosis target DNA was available for the
Luminex assay. This very low concentration did not permit the typical spectrum of
concentrations to be tested in the sensitivity study, which usually spanned from 0.1 to 80
ng. Instead, very small increments were tested between 0.05 and 0.85 ng. Theoretically,
even the lowest increment (0.05 ng) should yield a positive result in the Luminex assay
because the LLD in the titration study for the Myc/RRL probe was 0.25 fmol, and 0.05
ng = 3.85 fmol, which is well above the LLD for this probe.

The superior sensitivity of the Myc/RRL probe was supported not only by the
very low LLD but also by the slope of the linear regression line (198.3; Figure A6.10),
even though the linear fit was poor (R* =0.54). It is questionable whether this
extraordinary level of sensitivity would have been maintained beyond the 0.85 ng input
DNA amount, because the net MFI for the reverse probe still peaked around the same

area as other reverse probes (~5000; Table A6.10).
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When this study was initially designed, M. tuberculosis was selected as an outlier
because it resides within the phylum Actinobacteria whereas other bacteria studied reside
in the phlya Firmicutes and Proteobacteria. The distant genetic relatedness of M.
tuberculosis was not reflected in the specificity/sensitivity study, with some probes cross-
reacting with the Myc/RRL target DNA, and with the Myc/RRL probe cross-reacting
with some other target sequences. Although these instances of cross-reactivity were
generally mild and easily distinguishable from perfect matches (excluding those
corresponding to the Cdif/RRL probe), it is still a testament to the high degree of
homology in the 77/ gene. The inability of the Myc/RRL probe to serve as a true outlier

prompted its exemption from the mixture studies.

9. C. difficile

Enzymatically digested samples of C. difficile were analyzed on the Luminex
instrument. The LLD for this bacterium was 1 ng (Table A6.11). There were some false
positives but the net MFIs were relatively low and only occurred when large amounts of
target DNA were used. For example, there were no false positives for any samples in
which 20 ng of target DNA (or less) was loaded into the Luminex well.

The net MFI values for the Cdif/RRL probe reached as high as 1526 (for the 80
ng sample). Although greater sensitivity was observed for some other probes throughout
the entire specificity/sensitivity study, the Cdif/RRL probe still displayed a strong
response to its target sequence. The slope of the linear regression line for the Cdif/RRL
probe was 20.3, indicating a good level of sensitivity for the Cdif/RRL target DNA
(Figure A6.11). The data exhibited a consistent rate of change, as supported by the R

value of 0.86.
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The cross-reactivity of the Cdif/RRL bead set with several other target sequences
was an ongoing problem in the specificity/sensitivity study. The source of this cross-
reactivity was explored by performing an AutoDimer primer dimer screen (threshold set
to 3) in which the Cdif/RRL probe was checked for cross-reactivity with all target
sequences used in this study. The results predicted that the Cdif/RRL probe would cross-
react with nine target DNA sequences, including Bac/RRL, Cbot/RRL, Cbot/TOX,
Fran/RRL, Ftul/TOX, Yent/RRL, Ypes/RRL, and Myc/RRL (Figure A11.5). Many of
these predicted secondary structures have melting temperatures that are very low relative
to melting temperature for the perfectly matched duplexes (Tables 4.3 and 4.7).
Theoretically these secondary structures should have been unstable given the relatively
high assay hybridization temperature (48°C) but sequences with partial base
complementarity still could have experienced transient or incomplete duplex formation,
either of which could negatively impact the specificity of the Cdif/RRL probe.

The cause of the cross-reactivity observed with the Cdif/RRL probe may be
related to this probe’s GC content, and thus, its melting temperature. All probes in this
study had GC contents ranging from 25 to 60% and melting temperatures that ranged
from 50.2 to 64.5°C. The Cdif/RRL probe had a GC content of 25% and a melting
temperature of 50.2°C, thus placing it at the lower end of the spectrum in both categories.
In order to accommodate the broad range of melting temperatures possessed by the
various probes, a hybridization temperature just below the lowest melting temperature
(48°C) was selected during the optimization phase of this study. The use of a

hybridization temperature that was so close to the melting temperature of the Cdif/RRL
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probe may have enhanced this probe’s tolerance for basepair mismatches, thus having a
negative effect on the specificity of the Cdif/RRL probe.

Several options were considered for improving the specificity of the Cdif/RRL
probe: (1) extending the length of the probe longer than 20 bases to incorporate more
polymorphisms, (2) re-designing the probe in a more polymorphic region of the 77/ gene,
(3) shifting the location of the Cdif/RRL probe to incorporate more Gs and Cs with the
intent of raising the GC content enough so that the melting temperature could be closer to
the range observed for most other probes in this study, or (4) adjusting hybridization
conditions (e.g., reducing salt concentration of the hybridization buffer or lowering the
hybridization temperature below 48°C).

The aforementioned option #1 was jettisoned because close inspection of the
bases flanking the probe-binding region indicated a very high degree of homology across
the eleven microbes. Thus, it was unlikely that extending the length of the probe would
improve specificity.

Option #2 was also not considered to be a viable solution because there was a
very high degree of homology within the rr/ gene, owing to its key role in translation and
low mutation rate. It would be exceedingly difficult (if not impossible) to find a single
region in the 77/ gene in which eleven bacteria are totally polymorphic. The region of the
rrl gene in which the probes were designed had been studied extensively and used
successfully by other researchers (Dunbar and Jacobson, 2007; Battaglia ef al., 2011).
The findings of these other researchers as well as the bioinformatics data accumulated in

the preliminary phases of this study (not shown) all supported the belief that the region of
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the 77/ gene in which the probe sequences were designed was one of the most
polymorphic regions of the 77/ gene.

Option #3 was a more viable solution to the specificity issues observed with the
Cdif/RRL probe. Future researchers should take all possible measures to select highly
polymorphic probes that have uniform melting temperatures. If an outlier (in terms of its
melting temperature) is observed, shifting the probe-binding region to incorporate more
Gs and Cs may be the best alternative. Although option #3 could have potentially
resolved the cross-reactivity issues with the Cdif/RRL probe, it was a complicated
solution that would have required synthesis of new oligos, re-coupling of the new oligos
to the beads, a titration study, etc. Reagent limitations precluded further exploration of
this solution but future researchers may wish to bear it in mind.

Option #4 was a fast way of potentially resolving the Cdif/RRL cross-reactivity
problems, and it was easy enough to test in a single assay. Lowering the salt
concentration should theoretically improve specificity because salts contain positively
charged ions which shield the negatively charged phosphate groups on the DNA bases.
Thus, a lower salt concentration releases this inhibition on the bases and makes them
more available to bind the target DNA. Adjustments to the salt concentration of the
hybridization buffer were not attempted because prior tests in which the buffer salt
concentration was modified were unsuccessful in reducing cross-reactivity (Battaglia,
2009). However, lowering the hybridization temperature was not only a quick
modification that was easy to test, but it also had a strong likelihood of resolving the

observed cross-reactivity issues.
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The specificity/sensitivity study for C. difficile was carried out exactly as before,
with the only modification being that the hybridization temperature was lowered to 45°C.
This new temperature was well below the Cdif/RRL probe’s melting temperature
(50.2°C) and was expected to help improve specificity with the Cdif/RRL probe. The
only concern was that the specificity of other probes could be compromised. Other probes
in this study had melting temperatures as high as 60°C, and specificity is generally best
when hybridization temperatures are right below the probe’s Ty.. The data for this assay
is shown in Table A6.12 and can be compared to the data already obtained in the first C.
difficile specificity/sensitivity study (Table A6.11).

The results obtained when the modified hybridization temperature was used,
when compared to the data from the first specificity/sensitivity study with C. difficile,
demonstrated that lowering the hybridization temperature to 45°C improved the
specificity of the Cdif/RRL probe. This was supported by the absence of false positives in
all samples. However, the net MFI values in the first assay (48°C hybridization
temperature) reached as high as 1526 (for the 80 ng sample), whereas the net MFI values
in the repeated assay (45°C hybridization temperature) only reached 974 (for the 80 ng
sample). The sensitivity of the Cdif/RRL probe was also better for the original assay in
which the 48°C hybridization temperature was used. The LLD in the first assay was 1 ng
but the LLD in the repeated assay using the 45°C hybridization temperature was 5 ng.

Aside from examining the effect of the new hybridization temperature on the
specificity and sensitivity of the Cdif/RRL probe, it was most important to determine how
other probes would respond to the lower hybridization temperature. Enhanced specificity

was observed with the Cdif/RRL probe, but it was considered that this might not
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necessarily translate to similar results with other probes, especially those with melting
temperatures much higher than 45°C. When the 45°C hybridization temperature was
tested with other probes (data not shown), the results indicated that there was a negative
impact on performance and specificity. For instance, false positives more than doubled
when the lower hybridization temperature was used. Furthermore, the net MFI values of
these false positives were greater in magnitude than originally observed.

Although the 45°C hybridization temperature may have improved the specificity
of the Cdif/RRL probe, it was detrimental to the specificity of the other ten probes. The
original 48°C hybridization temperature became the standard for all future assays, with
the stipulation that the specificity of the Cdif/RRL probe may, at times, show diminished

specificity.

10. Comparison of LLDs

Dunbar and Jacobson (2007) reported LLDs ranging from 30 to 80 ng of PCR
product. The sensitivities reported by Battaglia ef al. (2011) were noticeably better,
ranging from <0.25 to 2.0 ng of PCR product. The former study separated PCR
amplicons on a 4% agarose gel, but concentrations were determined by densitometry of
ethidium bromide-stained gels using the GelDoc-IT Imaging System and accompanying
software. The latter study also relied on a 4% agarose gel to separate the PCR amplicons,
but the concentrations were determined by visual comparison to standards in a DNA
ladder. This method of quantitation is simple and cost-effective, but introduces an
element of ambiguity that may compromise accuracy. The inherent subjectivity involved
in visual interpretation of gels makes it difficult to compare LLDs reported for studies in

which more accurate quantitation methods were relied upon.
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PCR amplicons in the current study were quantified using the Agilent 2100
Bionanalyzer. This is a microfluidics-based method of quantitation in which samples
migrate through microscopic channels filled with a proprietary sieving polymer when
subjected to a voltage gradient. A fluorescent dye is used to label the analytes, whose
migration times are compared to those of known standards (i.e., ladder). The Agilent
DNA 1000 kit has a sensitivity threshold of 0.02 ng/uL and a sizing accuracy of +/- 5%
for oligos between 100 and 500 bp (Agilent, 2011).

Table 6.1 provides a summary of the LLDs observed for each probe in the present
study. Sensitivities reported by the Agilent method of quantitation in the current study
ranged from 0.1 to 10 ng of PCR product. The sensitivity levels were far superior to those
reported by Dunbar and Jacobson (2007). Many of the LLDs in the current study were
consistent with or better than those reported by Battaglia e al. (2011). As mentioned
above, it is difficult to compare sensitivity levels for two studies in which different
quantitation methods were used. The sensitivity limit in the current study may be better
than it appears by comparison to the LLDs in other studies. Sensitivity was conspicuously

improved by digesting the non-complementary PCR strand with lambda exonuclease.

Probe

BC BA CcD CB FH FT YE YP MT

rrl rrl | tox | rrl rl | tox rrl rrl | tox | 11l rrl | tox rrl
LLD

1 1 101 ] 1 5 105[05[05/05] 1011005102
(ng)

Table 6.1. Summary of LLDs for each probe.
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I. Mixture Study (1:1)

In another study (Battaglia et al., 2011), target DNA sequences were individually
amplified and mixed post-amplification before being analyzed on the Luminex
instrument. In order to create a more realistic scenario in the present study, the template
DNA sequences were mixed pre-PCR, amplified together, and then analyzed on the
Luminex instrument. Although this presented a more realistic situation, it was difficult to
control how much DNA was loaded into each Luminex sample well, because all
components of a mixed PCR product inevitably had concentrations that did not
necessarily reflect the PCR input ratios of the template DNA. Although early
optimization studies indicated an approximately uniform ratio of amplicons for the nine
bacteria (provided that equal amounts of template were used), this uniformity was not
exact nor could it be guaranteed in every assay.

Due to the inability of the Agilent Bioanalyzer to accurately quantify single-
stranded DNA, it was determined that the most reliable method for loading enzymatically
digested (single-stranded) DNA on to the Luminex plate was to base the concentration of
the digested DNA on the concentration of a corresponding control sample, which
contained undigested, double-stranded DNA. Another reason that this was thought to be a
reliable method was because the amount of target DNA in control and experimental
samples was expected to be identical, the only difference between the two being that the
non-complementary strand was degraded in the digested sample.

Quantifying the amount of DNA in the control tubes was a reliable method of
gauging Luminex input amounts, but the original method as applied in the

specificity/sensitivity study could not be exactly replicated in the mixture study. In the
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mixture study, the likelihood of having several components, each with a different
concentration of amplicons in a single PCR tube made it difficult to know the exact
concentration of each component. The concentration of the RRL band(s) in the control
tubes was still considered a reliable basis for estimating the concentration of the target
DNA in the experimental tubes, provided that slight accommodations were made for each
possible scenario: (1) if only one RRL band was detected in a given control tube, the
concentration of digested target DNA in the corresponding experimental tube was
estimated by dividing the concentration of the sole RRL band by the number of
components in the mixture; (2) if one RRL band was detected for each component of the
mixture, the concentration of digested target DNA in the experimental tube was estimated
by taking the average concentration of all RRL bands observed in the control sample. In
either case, the outcome was a value that represented the approximate concentration of

each component in the mixture (see Tables A7.1, A7.3, and A7.5).

1. Batch #1

The net MFIs (see Table A7.2 and Figures 5.18-5.28) reported by the four TOX
probes in Batch #1 (Table 4.17) were particularly reliable. The two probes designated for
identifying B. anthracis and the two probes designated for identifying F. tularensis were
some of the most reliable in this study, based on the absence of false negatives and the
low occurrence of false positives (the only false positive with these probes was observed
for the FT/CB sample which had a net MFI of 14 for the Bant/TOX probe).

The fluorescent response of most RRL probes was weak, but the Cbot/RRL and
Ypes/RRL probes, in particular, yielded net MFI values that were substantially lower

than the values obtained for other probes. In fact, the only false negatives in this entire
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assay were two samples (BA/YP and YP/FT; Figures 5.18 and 5.21) for which the
Ypes/RRL probe should have had a positive net MFI response but did not. This may have
been due to possible hairpin formation within the Cbot/RRL and Ypes/RRL target
sequences, as predicted by AutoDimer hairpin screens (Figures A11.1 and A11.3). Issues
with these RRL probes would not be expected to preclude identification of C. botulinum
or Y. pestis because the toxin gene probes for these bacteria consistently yielded reliable
MFI data.

The Ypes/TOX probe sometimes reported a positive net MFI when Y. pestis DNA
was absent but other target DNA sequences were present (e.g., see Ypes/TOX net MFIs
for BA/FT, FT/CB, and BA/FT/CB samples in Table A7.2). This anomaly was
occasionally observed in the specificity/sensitivity study. An AutoDimer primer dimer
screen of the Ypes/TOX probe versus all target sequences was performed using a
threshold of three. Three potential interactions between the Ypes/TOX probe and non-
specific target sequences were predicted (Figure A11.6).

Although result interpretation could be complicated if the components are not
present in a 1:1 mixture, false identifications of Y. pestis can generally be avoided by
comparing the magnitude of a net MFI value for the Ypes/TOX probe when Y. pestis is
actually present to a net MFI value when Y. pestis has been falsely identified, with the

latter MFI being much lower than a truly positive result.

2. Batch #2
In batch #2 (Table 4.17), the only false negatives were the three observed for the
Cbot/RRL probe (Table A7.4 and Figures 5.29-5.39). In the initial AutoDimer analysis

performed at the beginning of the bioinformatics study (which used a default threshold
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value of seven), no probes were identified as dimer-forming. However, the Cbot/RRL
probe was re-analyzed with a threshold of three and three potential hairpin-forming
sequences were identified (Figure A11.3). The second sequence in Figure A11.3, in
particular, would have been amenable to the assay hybridization temperature (48°C)
given its melting temperature (46.8°C). The AutoDimer results for the Yent/RRL and
Ypes/RRL probes (Figures A11.1 and A11.4) may also explain why the net MFIs for
these probes were somewhat lower than the net MFIs observed for the other probes in
this assay.

The Ftul/TOX probe consistently yielded false positives when samples containing
F. tularensis holarctica were analyzed. As discussed in the Specificity/Sensitivity section
(also see Figure 6.1), the two polymorphisms between the Ftul/TOX probe and the non-
specific amplicon from F. tularensis holarctica were not enough to prevent the false
positives observed with the Ftul/TOX probe. Aside from this, the two probes with the
most abundant false positives were Cdif/RRL and Ypes/TOX. The Cdif/RRL probe was
prone to cross-reactivity with several target sequences, as determined by an AutoDimer
primer dimer screen of this probe versus all target sequences, with a threshold of three
(Figure A11.5). The melting temperatures of the secondary structures predicted in Figure
A11.5 are often well below the assay hybridization temperature. However,
complementary bases near the center of the binding sequences may have augmented the
stability of a partial duplex, despite the low melting temperatures. The Cdif/RRL probe
also had the lowest melting temperature, and its specificity may have been compromised
by the hybridization temperature that was used in the Luminex assay to accommodate a

set of probes with a broad range of melting temperatures, ranging from 50.2 to 64.5°C.
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The other prominent group of false positives in Batch #2 were those
corresponding to the Ypes/TOX probe. False positives with this probe had been observed
sporadically in the specificity/sensitivity study and in Batch #1 of the 1:1 mixture study.
An AutoDimer primer dimer screen (threshold of three) in which the Ypes/TOX probe
was tested for cross-reactivity with all target sequences predicted cross-reactivity of the
Ypes/TOX probe with the Cbot/RRL, Cbot/TOX, and Ypes/RRL target sequences
(Figure A11.6). Interestingly, false positives with the Ypes/TOX probe in Batch #2 were
most prevalent when target DNA from F. tularensis was present. It was considered that
this might have been due to a sequence homology between the Y. pestis and F. tularensis
target DNA that was not predicted by the AutoDimer primer dimer screen. The
Ypes/TOX probe was visually compared to the other probe sequences to discern any
possible homologies. A six-base homology between the Ypes/TOX probe and the

Fran/RRL probe was detected (Table 6.2).

Probe Name Probe Sequence
Fran/RRL ACACAAGTTGGGTACTCACT
Ypes/TOX TATGATGAGGGCAAAGGAGG

Table 6.2. Comparison of Fran/RRL and Ypes/TOX probe sequences.
Highlighted bases indicate homologies between the two probes.

The homology depicted above would not have been detected by the initial
AutoDimer analysis because the threshold value was set to seven. AutoDimer computes
scores by subtracting the mismatched bases from the matching bases, but the binding of
the Ypes/TOX probe with the Fran/RRL target sequence would not have been predicted
using a threshold of seven (or even three) because this interaction would produce a score

of -8 in a primer dimer screen in AutoDimer (Figure A11.7).
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The complementary bases between the Fran/RRL target sequence and the
Ypes/TOX probe were in the middle of the probe sequence, which is most susceptible to
non-specific binding because the probe and target DNA hybridize in the middle first and
expand outward. Prior research (Diaz and Fell, 2004) indicated that the Luminex platform
had a level of specificity sufficient to distinguish single basepair mismatches, but data in
the current study have indicated otherwise. A lower tolerance for mismatches was

observed throughout the present study.

3. Batch #3

In batch #3 (Table 4.17), several false positives were observed (Table A7.6 and
Figures 5.40-5.50), but generally the MFIs were much smaller than those expected for an
actual positive result. The three false positives obtained with the Cdif/RRL probe were
most likely a consequence of the cross-reactivity of this probe with other target DNA
sequences, as predicted by the AutoDimer primer dimer screen (Figure A11.5). The three
false positives obtained with the Ypes/TOX probe may have also been the result of cross-
reactivity with other target sequences (particularly the Fran/RRL target sequence), as
predicted by an AutoDimer primer dimer screen (Figures A11.6 and A11.7).

The probes displaying the weakest performance in terms of net MFI values were
the Cbot/RRL, Yent/RRL, and Ypes/RRL. The target sequences to which these probes
bind were all previously identified as being prone to secondary structure formation. One
consequence of these hairpins was the single false negative result in this assay with the
Ypes/RRL probe when the BC/YP mixture was analyzed. This may have been due to

dimer-forming sequences or other secondary structures within the Ypes/RRL target

190



sequence. The propensity of the Ypes/RRL probe-binding sequence to form secondary
structures was predicted by the AutoDimer hairpin screen (Figure A11.1).

The BC/YE/CB sample had the most abundant false positives of any sample in
Batch #3. False positives were detected for this sample with the Bant/TOX, Cdif/RRL
and Ftul/TOX probes. The Cdif/RRL probe was one of the most vulnerable to cross-
reactivity because of homologies with other target sequences. Based on data collected for
Batches #1 and #2, the Cdif/RRL probe was more prone to false positives when its
pathogenic cousin (C. botulinum) was present in the mixture, which makes sense because
the Cdif/RRL and Cbot/RRL probes are similar in sequence.

Most false positives with the Ftul/TOX probe in Batches #1, #2, and #3 occurred
when F. tularensis holarctica was a mixture component. This was because amplification
of F. tularensis holarctica produced a non-specific amplicon differing by only two bases
from the probe-binding sequence of the Ftul/TOX probe (Figure 6.1). Although the F.
tularensis holarctica non-specific amplicon was the main cause of false positives with the
Ftul/TOX probe, it was not the exclusive cause. In Batch #2, the Ftul/TOX probe yielded
a false positive for the YE/CB and BA/YE/CB mixtures. The net MFI values for these
false positives were minute, but they were nevertheless above threshold. Even though
mild cross-reactivity with the Ftul/TOX probe and the Y. enterocolitica and/or C.
botulinum target sequences was indicated by the data, there were no AutoDimer results to
substantiate this theory. However, there might have still been interactions with this probe
and target sequences that would have been undetectable by AutoDimer due to scores

below the threshold value.
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False positives with the Bant/TOX probe were previously observed with the
FT/CB sample in Batch #1 and with the BC/YP/FT and YP/FT/CD samples in Batch #2.
Unlike the false positives observed with the Ftul/TOX probe, there was no obvious
pattern or potential cause. It was possible that these false positives were caused by the
hybridization of the Bant/TOX probe with other target sequences, and that these
interactions were unpredicted because of scores below the AutoDimer threshold value.
However, there was also the possibility that the random pattern of false positives
observed with the Bant/TOX probe were caused instead by bead carryover from
previously analyzed samples, despite the use of inter-sample washes. Each of the three
batches in the mixture study consisted of samples in which B. anthracis was a
component, so it was conceivable that Bant/TOX beads might have lingered within the
internal parts of the instrument. These beads would have then led to a false positive with
the Bant/TOX probe upon their release. The concept of internal bead carryover is

explored in greater detail in a later section of the Discussion.

4. Conclusions of the 1:1 Mixture Study

The templates of each mixture component were present in a 1:1 ratio for the
amplification step. However, this ratio was rarely reflected in the net MFI values of the
mixtures (Tables A7.2, A7.4, and A7.6). The amplification efficiency was certainly not
uniform for all templates in the mixture, because some templates had higher copy
numbers than others. Amplicon proportions that deviated from the original template input
ratios might have been exacerbated by the manner in which Luminex input amounts were
determined. First, the precise concentration of the digested DNA could not be determined

(due to the inability of the Agilent 1000 kit to accurately quantify single-stranded DNA)
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and was therefore approximated using the post-digest quantitation data from the control
tubes (undigested). Second, only the RRL band(s) in each control tube were used to
estimate the quantity of digested DNA. This was the best way to create a standard method
that was applicable to all bacteria, because an RRL target sequence was designed for each
of the nine bacteria. However, one flaw with this method was that it ignored the
possibility that the concentration of the TOX target sequences did not exactly equal the
concentration of the RRL target sequences, on which Luminex input amounts were based.

Although the net MFI values did not always reflect template input amounts, they
were seemingly unaffected by the number of components in the mixture. One might have
expected MFI values to decline as the number of templates was increased, due to the
possibility of overwhelming the PCR primers or 7ag polymerase. On the contrary, net
MFI values for any given probe were often consistent whether the target sequence was
one of two, three, or four mixture components. In Batch #1, for example, the net MFI for
the Bant/TOX probe in the BA/YE mixture was 1943, and the net MFI for the same
probe in the BA/CB/FT/YP mixture was 1980. A similar degree of consistency in the net
MFI values of binary, ternary, and quaternary mixtures was observed for many of the
probes.

Another trend was that, in most mixtures containing pathogenic bacteria, the
average net MFI for the RRL probes was somewhat lower than the average net MFI for
the corresponding TOX probe. In Batch #1, for example, the average net MFI for a
positive result with the Bant/TOX probe was 2533 but only 875 for the Bac/RRL probe.
Similar observations were made for the two probes designated for C. botulinum, F.

tularensis, and Y. pestis. The least severe example was often F. tularensis tularensis, for
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which the fluorescent response from the Ftul/TOX probe was consistently stronger than
the Fran/RRL probe, but not to the extent that net MFIs of the other TOX probes greatly
surpassed the net MFIs of the RRL probes.

It was unexpected that the TOX probes were more responsive to their target
sequences in each individual mixture and overall. However, this trend was consistent
with observations in the Enzymatic Degradation study and in the Specificity/Sensitivity
Study. The enhanced responsiveness of the TOX probes compared to the RRL probes
was somewhat unexpected because the RRL target sequences were present in multiple
copy numbers in their respective genomes, whereas the TOX targets were all single-copy
sequences. This discrepancy in copy number was expected to promote a higher level of
amplification efficiency for the RRL target sequences. Indeed, this was confirmed with
the post-amplification quantitation results, which often reported higher concentrations for
the RRL amplicons than the TOX amplicons.

The fact that the dominance of the RRL target sequences was not carried over to
the Luminex assay indicated that one or more of three possible scenarios were occurring:
(1) The RRL target sequences were prevented from binding efficiently to their probe
because of secondary structure formation within the probe, (2) the RRL target sequences
were cross-reacting with other probes or target sequences, thus leaving fewer RRL target
sequences available for binding with the probe with which they had designed
complementarity, or (3) secondary structures were forming within the target sequences
themselves, thus preventing them from binding efficiently to their complementary probes.

The first possibility was ruled out because net MFIs observed with the positive

controls indicated that the reverse probes were binding the probes with adequate
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efficiency. The second possibility was conceivable and somewhat corroborated by
AutoDimer results collected in the Specificity/Sensitivity Study (e.g., the predicted cross-
reactivity of the Cbot/RRL target sequence with the Bant/TOX probe). However, in order
to explain the low MFI response of the RRL probes, this theory would have to be
substantiated by abundant examples of false positives, which there were not. The most
plausible of all three explanations was the third, because the results of the AutoDimer
hairpin screens performed in response to data collected in the Specificity/Sensitivity
study indicated that several RRL target sequences (specifically Cbot/RRL, Yent/RRL,
and Ypes/RRL) were prone to hairpin formation. Other secondary structures having
scores below the threshold or consisting of structures besides hairpins could also form
within the target sequences without being predicted in the AutoDimer hairpin screen.

Due to the consistently weak performance of the RRL probes, it was more
difficult to identify non-pathogenic mixture components, because their identification
hinged on the fluorescent response of one RRL probe. In Batch #2, for example, the weak
net MFI values returned by the Yent/RRL probe would make it difficult to positively
identify Y. enterocolitica. Based on the Yent/RRL probe alone, it might also be difficult
to distinguish different Yersinia species in the same mixture. Identification of the
pathogenic bacteria was also partially (though not totally) compromised by the weak net
MFI values of the RRL probes. The Cbot/RRL probe in the FH/CB mixture of Batch #2,
for example, had a net MFI of just 18, whereas the Cbot/TOX probe for the same mixture
had a net MFI of 2001. The TOX probes were originally intended for confirmatory

identification after presumptive identification had already been established using the RRL
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probes. However, the deficiencies of the RRL probes often made the TOX probes the sole

means of identifying the pathogenic bacteria.

J. Mixture Study 1:1 (Intra-Genus)

The Luminex platform had a sufficient specificity to enable the identification of
two organisms in a mixture when both organisms belonged to the same genus (Table
A8.2 and Figures 5.51 and 5.52). The net MFI values for the Cbot/RRL, Yent/RRL, and
Ypes/RRL probes were somewhat lower than the net MFIs observed for the
corresponding TOX probes. These low net MFI values were most likely due to the
tendency for hairpin formation (as predicted by the AutoDimer hairpin screens) within
the target sequences designed to be complementary to these probes.

The net MFIs for the Cdif/RRL, Cbot/TOX, and Cbot/RRL probes in the 10 ng
sample of the Specificity/Sensitivity Study were 480 (Table A6.11), 2392 (Table A6.5),
and 125 (Table A6.5), respectively. With the exception of the Cdif/RRL probe (which
actually displayed greater sensitivity in the Intra-genus mixture study), the net MFIs for
all probes were consistent with those observed in the Specificity/Sensitivity study. The
net MFIs for the Ypes/TOX, Yent/RRL, and Ypes/RRL probes in the 10 ng sample of the
Specificity/Sensitivity study were 1974 (Table A6.9), 21 (Table A6.8), and 18 (Table
A6.9), respectively. The sensitivity for all three probes was better in the Intra-genus
mixture study. This enhanced sensitivity in the presence of competing DNA was
surprising but may be attributable to imprecision introduced due to assumptions made
when interpreting quantitation data for the purpose of determining Luminex input

amounts.
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There were no false negatives observed in the Intra-genus mixture study.
However, several false positives were observed. False positives with the Cdif/RRL bead
set were observed in prior assays and may have been the result of cross-reactivity
between this bead set and other target sequences. Both false positives observed in this
assay generally had a net MFI whose magnitude was easily distinguishable from a

positive result.

K. Mixture Study (Ratios)

1. Remarks on Study Design

The first part of the mixture study consisted of binary, ternary, and quaternary
mixtures in which components were present in a 1:1 ratio. However, mixture components
may not always be present in equal ratios, and it was important to determine if this would
compromise the ability of the Luminex platform to make a positive identification. In prior
research (Battaglia et al., 2011), a follow-up to the 1:1 mixture study was performed in
which the ratio of the mixture components was varied. The purpose of this was to
determine if the presence of a major and minor component had any impact on the ability
of the Luminex instrument to positively identify all components of the mixture. For
simplicity, only ratio mixtures with two contributors (binary mixtures) were analyzed.
Here, in Phase II, a similar ratio mixture study was performed.

First, the results were examined for all mixtures analyzed in the 1:1 mixture
study. Only binary (not ternary or quaternary) mixtures were examined because only
these mixtures were considered for further analysis in the ratio mixture study. A mixture

was deemed a strong candidate for further examination in the ratio mixture study if it
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displayed few or no false positives and false negatives. It was believed that these samples
would prove most informative in terms of gauging the ability of the Luminex platform to
identify all components of a ratio mixture, without complicating matters with mixtures
possessing components prone to error. There were several strong candidates for further
examination, but the BA/FT, BA/YP, YP/FT, and BA/CB mixtures were selected.

There were several options to consider when determining the amount of DNA to
be loaded on to the Luminex plate. Ultimately it was decided to base the amount of DNA
on the concentration of the RRL band from the minor contributor. Doing so ensured that
the amount of DNA from the minor contributor would meet or exceed the LLD for the
Luminex (10 ng). Basing the amount of Luminex input DNA on the minor component
also ensured that quantities of all components of any given mixture would agree with the
sensitivity limitations of the Luminex platform. The only samples for which a slightly
modified strategy was used were the 1:1 samples. If a single RRL band was detected for
these samples, the concentration of that band was divided in half; if two RRL bands were
detected (one for each component), the concentrations of those bands were averaged.
After this calculation, the resulting value was used as a basis for determining the amount
of digested DNA to load on the Luminex plate.

Although it may seem as if an important piece of data was omitted when
determining Luminex input quantities, using only the concentration of the minor
component represented the best compromise because: (1) it was better to base the amount
of Luminex input DNA on the minor component because it ensured that enough of the
minor contributor was being loaded to meet or exceed the LLD of the Luminex; (2) the

ratios were, at best, an approximation — it was impossible and impractical to assume that
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the precise ratios of template DNA used for the PCR reaction would be reflected in the
amplicons, because the PCR reactions were optimized for 10 ng of template DNA, yet
some ratio mixtures required the input of as much as 100 ng of template, thus potentially
overwhelming PCR reagents such as the polymerase. Furthermore, the target sequence
copy numbers varied among the bacteria used in this study, thus introducing the potential
for a deviation from the intended ratio of minor/major components. For all the reasons
stated above, it was also unreasonable to expect the ratios of template DNA in the

mixtures to be precisely reflected in the quantitations, or in the MFI data.

2. BA:FT Ratio Mixtures

There were no false negatives detected in this assay (Table A9.2 and Figure 5.53).
However, there were several false positives corresponding to the Cdif/RRL and
Ypes/TOX probes, whose AutoDimer analyses demonstrated a proclivity for cross-
reacting with target sequences other than those for which these probes were designed
(Figures A11.5-11.7). An AutoDimer primer dimer screen of the Cdif/RRL probe
predicted that this probe would cross-react with nine target sequences, one of which was
the Bac/RRL target sequence (Figure A11.5).

The Ypes/TOX probe may have been vulnerable to cross-reacting with the
Fran/RRL target sequence, owing to a six-base homology in the probe-binding region of
these two sequences (Table 6.2). This was a plausible explanation because false positives
with the Ypes/TOX probe had a higher magnitude when F. tularensis tularensis made up
a larger proportion of the mixture. Most of the false positives detected in this assay
(particularly those pertaining to the Cdif/RRL probe) yielded net MFIs of a much smaller

magnitude than a normal positive result, thus making them easily identifiable as false
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positives. The weak net MFI values reported for the Ypes/TOX probe, combined with the
fact that all samples yielded net MFIs for the Ypes/RRL probe that were below threshold,
would make the false identification of Y. pestis particularly unlikely.

The results were also consistent with data previously obtained for the BA/FT
binary mixture, which was first analyzed in Batch #1 of the 1:1 Mixture Study. The
original BA/FT sample from the 1:1 Mixture Study yielded net MFIs for the Bac/RRL,
Bant/TOX, Fran/RRL, and Ftul/TOX probes of 671, 3067, 1462, and 2990, respectively
(Table A7.2). These were very similar to the net MFI values reported for the same probes
in the BA/FT 1:1 sample in the ratio mixture study (853, 2894, 1896, and 3305,
respectively; Table A9.2). In both samples the TOX probes displayed a higher level of
responsiveness for the complementary target DNA, possibly because of a lower tendency
for hairpin formation within the TOX target sequences.

When compared across the various BA:FT mixture ratios studied, the net MFI
values for the relevant probes demonstrated a sufficient level of sensitivity despite the
various ratios of input DNA used. The minor component was never undetectable, even
when overshadowed ten-fold by the major component. In fact, the net MFI values for the
Bac/RRL, Bant/TOX, Fran/RRL, and Ftul/TOX probes were all well above threshold,
whether the mixture was made up of one part or ten parts of the target sequence. In
addition to the minor components consistently having net MFI values above threshold,
the net MFIs of the minor components were also ostensibly unaffected by the quantity of
the major component. For example, the four net MFIs for the Bac/RRL probe when B.

anthracis made up one part of the mixture were very uniform, having a coefficient of
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variation of 5.5% despite there being two, five, or ten parts F. tularensis tularensis (Table
A9.9).

The net MFI values generally increased and decreased predictably depending on
the amount of target DNA contributed by each mixture component. For example, the net
MFTIs for the Bac/RRL probe descended from 1373 (ten parts BA) to 1269 (five parts
BA) to 919 (two parts BA), before stabilizing around 850 (one part BA). Likewise, the
net MFIs for the Fran/RRL probe began around 1600 (one part FT) and ascended to 2184
(two parts FT) to 2745 (five parts FT) to 3017 (ten parts FT). Similar trends were evident

for the Bant/TOX and Ftul/TOX probes.

3. BA:YP Ratio Mixtures

One intriguing observation from the quantitation data in this assay was that the
concentration of the Bant/TOX target diminished as the amount of Y. pestis template
DNA was increased (Table A9.3). Furthermore, the concentration of the Ypes/TOX band
was consistently high, even when Y. pestis template made up only one tenth of the PCR
template. These trends were particularly evident in the BA:YP/1:10 sample when the
amplification efficiency of the Bant/TOX target sequence was so poor that the
concentration was not even reported. In sum, large quantities of Y. pestis template DNA
were apparently hindering the specificity of the Bant/TOX primers.

It was considered that there might have been a sequence homology between the
Bant/TOX and Ypes/TOX primers. Even though suppression of the Bant/TOX primers by
the Ypes/TOX primers had not been observed in earlier assays when both templates were
present in equal quantities, the abundance of one template could exacerbate any

tendencies for cross-reactivity. If present, any sequence homologies between the

201



Bant/TOX and Ypes/TOX primers might have prevented one primer from amplifying as
much of its true target than would otherwise be possible, thus causing the preferential
amplification of another target. A visual comparison of the Bant/TOX and Ypes/TOX
primers did not reveal any sequence similarities that might have resulted in cross-
reactivity. In order to obtain a more thorough estimate of any potential cross-reactivity,
an AutoDimer primer dimer screen of all RRL and TOX primers was performed with a
threshold of three. The analysis predicted cross-reactivity between the Bant/TOX and
Ypes/TOX primers (Figure A11.8).

Evidently, the Bant/TOX fwd primer was the limiting reagent in the PCR
reaction. Normally the Bant/TOX primers functioned well enough when optimal
quantities of B. anthracis template were present, but when overshadowed by excess
amounts of other templates (e.g., Y. pestis), the ability of this primer pair to yield
adequate quantities of amplicons was diminished. Despite the evidence of some mild
cross-reactivity between the PCR primers for B. anthracis and Y. pestis, it was decided to
proceed with the Luminex assay for this sample set.

No false negatives occurred in this assay, although several false positives were
observed (Table A9.4 and Figure 5.54). Most of the false positives corresponded to the
Cdif/RRL probe, whose propensity for cross-reactivity was discovered in the
Specificity/Sensitivity study. In particular, the Bac/RRL and Ypes/RRL were among the
nine target sequences predicted to cross-react with the Cdif/RRL probe (Figure A11.5).
The only other false positive detected in this assay was for the Yent/RRL probe when the
BA:YP/1:10 sample was analyzed. The net MFI for this false positive was 2, making it

difficult to mistake for a genuinely positive result.
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The results were also consistent with data previously obtained for the BA/YP
binary mixture, which was first analyzed in Batch #1 of the 1:1 Mixture Study (Table
A7.2). The original BA/YP sample from the 1:1 Mixture Study yielded net MFIs for the
Bac/RRL, Bant/TOX, Ypes/RRL, and Ypes/TOX probes of 355, 1899, 0, and 2565,
respectively. These were similar to the net MFI values reported for the same probes in the
BA/YP 1:1 sample in the ratio mixture study (588, 1487, 123, and 2992, respectively). In
both samples the TOX probes displayed a higher level of responsiveness for the
complementary target DNA, possibly because of a lower tendency for hairpin formation
within the TOX target sequences.

The net MFI values of the Bac/RRL and Bant/TOX probes in the BA:YP ratio
mixtures were somewhat lower than the net MFIs for the same probes in the BA:FT ratio
mixtures. The diminished responsiveness of these two probes in the BA:YP ratio
mixtures may have stemmed from the low quantities of target sequences from B.
anthracis. Optimum amplification efficiency for the B. anthracis target sequences may
have been prevented by large quantities of Y. pestis template.

When compared across the various BA:YP mixture ratios studied, the net MFI
values for the relevant probes demonstrated a sufficient level of sensitivity despite the
various ratios of input DNA used. The minor component was never undetectable, even
when overshadowed ten-fold by the major component. In fact, the net MFI values for the
Bac/RRL, Bant/TOX, and Ypes/TOX probes were all well above threshold, whether the
mixture was made up of one part or ten parts of the target sequence. Although all values
were above threshold, the net MFIs for the Ypes/RRL probe were considerably lower

than the net MFI values typically observed for other probes. Low net MFI values for the
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Ypes/RRL probe were previously observed in the Enzymatic Degradation Study, the
Specificity/Sensitivity Study, and the 1:1 Mixture Study. An AutoDimer hairpin screen
predicted hairpin formation within the Ypes/RRL target sequence, which may have been
responsible for the consistently low net MFI values observed for the Ypes/RRL probe
(Figure A11.1).

In addition to the minor components consistently having net MFI values above
threshold, the net MFIs of the minor components were generally consistent despite large
quantities of the major component. For example, the four net MFIs for the Bac/RRL
probe when B. anthracis made up one part of the mixture were reasonably uniform,
displaying a coefficient of variation of 33% irrespective of there being two, five, or ten
parts Y. pestis (Table A9.9). However, the net MFIs of the minor component were not as
impervious to variation as previously observed in the BA:FT mixtures. The net MFIs of
the Bac/RRL probe in the BA:FT ratio mixtures in which B. anthracis made up one part
of the mixture had a coefficient of variation of just 5.5% (Table A9.9).

The net MFI values generally increased and decreased predictably depending on
the amount of target DNA contributed by each mixture component. For example, the net
MFTIs for the Bac/RRL probe descended from 1446 (ten parts BA) to 1441 (five parts
BA) to 866 (two parts BA), before stabilizing around 700 (one part BA). Likewise, the
net MFIs for the Ypes/RRL probe began around 200 (one part YP) and ascended to 269
(two parts YP) to 498 (five parts YP) to 835 (ten parts YP). Similar trends were evident
for the Bant/TOX and Ypest/TOX probes. Although there was clearly a relationship
between the ratio of input DNA and fluorescent response for the BA:YP ratio mixtures,

this relationship was not as well defined as it was for the BA:FT ratio mixtures.
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4. YP:FT Ratio Mixtures

No false negatives occurred in this assay, and only one false positive was detected
(Table A9.6 and Figure 5.55). The sole false positive corresponded to the Cdif/RRL
probe when the YP:FT/1:5 sample was analyzed. An AutoDimer primer dimer screen
predicted that the Cdif/RRL probe would cross-react with nine target sequences,
including Ypes/RRL, Fran/RRL, and Ftul/TOX (Figure A11.5).

The results were also consistent with data previously obtained for the YP/FT
binary mixture, which was first analyzed in Batch #1 of the 1:1 Mixture Study (Table
A7.2). The original YP/FT sample from the 1:1 Mixture Study yielded net MFIs for the
Ftul/TOX, Fran/RRL, Ypes/TOX, and Ypes/RRL probes of 2713, 1193, 3068, and 0,
respectively. These were similar to the net MFI values reported for the same probes in the
YP/FT 1:1 sample in the ratio mixture study (2580, 1465, 3543, and 201 respectively). In
both samples the TOX probes displayed a higher level of responsiveness for the
complementary target DNA, possibly because of a lower tendency for hairpin formation
within the TOX target sequences.

When compared across the various YP:FT mixture ratios studied, the net MFI
values for the relevant probes demonstrated a sufficient level of sensitivity despite the
various ratios of input DNA used. The minor component was never undetectable, even
when overshadowed ten-fold by the major component. In fact, the net MFI values for the
Ftul/TOX, Fran/RRL, Ypes/TOX, and Ypes/RRL probes were all well above threshold,
whether the mixture was made up of one part or ten parts of the target sequence.
Although all values were above threshold, the net MFIs for the Ypes/RRL probe were

appreciably lower than the net MFI values typically observed for other probes. Low net
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MFTI values for the Ypes/RRL probe were previously observed in the Enzymatic
Degradation Study, the Specificity/Sensitivity Study, the 1:1 Mixture Study, and the
BA/YP ratio mixtures. An AutoDimer hairpin screen predicted hairpin formation within
the Ypes/RRL target sequence (Figure A11.1), which may have been responsible for the
consistently low net MFI values observed for the Ypes/RRL probe.

In addition to the minor components consistently having net MFI values above
threshold, the net MFIs of the minor components were generally consistent despite large
quantities of the major component. For example, the four net MFIs for the Fran/RRL
probe when F. tularensis tularensis made up one part of the mixture were reasonably
uniform, displaying a coefficient of variation of 15% irrespective of there being two, five,
or ten parts F. tularensis (Table A9.9). Although moderately consistent, the net MFIs of
the minor component in YP:FT ratio mixtures displayed a slightly greater degree of
vulnerability to various quantities of the major component than that observed for other
mixtures. For example, the net MFIs of the Fran/RRL probe in the BA:FT ratio mixtures
in which F. tularensis tularensis made up one part of the mixture had a coefficient of
variation of just 12.7%. Similarly, the Ypes/RRL probe in YP:FT ratio mixtures where Y.
pestis was the minor component had a coefficient of variation of 76.8%, whereas the
same probe in BA:YP ratio mixtures where Y. pestis was the minor component had a
coefficient of variation of just 30% (Table A9.9).

The net MFI values for all four probes were only very roughly proportional to the
ratios of target DNA contributed by each mixture component. For example, the net MFIs
for the Ypes/RRL probe (starting with the YP:FT/1:10 sample and progressing towards

the YP:FT/10:1 sample) started around 200 and stabilized around 500. Furthermore, the
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relationship between net MFIs and input ratios was not always linear, often displaying
moderate swings or minor deviations from the expected trend. If the net MFI values for
the Ypes/RRL probe had been like those observed in the BA/YP ratio mixtures, they
would have been expected to start around 230 and steadily climb to approximately 800.
Overall, the relationship between the ratio of input DNA and fluorescent response
could have been more well defined for the YP:FT ratio mixtures. The poor correlation
may have been caused by assumptions made during the interpretation of quantitation data
which failed to account for the concentrations of all target sequences. For example,
Luminex input amounts for this assay (and all other ratio mixture assays) were based on
the concentration reported for the RRL band of the minor contributor. Minor aberrations
in the input ratios may have also been caused by the potency of the Ypes/TOX target
sequence, which was not only amplified very efficiently, but evidently had a very high
affinity for its complementary probe as well. Regardless of the source of the poor
correlation, this slight flaw was at least partially overcome by a superior level of
specificity, which was supported by the unusually low frequency of false positives in the

YP:FT ratio mixtures.

5. BA:CB Ratio Mixtures

No false negatives occurred in this assay, although several false positives were
observed (Table A9.8 and Figure 5.56). Most of the false positives corresponded to the
Cdif/RRL probe, whose propensity for cross-reactivity was discovered in the
Specificity/Sensitivity study. In particular, the Bac/RRL, Cbot/RRL, and Cbot/TOX
target sequences were among the nine predicted to cross-react with the Cdif/RRL probe

(Figure A11.5).
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Several other false positives were observed with the Ypes/TOX probe, which
were most likely due to the cross-reactivity of this probe with the Cbot/RRL and
Cbot/TOX target sequences, as predicted by an AutoDimer primer dimer screen (Figure
A11.6). The polymorphisms between the Ypes/TOX probe and the cross-reacting target
sequences were sometimes located at the end(s) of the probe sequence, which enhance
non-specific binding because complementary bases in the middle of the probe sequence
may be irrevocably hybridized before the polymorphism is encountered. However,
sometimes the polymorphisms are in the middle of the probe sequence, which helps to
prevent non-specific binding because the bases tend to hybridize first in the middle of the
probe sequence followed by outward expansion. The various locations of polymorphisms
between the probe and target DNA sequences may explain why the false positives
observed with the Ypes/TOX probe in this assay were not ubiquitous, but merely
observed in just three of seven samples.

Fortunately, the false positive results observed with the Ypes/TOX probe would
not lead to a false identification of Y. pestis because the net MFIs for the Ypes/RRL
probe were all below threshold whenever Y. pestis target DNA was absent (Y. pestis is
only positively identified when the net MFIs for both the Ypes/RRL and Ypes/TOX are
above threshold).

The results of the BA:CB ratio mixture study were consistent with data previously
obtained for the BA/CB binary mixture, which was first analyzed in Batch #1 of the 1:1
Mixture Study. The original BA/CB sample from the 1:1 Mixture Study yielded net MFIs
for the Bac/RRL, Bant/TOX, Cbot/RRL, and Cbot/TOX probes of 1297, 3752, 100, and

2480, respectively (Table A7.2). These were very similar to the net MFI values reported
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for the same probes in the BA/CB 1:1 sample in the ratio mixture study (1449, 3946, 123,
and 2301, respectively; Table A9.8). In both samples the TOX probes displayed a higher
level of responsiveness for the complementary target DNA, possibly because of a lower
tendency for hairpin formation within the TOX target sequences.

The net MFI values of the Bac/RRL and Bant/TOX probes in the BA:CB ratio
mixtures were somewhat higher than the net MFIs for the same probes in the BA:FT
(Table A9.2) and BA:YP (Table A9.4) ratio mixtures. The enhanced responsiveness of
these two probes in the BA:CB ratio mixtures may have been because of a reduced
tendency of the B. anthracis target sequences to dimerize with the C. botulinum target
sequences, thus making more of the DNA available for binding the probes.

When compared across the various BA:CB mixture ratios studied, the net MFI
values for the relevant probes demonstrated a sufficient level of sensitivity despite the
various ratios of input DNA used. The minor component was never undetectable, even
when overshadowed by a ten-fold excess of the major component. In fact, the net MFI
values for the Bac/RRL, Bant/TOX, and Cbot/TOX probes were all well above threshold,
whether the mixture was made up of one part or ten parts of the target sequence.
Although all values were above threshold, the net MFIs for the Cbot/RRL probe were
lower than the net MFI values typically observed for other probes. Low net MFI values
for the Cbot/RRL probe were previously observed in the Specificity/Sensitivity Study
and in the 1:1 Mixture Study. An AutoDimer hairpin screen predicted hairpin formation
within the Cbot/RRL target sequence, which may have been responsible for the
consistently low net MFI values observed for the Cbot/RRL probe (Figure A11.3). The

second hairpin shown in Figure A11.3 would be more stable than the other predicted
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hairpins, because its melting temperature (46.8°C) was in close proximity to the assay
hybridization temperature (48°C).

In addition to the minor components consistently having net MFI values above
threshold, the net MFIs of the minor components were generally consistent despite large
quantities of the major component. For example, the four net MFIs for the Bac/RRL
probe when B. anthracis made up one part of the mixture were reasonably uniform,
displaying a coefficient of variation of 12.2% irrespective of there being two, five, or ten
parts CB (Table A9.9). This value, as well as the coefficient of variation (15.3%) for the
Bant/TOX probe in samples where B. anthracis was the minor component was
comparable to the degree of variation for these probes observed in the BA:FT and BA:YP
ratio mixtures. The net MFI values for the Cbot/RRL probe displayed a moderately large
coefficient of variation (43.6%) for samples in which C. botulinum was the minor
component. This larger degree of variation shows that the Cbot/RRL probe was more
vulnerable than the other probes to fluctuations in the proportion of the major contributor.

The net MFI values generally increased and decreased predictably depending on
the amount of target DNA contributed by each mixture component. For example, the net
MFTIs for the Bac/RRL probe descended from 2866 (ten parts BA) to 2365 (five parts
BA) to 1750 (two parts BA), before stabilizing around 1600 (one part BA). Although
similar results were observed with other probes, the Bac/RRL probe was the only one that
displayed an uninterrupted upward trend in net MFI values as the proportion of B.
anthracis in the mixture was increased. For other probes, there was a clear difference in
the net MFI values observed at either end of the spectrum of ratios examined, but the data

in between was not always linear. For example, the net MFI values for the Bant/TOX
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probe in the BA:CB/2:1, BA:CB/5:1, and BA:CB/10:1 samples were 4609, 4522, and
4885, respectively. Although there was an overall increase in net MFIs between the 2:1
and 10:1 samples, the slight decrease in the net MFI for the 5:1 sample was unexpected.
These minor aberrations may have been further examples of the inherent inaccuracies of

the quantitation process.

6. Summary of Ratio Mixture Results

Twenty-eight ratio mixtures were analyzed in which the components were present
in different proportions. Both components were successfully identified in 100% of all
mixtures. The results indicated a strong ability of the Luminex platform to identify both
components of a binary mixture, even when the minor contributor was overshadowed
two-fold, five-fold, or ten-fold by the major contributor.

The mean, standard deviation, and coefficient of variation were calculated for net
MFIs corresponding to the minor contributor of each sample (see Table A9.9). The
purpose of this was to determine if the net MFIs of the minor contributor fluctuated as the
proportion of the major contributor was varied. Although some minor contributors were
more vulnerable to high proportions of the major contributor, the generally low
coefficients of variation indicated overall that net MFIs are moderately stable despite
changes in the ratio of the major contributor.

B. anthracis was a component in three of the four binary ratio mixtures analyzed.
This provided a good opportunity to determine (with a specified degree of statistical
certainty) if the variation observed in the net MFIs for B. anthracis was due to chance
alone or perhaps dependent on the major contributor. An ANOVA was performed on net

MFTs collected for the Bac/RRL and Bant/TOX probes (Table A9.10). The null
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hypothesis was rejected at a 95% level of confidence in both analyses, indicating that the
identity of the major contributor may determine the degree to which net MFIs of the
minor contributor fluctuate. This finding may also provide support for the belief that
cross-reactivity with non-specific target sequences plays a pivotal role in determining the

specificity of a probe for its complement.

L. Inter-Sample Washes

As might be expected, it was very important that when each sample was analyzed
on the Luminex, only the beads from that sample were analyzed and not beads that might
have been remaining from a prior sample. Beads from a prior sample may sometimes
remain on the inside of the instrument sample probe (termed “internal carryover”) and
beads from a prior sample may also adhere to the outside of the sample probe (termed
“external carryover”). Luminex reports that a maximum of 3% carryover (~1% internal
and ~2% external) are within the instrument specifications. Carryover problems with
Luminex immunoassays have been reported before, but are predicted to be somewhat less
severe with DNA-based assays because beads complexed with nucleotides may not
adhere to the internal steel and plastic parts of the instrument with great affinity (Hanley,
2007).

A series of wash steps (using 1X TE buffer) were incorporated into the standard
procedures to minimize sample-to-sample bead carryover. Initially, it was found that
three inter-sample washes were sufficient for removing any extraneous beads. However,

evidence of carryover became more apparent as the Luminex was used more frequently.
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Lingering beads were undesirable because if they had a high fluorescence, the net MFI
data for the subsequently analyzed sample could be skewed.

A fourth wash step was implemented for the purpose of removing any beads that
might have been lingering after the first three washes. Adding a fourth inter-sample wash
had a positive impact on the data. The count data illustrated that, in most cases,
extraneous beads were completely removed by the end of the fourth wash (data not
shown). As a result, fewer false positives were observed. Of the false positives that did
occur, they had a much smaller magnitude than those in comparable assays with only
three inter-sample washes. The additional inter-sample wash was universally adopted for
all subsequent assays (ratio mixture studies only).

One final note on carryover: Lingering beads did not always consistently decrease
with each progressing wash step, because the beads may adhere to the probe (internally
or externally) and a series of wash steps showing a descending bead count may suddenly
spike as residual beads are dislodged. Researchers should recognize this phenomenon,
and accept the fact that it is difficult to confirm the total removal of beads prior to the
next sample, even when the final wash displays a zero bead count. It must always be
considered that a false positive result may not necessarily stem from cross-reacting
oligos, but instead may have been caused by lingering beads that failed to leave the
system. Consulting the bead count data may help to distinguish false positives due to

cross-reactivity from false positives due to bead carryover.
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M. Statistical Considerations

1. The Product Rule

In mathematics, the product rule is applied when one wishes to know the
probabilitity of multiple independent events occurring at once. It is particularly useful in
DNA typing because it enables analysts to determine the random match probability of
multiple loci by multiplying their individual frequencies. The random match probability
for a single locus might be very high (i.e., there is a strong likelihood that a randomly
chosen individual would have the same DNA sequence as the unknown), but if the
individual probabilities of several loci are multiplied together, the chance of a random
match becomes infinitely smaller as the number of loci examined is increased.

In order for the product rule to be correctly applied, the individual loci whose
probabilities are to be multiplied should be in linkage equilibrium (Lander, 1989) and
Hardy-Weinberg equilibrium. That is, the loci should be independently assorted such that
the inheritance of one locus is not correlated with the inheritance of another. With respect
to bacteria (which have a single circular chromosome), many reproduce by a form of
cloning called binary fission. However, genetic recombination can occur via other
processes such as conjugation, transduction, or transformation. Furthermore, many
bacteria have one or more plasmids with different copy numbers. The chromosome and
plasmid patterns of inheritance differ widely among bacteria, and thus the product rule
cannot be applied as in human genetics.

Even though the product rule cannot be used to calculate random match
probabilities for bacterial DNA sequences, there are other ways of establishing the

significance of a match. Prior studies in which pathogens were analyzed with Luminex
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technology have used as few as one probe to identify each bacteria. Recently, other
researchers have begun to use multiple probes for pathogen detection (Deshpande et al.,
2010). This dissertation research sought to improve the certainty of an identification by
using two probes for each of the four core pathogenic bacteria. The use of multiple loci
increases the chances of successfully identifying bacterial strains that have undergone
genetic modification. Although a positive reaction with two probes certainly inspires a
greater degree of confidence in the results, it may not be sufficient for a positive
identification. This is especially true if one or more probes are prone to error, as was the
case with some RRL probes in the current study. Using more than two probes may help
to minimize the impact of a problematic probe while enhancing confidence in the

conclusion.

2. Reproducibility

One of the greatest flaws of pioneering research in criminalistics was the lack of
attention to statistical significance. Studies were often conducted without regard to the
need for multiple trials, which are necessary to gauge validity by assessing
reproducibility. This deficiency was identified early on by Kirk (1963a), and today, many
more researchers in forensic science are inculcated with the need to carry out statistically
sound studies. Advocates for studies having a strong statistical foundation have generally
declared that the ability to draw meaningful conclusions from the data declines
proportionally with fewer sample repetitions (N. Petraco, personal communication, 20
September 2011). This is probably true in many instances, but unfortunately small sample
sizes cannot always be avoided. For example, multiple trials in the present study were

precluded by fiscal limitations and heavily controlled resources such as the genomic
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DNA from pathogenic bacteria. Although a smaller study with greater sample repetition
might have been possible, it was decided to design a study having a larger scope so that
the Luminex technology could be more thoroughly evaluated using multiple bacteria in a
range of possible scenarios. With the expanded footprint of the study came the caveat
that future research using multiple trials would be needed to corroborate the findings.
Critics may disagree with this decision by arguing that having fewer trials widens the gap
between the methodology and the conclusions drawn from it. While this may limit the

potency of the conclusions, it certainly does not invalidate them.

3. Limitations

The absence of multiple trials may be justified in certain circumstances, but there
comes a time when conclusions must be supported by probability and statistics. This
study used the terms “presumptive” and “confirmatory” to classify the two different types
of probes used. However, it should be noted that the term “confirmatory” while
ostensibly implying a definitive and absolute identification, was only confirmatory within
the limitations of the study design. For example, if a negative result was observed when
the Bant/TOX probe was introduced to some unknown target DNA, it might be said with
a certain degree of confidence that the unknown target DNA did not originate from B.
anthracis (i.e., the unknown was excluded). If, on the other hand, a positive result was
observed when the Bant/TOX probe was introduced to some unknown target DNA, it
could not be said with absolute certainty that the unknown was B. anthracis (i.e.,
inclusion). It would be impossible to say this without the support of statistical data. Thus,
for the purposes of this study, the term “negative” with respect to identification can be

taken literally. However, the term “positive” must be qualified by noting that it was
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positive only within the limits of this study, and that a target sequence yielding a positive
reaction to a certain probe could not truly be regarded as positive without some way of
quantifying the likelihood that another randomly chosen DNA sequence would not yield
a similar result.

Kirk (1963b) said that “until [the determination of guilt or innocence] is reduced
to a reasonable mathematical exactness, the administration of justice will be
correspondingly hampered.” There must be a way to affix a level of certainty to positive
and negative results if Luminex technology is to continue its proliferation in the field of
forensic biology. There is a great need for the establishment of a normalized reference
database consisting of net MFI values for known quantities of common pathogenic
bacteria. Only then will the conclusions drawn from a Luminex analysis be truly

meaningful.
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CHAPTER VII. CONCLUSIONS

One of the most labor intensive aspects of this study was the preliminary
bioinformatics research necessary before commencing benchwork. It must be verified
that all sequences originate from regions of their respective genomes that are highly
polymorphic, thermodynamically stable, and nonhairpin-forming (Summerbell ef al.,
2005). Additionally, sequences should reside in genes that are well-conserved and/or
essential for life, thus making them less prone to mutation. Evaluating the utility of
candidate sequences can be very tedious, especially in a large study where there are
numerous sequences to assess. However, it is emphatically stressed that background
bioinformatics research should be thoroughly and meticulously conducted. Latent
mistakes or omissions made at this stage will become evident down the line, and
therefore it is important to invest the appropriate amount of time in the beginning.
Researchers need not become burdened with repetitive bioinformatics work, as the initial
background research can serve as the basis for many subsequent assays.

Non-specific binding among sequences may be difficult if not impossible to
avoid, but can at least be minimized through the use of software programs such as
Primer3 and AutoDimer. The specificity of all sequences must also be confirmed by
searching a database such as NCBI BLAST. With a comprehensive collection of over
1700 bacterial genomes, this database enables researchers to avoid the use of non-specific
sequences. However, this database is neither all-inclusive nor infallible, and success in
identifying highly similar sequences depends on the search parameter settings.

Future researchers may have greater success using Primer-BLAST, which not

only combines primer/probe design and the search for similar sequences into one step,
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but also uses parameters that are specially modified for short sequences. Even if Primer-
BLAST becomes the paradigm in future studies, researchers are admonished to remember
that this program checks only for self-reactivity, and thus there is still a need for
programs such as AutoDimer that check for cross-reactivity. The default threshold of
seven was often inadequate for predicting cross-reactivity that occurs in situ, so it is
advisable to lower the threshold beyond the default value.

Perhaps the single greatest finding of this research was that sensitivity could be
improved by using lambda exonuclease to enzymatically degrade the non-complementary
strand of the PCR product. Overall, single-stranded (when compared to double-stranded)
target DNA in experimental samples was much more available for binding with the
probes — reassociation of the complementary target strands was prevented and the
effective concentration of the target DNA was increased. Enzymatic digestion of target
sequences should be incorporated into Luminex standard protocols as a means of
improving sensitivity.

The efficacy of the enzymatic digestion step was corroborated by the findings of
the specificity/sensitivity study, in which LLDs as low as 0.1 ng were reported. The
sensitivity of most probes matched or surpassed the sensitivity levels observed in
previous work (Dunbar and Jacobson, 2007; Battaglia et al., 2011). A diminished level of
sensitivity was observed for some probes, possibly due to secondary structure formation
within the corresponding target sequence. Specificity was adequate for most probes, but
somewhat compromised for others due to moderate homologies with non-specific target

sequences.
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Thirty-three binary, ternary, and quaternary mixtures were examined in which all
components were present in a 1:1 ratio. There was an 80% success rate for identifying all
components, indicating that competition does not generally preclude positive
identification. Four binary mixtures were subjected to further study in which the two
components were combined in various ratios. Both components were detected in 100% of
the twenty-eight mixtures analyzed, even when the minor component was overshadowed
by a ten-fold excess of the major component. Some false positives were observed in both
mixture studies, but typically their weak fluorescent response made them easily
distinguishable from a genuine positive result. Statistical data and an ANOVA indicated
that the net MFIs of the minor component depend on the identity of the major component.

Future researchers should first seek to create a standard protocol for the analysis
of bacterial DNA using the Luminex platform. The current study began with the a priori
assumption that the genomic DNA had already been extracted and quantified. However,
the application of Luminex technology to actual casework would necessarily have to be
preceded by an extraction and quantitation protocol designed for clinical samples which
assumes that the cells or spores themselves are the starting material. The Luminex
instrument has recently been combined with an automated, pre-detection sample
processing format (Altman, 2011). However, creating a standard operating procedure for
casework is expected to be a task reserved for a very elite laboratory because a Biosafety
Level IV status would be required due to the hazardous nature of the samples. However,
much of the validation work on these procedures could be performed on non-pathogenic

bacteria in a Biosafety Level II laboratory.
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After extraction and quantitation protocols are standardized, a normalized
reference database of net MFI results for known samples should be assembled, to which
future results can be compared. Once data for a set of reference samples has been
accumulated, a blind study should be undertaken in which each individual result is
compared to the knowns using hypothesis testing. This would attach a statistical
significance (within a specified confidence interval) to each result. It would also enable a
more thorough investigation into the frequency of type I errors (false positives) and type

IT errors (false negatives).
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CHAPTER VIII. CONTRIBUTIONS TO FORENSIC SCIENCE

There are many pathogenic microorganisms with a tremendous potential for
destruction, based on their ability to cause disease and death in humans (CDC, 2011).
Previous instances of bioterror have demonstrated the glaring deficiencies in our current
methods of rapidly and accurately identifying these pathogens. Luminex technology
offers one of the best solutions for filling in this gap. If a bioterror event should occur in
the future, a pathogen detection array would provide forensic scientists with a faster
means of (1) verifying that the attack has in fact been caused by a pathogenic
microorganism, and (2) identifying the pathogenic agent. Identifying the pathogen that
has been released will subsequently enable first responders to modify their approach
accordingly. It will also permit health care personnel to take the appropriate cautions
while administering the most applicable treatments for those who are infected, as well as
preventing further infection by quarantine or vaccine.

The efficacy of the Luminex platform as a pathogen detection array was most
recently established by Battaglia et al. (2011). The results of this study have corroborated
prior analyses and expanded our ability to react to a potential bioterror event. It has
created a platform upon which other researchers may build, so that a comprehensive array
of numerous biological pathogens may one day be available for use with the Luminex
method. Once complete, this array will enable bioterror attacks to be expeditiously
mitigated, while at the same time contributing to source attribution efforts.

This research has also helped to fortify the scientific underpinnings of the
Luminex technology. This could be relevant as Luminex technology becomes more

widely applied towards the resolution of scientific problems pertaining to the law.
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Scientific techniques (especially new ones) must undergo rigorous scrutiny in order to
satisfy evidence admissibility standards. Some states follow the Frye standard, which
declared that in order for admissibility to be granted, a technique must be generally
accepted by the relevant scientific community (Frye v. U.S., 293 F. 1013). Other states
and federal courts follow the precedent established by Daubert, in which it was held that
the Federal Rules of Evidence (Rule 702) supplanted the Frye “general acceptance” test
for evidence admissibility (Daubert v. Merrell Dow Pharmaceuticals, Inc., 509 U.S.
579). The court’s ruling in Daubert was intended to shift some responsibility away from
the scientific community by appointing trial judges as the primary gatekeepers. A trial
judge may assess the validity of the proffered scientific technique by considering a non-
exhaustive list of factors such as testability, peer review, publication, error rate, and
general acceptance. Other factors have also been suggested, such as whether or not the
science is litigation-driven or whether there is too much of an analytical gap between the
methodology and the conclusions (Advisory Committee, 2000). Regardless of whether
the Frye or Daubert standards are used as the benchmark, novel technologies are
critically evaluated before admissibility is granted. If the Luminex technology is to be
appraised with these standards in mind, then it is important for early research to lay the
groundwork that will one day help to establish its veracity in the courtroom.

This research was an important step in the evolution of criminalistics, which has
successfully partnered with fields such as molecular biology in recent years. Most
importantly, the outcome of this project is poised to help other researchers realize the
ability of criminalistics to contribute to the resolution of global-scale criminal acts such

as bioterrorism.
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APPENDIX I. INFORMATION ON LYOPHILIZED GENOMIC DNA
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. See
Organism BEI Number Footnote
Bacillus anthracis str. Sterne NR-10293 a
Bacillus cereus NR-12314 b
Clostridium botulinum NR-2713 c
Clostridium difficile HM-88D d
Francisella tularensis subsp. tularensis NR-3015 e
Francisella tularensis subsp. holarctica NR-3018 f
Yersinia pestis NR-2717 g
Yersinia enterocolitica NR-3066 h
Mycobacterium tuberculosis NR-14865 1

Table Al.1. Lyophilized genomic DNA acquired from BEI Resources.

"Reagent contributed by P. Hanna, University of Michigan for distribution by the NTH
Biodefense and Emerging Infections Research Resources Repository, NIAID, NIH:
Genomic DNA from Bacillus anthracis, Strain Sterne BA851 (AasbA), NR-10293.
PReagent obtained through the NIH Biodefense and Emerging Infections Research
Resources Repository, NIAID, NIH: Genomic DNA from Bacillus cereus, Strain E33L,
NR-12314.

‘Reagent obtained through the NIH Biodefense and Emerging Infections Research
Resources Repository, NIAID, NIH: Genomic DNA from Clostridium botulinum, Strain
Walls 8G (VPI 4404), NR-2713.

Reagent obtained through the NIH Biodefense and Emerging Infections Research
Resources Repository, NIAID, NIH as part of the Human Microbiome Project: Genomic
DNA from Clostridium difficile, Strain NAP7 CDC#2007054, HM-88D.

‘Reagent obtained through the NIH Biodefense and Emerging Infections Research
Resources Repository, NIAID, NIH: Genomic DNA from Francisella tularensis subsp.
tularensis, Strain SCHU S4 (FSC237), NR-3015.

Reagent obtained through the NIH Biodefense and Emerging Infections Research
Resources Repository, NIAID, NIH: Genomic DNA from Francisella tularensis subsp.
holarctica, Strain LVS (FSC155), NR-3018.

fReagent obtained through the NIH Biodefense and Emerging Infections Research
Resources Repository, NIAID, NIH: Genomic DNA from Yersinia pestis, Strain CO92,
NR-2717.

"Reagent obtained through the NIH Biodefense and Emerging Infections Research
Resources Repository, NIAID, NIH: Genomic DNA from Yersinia enterocolitica subsp.
enterocolitica, NR-3066.

'Reagent obtained through the NIH Biodefense and Emerging Infections Research
Resources Repository, NIAID, NIH: Genomic DNA from Mycobacterium tuberculosis,
Strain H37Rv, NR-14865.
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APPENDIX II. MULTIPLEX PCR SPECIFICITY STUDY:
DATA TABLES
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Lane Template Expected Bands | Observed Bands Concentration
(bp) (bp) (ng/uL)

19 7.77

29 16.0
1 All 9 templates All RRL + TOX 122 28.62
168 1.44

184 3.59

19 8.09
29 13.77
2 All 9 templates All RRL + TOX 122 29.16
168 1.50

183 3.71

3 B. cereus 111 (RRL) T n/a
19 7.79
. 29 19.03

4 B. anthracis 111 (RRL) - oa

230 (TOX) * n/a
o s 23 11.04
> C. difficile 110 (RRL) 117 10.04
19 8.04
. 29 14.57

6 C. botulinum 100 (TOX) - a
109 (RRL) 126 11.42

18 8.14
7 F. tularensis holarctica 102 (RRL) 12 194 ig;g
170 2.88

22 9.53

26 5.93
8 F. tularensis tularensis 46 20.90

102 (RRL) * n/a

159 (TOX) * n/a

19 7.45
9 Y. enterocolitica 30 14.59
107 (RRL) 120 20.03

19 6.32
. 30 11.76
10 Y. pestis 107 (RRL) 119 14.56
169 (TOX) 177 6.17

19 7.23
11 M. tuberculosis 29 13.76
110 (RRL) 121 10.43

12 None 19 8.12
30 16.32

Table A2.1. Summary of quantitation data for samples amplified using original primer mix. An asterisk
(*) symbol in the “Observed Bands” column indicates that a band was neither visible nor detected by the
instrument. A dagger (1) symbol in the “Observed Bands” column indicates that a faint band was visible
but not concentrated enough to be reported. In samples containing only one template, expected band sizes
are noted adjacent to the observed band most likely to correspond.
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Lane Template Expected Bands | Observed Bands Concentration
(bp) (bp) (ng/uL)
1 All 9 templates All RRL + TOX

23 7.35
115 18.20

2 All 9 templates All RRL + TOX 163 124
176 3.28

22 2.85

28 4.69

3 B. cereus 46 8.42
129 0.90

H1(RRL) 140 22.81

23 7.09
4 B. anthracis 111 (RRL) 123 15.24
230 (TOX) 230 5.37

19 7.01

5 C. difficile 31 8.55
110 (RRL) 124 14.60

19 6.32

. 30 7.13

6 €. botulinum 100 (TOX) 114 3.79
109 (RRL) 127 12.09

23 7.15

7 F. tularensis holarctica 102 (RRL) 109 13.53
164 5.52

19 6.09

8 F. tularensis tularensis 102 (RRL) 13105 173.%807
159 (TOX) 169 5.86

19 6.89

9 Y. enterocolitica 30 7.18
107 (RRL) 121 23.25

19 5.92

. 30 7.34

10 Y. pestis 107 (RRL) 118 17.07

169 (TOX) 177 8.35

19 7.50

11 M. tuberculosis 31 8.21

110 (RRL) 121 8.31

19 7.38

12 None 3 203

Table A2.2. Summary of quantitation data for samples amplified using modified primer mix. In
samples containing only one template, expected band sizes are noted adjacent to the observed
band most likely to correspond.
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Lane Template Expected Bands | Observed Bands Concentration
(bp) (bp) (ng/uL)

116 27.13

1 All 9 templates All RRL + TOX 164 2.56
178 7.38

2 All 9 templates All RRL + TOX

3 B. cereus 22 3.4
111 (RRL) 122 11.21

20 1.39

. 23 3.03

4 B. anthracis 111 (RRL) 122 11.24
230 (TOX) 228 4.34

e s 22 3.95

> C. difficile 110 (RRL) 117 11.96
23 3.41

6 C. botulinum 100 (TOX) 107 2.96
109 (RRL) 120 7.57

23 3.49

7 F. tularensis holarctica 102 (RRL) 109 10.27
164 5.63

23 3.82

8 F. tularensis tularensis 102 (RRL) 108 10.57
159 (TOX) 162 5.88

o 22 2.58

9 Y. enterocolitica 107 (RRL) 114 13.08
23 3.52

10 Y. pestis 107 (RRL) 112 17.42
169 (TOX) 170 8.58

. 23 4.82
11 M. tuberculosis 110 (RRL) ¥ oa
12 None 23 4.93

Table A2.3. Summary of quantitation data for samples amplified using modified primer mix

diluted 1:2. A dagger (1) symbol in the “Observed Bands” column indicates that a faint band was

visible but not concentrated enough to be reported. In samples containing only one template,
expected band sizes are noted adjacent to the observed band most likely to correspond.
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Lane Template Expected Bands Observed Bands Concentration
(bp) (bp) (ng/uL)

115 16.37

1 All 9 templates AIl RRL + TOX 162 1.47
176 3.70

23 5.36

2 All 9 templates AIl RRL + TOX 114 377
23 6.65

3 B. cereus 109 1.15
T (RRL) 120 11.75

23 5.72

4 B. anthracis 111 (RRL) 120 9.35
230 (TOX) 231 6.35

e s 22 5.19
> C. difficile 110 (RRL) 116 13.20
23 6.49

6 C. botulinum 100 (TOX) 107 1.01
109 (RRL) 119 2.54

23 7.99

7 F. tularensis holarctica 102 (RRL) 107 11.57
163 6.27

23 9.39

. . 97 1.14
8 F. tularensis tularensis 102 (RRL) 107 1372
159 (TOX) 162 8.46

9 Y. enterocolitica 107 (RRL) 12 134 159"2249
22 4.57

10 Y. pestis 107 (RRL) 112 14.50
169 (TOX) 170 6.99

. 22 5.80

11 M. tuberculosis 110 (RRL) 114 152
12 None 23 7.68

Table A2.4. Summary of quantitation data for samples amplified using 10 ng of Template and
modified primer mix diluted 1:2. In samples containing only one template, expected band sizes
are noted adjacent to the observed band most likely to correspond.
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APPENDIX III. STATISTICAL DATA FOR
MONOPLEX AND MULTIPLEX PCR STUDIES
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Monoplex PCR Specificity Study
Target
Template Sequence Concentration

B. cereus Bac/RRL 12.04
B. anthracis Bac/RRL 8.58
B. anthracis Bant/TOX 17.16
C. difficile Cdif/RRL 10.29
C. botulinum Cbot/RRL 7.96
C. botulinum Cbot/TOX 13.83
F. tularensis holarctica Fran/RRL 7.41
F. tularensis tularensis Fran/RRL 6.63
F. tularensis tularensis Ftul/TOX 20.64
Y. enterocolitica Yent/RRL 18.58
Y. pestis Ypes/RRL 20.69
Y. pestis Ypes/TOX 20.24
M. tuberculosis Myc/RRL 243

12.80615385 Avg

6.159811332 Std. Dev.
2.43 Min.
20.69 Max.

Table A3.1. Statistical data for amplicons produced by their specific primer set in the
monoplex PCR study.
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APPENDIX IV. TITRATION STUDY DATA AND CHARTS
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APPENDIX V. ENZYMATIC DEGRADATION STUDY DATA AND CHARTS
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Lane | Template | Sample Type Expected Band | Observed | Concentration
(bp) Band (ng/ul)
(bp)
1 B. cereus Control 111 (RRL) 122 10.42
2 B. cereus Control 111 (RRL) 121 11.01
3 B. cereus Control 111 (RRL) 121 13.38
4 B. cereus Experimental 111 (RRL) 120 11.17
5 B. cereus Experimental 111 (RRL) 119 10.43
6 B. cereus Experimental 111 (RRL) 119 11.01
7 None PCR Neg. Cont. None None n/a
8-12 Empty

Table AS.1. Summary of quantitation data for B. cereus amplicons produced before

enzymatic digestion.

Lane | Template | Sample Type Expected Band Observed | Concentration
(bp) Band (ng/ul)
(bp)
1 B. cereus Control 111 (RRL) 122 5.76
2 B. cereus Control 111 (RRL) 121 7.21
3 B. cereus Control 111 (RRL) 120 6.50
4 B. cereus | Experimental 111 (RRL) Il n/a
5 B. cereus | Experimental 111 (RRL) T n/a
6 B. cereus | Experimental 111 (RRL) 1l n/a
7 None PCR neg. cont. None None n/a
8-12 Empty

Table AS.2. Summary of quantitation data for B. cereus amplicons produced after
enzymatic digestion. Highlighted samples indicate those that were selected for analysis in
the Luminex assay. A dagger (1) symbol in the “Observed Bands” column indicates that
a faint band was visible but not concentrated enough to be reported. Yellow highlighted
cells denote samples whose concentration was used to determine Luminex input amounts.
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Lane Template Sample Type Expected Band | Observed | Concentration

(bp) Band (bp) (ng/ul)
1 B. anthracis Control ;315 E’IF{(I)%()) ;z }‘2‘?2
2 B. anthracis Control ;315 E%()) ;2 251?
3 B. anthracis Experimental 2131 é E%()) ;2 247‘?;
4 B. anthracis Experimental ;?1,(1) 85(}){)1&)) ;:1;2 181.3932
5 Y. pestis Control }2; E?g)?) };} 197..7037
6 Y. pestis Control 11 (6); g(l%()) i;i 196.69;
7 Y. pestis Experimental 11 gg E’Il}g;)) i;(l) 196..7259
8 Y. pestis Experimental }2; gfg;)) };(1) 195_6059
9 None PCR Neg. Cont. None None n/a

Table AS.3. Summary of quantitation data for B. anthracis and Y. pestis amplicons produced

before enzymatic digestion.

Lane Template Sample Type Expected Band | Observed | Concentration
(bp) Band (ng/ul)
(bp)

_ 111 (RRL) 122 7.81

1 B. anthracis Control 230 (TOX) 232 7.10
_ 111 (RRL) 121 4.52

2 B. anthracis Control 230 (TOX) 231 3.53

, . 111 (RRL) i n/a

3 B. anthracis Experimental 230 (TOX) 231 0.94
. . 111 (RRL) 121 2.95

4 B. anthracis Experimental 230 (TOX) 231 1.66
, 107 (RRL) 115 10.47

5 Y. pestis Control 169 (TOX) 176 5.57
) 107 (RRL) 115 9.57

6 Y. pestis Control 169 (TOX) 176 5.05
' . 107 (RRL) 116 4.02

7 Y. pestis Experimental 169 (TOX) 170 1.65
. . 107 (RRL) 115 4.31

8 Y. pestis Experimental 169 (TOX) 170 1.18

9 None PCR Neg. Cont. None None n/a

Table AS.4. Summary of quantitation data for B. anthracis and Y. pestis amplicons produced
after enzymatic digestion. A dagger (7) symbol in the “Observed Bands” column indicates that a
faint band was visible but not concentrated enough to be reported. Yellow highlighted cells
denote samples whose concentration was used to determine Luminex input amounts.
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APPENDIX VI. SPECIFICITY/SENSITIVITY STUDY DATA AND CHARTS
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u------------

L1 2 245 & 7 8 9101112

Figure A6.1. Gel image of pre-digest enzymatic degradation control samples for
specificity/sensitivity study.

Lane Template Sample Expected Observed Concentration
Type Band (bp) Band (bp) (ng/ul)
1 None Control None None n/a
2 B. cereus Control 111 (RRL) 121 5.63
. 111 (RRL) 121 7.40
3 B. anthracis Control 230 (TOX) 230 577
4 C. difficile Control 110 (RRL) 115 4.24
. 109 (RRL) 120 3.38
5 C. botulinum Control 100 (TOX) 109 173
. 102 (RRL) 109 4.86
6 F. holarctica Control 164 394
) 102 (RRL) 108 3.84
7 F. tularensis Control 159 (TOX) 163 > 45
8 Y. enterocolitica Control 107 (RRL) 115 10.47
. 107 (RRL) 114 6.78
9 Y. pestis Control 169 (TOX) 171 430
10 M. tuberculosis Control 110 (RRL) T n/a

Table A6.1. Summary of pre-digest quantitation data for enzymatic degradation control
samples for specificity/sensitivity study. A dagger (7) symbol in the “Observed Bands”
column indicates that a faint band was visible but not concentrated enough to be reported.
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specificity/sensitivity study.

B_EE_ECE__=2o

L]

12 2456 7 8 9101112
Figure A6.2. Gel image of post-digest enzymatic degradation experimental samples for

Lane Template Sample Expected Observed Concentration
Type Band (bp) Band (bp) (ng/ul)

1 None Experimental None None n/a
2 B. cereus Experimental | 111 (RRL) 123 3.97
. . 111 (RRL) 122 1.75
3 B. anthracis Experimental 230 (TOX) 733 0.94
4 C. difficile Experimental | 110 (RRL) T n/a
. . 109 (RRL) 114 1.21
5 C. botulinum | Experimental 100 (TOX) + a
6 F. holarctica Experimental | 102 (RRL) 112 2.33
. . 102 (RRL) T n/a
7 F. tularensis Experimental 159 (TOX) + a
8 Y. enterocolitica | Experimental | 107 (RRL) T n/a
. . 107 (RRL) T n/a
9 Y. pestis Experimental 169 (TOX) £ a
10 M. tuberculosis | Experimental | 110 (RRL) T n/a

Table A6.2. Summary of post-digest quantitation data for enzymatic degradation
experimental samples for specificity/sensitivity study. A dagger (F) symbol in the
“Observed Bands” column indicates that a faint band was visible but not concentrated

enough to be reported.
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Lane Template Observed band Predicted Concentration
(bp) Source of Band (ng/ulL)
116 BA+YP (RRL) 14.86
1 BA +YP 175 YP (TOX) 5.92
239 BA (TOX) 3.17
110 FT (RRL) 4.57
122 BA (RRL) 4.21
140 0.45
2 BA+FT 159 FT (TOX) 112
164 2.94
239 BA (TOX) 4.61
107 CB (TOX) 1.33
3 BA +CB 121 BA+CB (RRL) 5.82
239 BA (TOX) 3.64
114 YP+FT (RRL) 12.53
158 0.77
4 YP +FT 163 FT (TOX) 219
173 YP (TOX) 5.50
108 CB (TOX) 0.97
5 YP + CB 114 YP+CB (RRL) 11.48
173 YP (TOX) 5.65
108 CB (TOX) 4.63
6 FT + CB 119 FT+CB (RRL) 2.13
158 FT (TOX) 0.61
163 2.24
114 BA+YP+FT (RRL) 9.55
163 FT (TOX) 1.21
7 BA+YP+FT 173 YP (TOX) 3.51
238 BA (TOX) 0.99
114 BA+YP+CB (RRL) 10.23
8 BA+YP+CB 173 YP (TOX) 4.14
238 BA (TOX) 0.89
108 CB (TOX) 4.38
120 BA+FT+CB (RRL) 4.25
9 BA+FT+CB 157 0.71
163 FT(TOX) 2.50
238 BA (TOX) 2.59
113 YP+FT+CB (RRL) 11.80
10 YP+FT +CB 161 FT (TOX) 1.26
170 YP (TOX) 3.86
112 BA+CB+FT+YP (RRL) 12.10
160 FT (TOX) 1.07
11 BA-+CB+FT+YP 169 YP (TOX) 146
235 BA (TOX) 0.75
12 None n/a n/a n/a

Table A7.1. Summary of post-digest quantitation data for enzymatic degradation control samples for
mixture study (1:1) batch #1. Yellow highlighted cells denote samples whose concentration was used to
determine Luminex input amounts.
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Lane Template Observed Predicted Concentration
band (bp) Source of Band (ng/ul))
117 BA + YE (RRL) 13.75
! BA+YE 233 BA (TOX 3.17
110 FH (RRL) 4.49
121 BA (RRL) 3.54
2 BA +FH 161 0.73
166 2.76
231 BA (TOX) 3.74
110 FT (RRL) 3.75
3 BC + FT 121 BC (RRL) 3.34
160 FT (TOX) 0.72
165 2.29
110 CB (TOX) 0.97
4 YE+CB 116 YE + CB (RRL) 12.87
109 FT (RRL) 2.74
5 FT+CD 117 CD (RRL) 5.15
164 FT (TOX) 2.96
109 CB (TOX), FH (RRL) 4.88
6 FH +CB 119 CB (RRL) 1.54
165 2.77
115 BC+YP+FT (RRL) 8.46
7 BC+YP+FT 164 FT (TOX) 0.87
175 YP (TOX) 3.08
n/a CB (TOX) n/a
8 BA+YE+CB 116 BA+YE+CB (RRL) 11.19
232 BA (TOX) 1.49
109 FH (RRL) + CB 3.19
(TOX)
9 BA+FH+ CB 121 BA + CB (RRL) 2.69
164 FH (TOX) 2.16
231 BA (TOX) 1.91
114 YP+FT+CD (RRL) 8.53
10 YP+FT+CD 162 FT (TOX) 0.76
173 YP (TOX) 2.95
108 CB (TOX) 1.64
114 BA+CB+FH+YE 9.47
11 BA+CB+FH+YE (RRL)
161 1.34
229 BA (TOX) 0.84
12 None n/a n/a n/a

Table A7.3. Summary of post-digest quantitation data for enzymatic degradation of control samples for
mixture study (1:1) batch #2. Yellow highlighted cells denote samples whose concentration was used to
determine Luminex input amounts.
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Lane Template Observed Predicted Concentration
band (bp) Source of Band (ng/ul)
117 BC + YP (RRL) 14.89
! BC+YP 178 YP (TOX) 5.86
120 BA + CD (RRL) 5.98
2 BA+CD 232 BA (TOX) 230
109 CB (TOX) 2.01
3 BC+(B 121 BC + CB (RRL) 6.33
115 YP + FH (RRL) 9.96
4 YP + FH 165 FH (TOX) 1.71
175 YP (TOX) 4.24
110 FT (RRL) 1.45
5 YE + FT 116 YE (RRL) 5.23
164 FT (TOX) 1.43
116 YP + CD (RRL) 10.00
6 YP+CD 175 YP (TOX) 3.44
n/a CB (TOX) n/a
7 BC + YE + CB 116 BC + YE + CB 12.08
(RRL)
116 BC+YP+CD 9.03
8 BC +YP+CD (RRL)
175 YP (TOX) 3.33
116 BA + YE + CD 12.31
9 | BA+YE+CD (RRL)
232 BA (TOX) 0.96
109 FT (RRL) 2.46
10 BC+FT+CD 119 BC + CD (RRL) 5.48
163 FT (TOX) 2.98
114 BA +YE+FT +CD 8.62
|| | BA*YE+FT+ (RRL)
CD 161 FT (TOX) 1.14
229 BA (TOX) 0.70
12 None n/a n/a n/a

Table A7.5. Summary of post-digest quantitation data for enzymatic degradation control
samples for mixture study (1:1) batch #3. Yellow highlighted cells denote samples whose
concentration was used to determine Luminex input amounts.
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APPENDIX VIII. INTRA-GENUS MIXTURE STUDY (1:1)
DATA TABLES
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APPENDIX IX. MIXTURE STUDY (RATIOS)
DATA TABLES AND STATISTICAL ANALYSES
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Lane Template Observed Predicted Concentration
band (bp) Source of Band (ng/ul)
111 FT (RRL) 2.59
124 BA (RRL) 6.19
1 BA:FT-10:1 161 0.70
167 FT(TOX) 2.46
234 BA (TOX) 5.19
110 FT (RRL) 2.79
] ] 123 BA (RRL) 5.29
2 BAFT-5:1 165 FT (TOX) 3.03
234 BA (TOX) 4.71
110 FT (RRL) 3.78
. . 122 BA (RRL) 4.32
3 BAFT-2:1 165 FT (TOX) 3.26
233 BA (TOX) 4.13
109 FT (RRL) 3.49
_ _ 121 BA (RRL) 2.67
4 BAFT-1:1 165 FT (TOX) 2.64
234 BA (TOX) 2.53
110 FT (RRL) 4.71
. . 122 BA (RRL) 2.84
> BAFT-1:2 165 FT (TOX) 3.62
234 BA (TOX) 2.98
110 FT (RRL) 5.02
. . 122 BA (RRL) 2.04
6 BAFT-1:5 166 FT (TOX) 3.42
234 BA (TOX) 1.37
111 FT (RRL) 4.86
) ) 122 BA (RRL) 1.68
7| BAFT-LI0 166 FT (TOX) 337
234 BA (TOX) 1.59
3 Sample from a separate study (Inter-genus 1:1 mixtures); results presented
elsewhere
9 Sample from a separate study (Inter-genus 1:1 mixtures); results presented
elsewhere
10 None | n/a | n/a | n/a

Table A9.1. Summary of post-digest quantitation data for enzymatic degradation control
samples for BA/FT ratio mixture study. Highlighted cells indicate samples whose
concentration was used to determine Luminex input amounts.
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Lane Template Observed Predicted Concentration
band (bp) Source of Band (ng/ul)
115 BA + YP (RRL) 13.17
1 BA:YP-10:1 177 YP (TOX) 4.51
235 BA (TOX) 3.93
115 BA + YP (RRL) 8.36
2 BA:YP-5:1 176 YP (TOX) 3.02
234 BA (TOX) 1.77
114 BA + YP (RRL) 7.99
3 BA:YP-2:1 175 YP (TOX) 3.26
234 BA (TOX) 1.20
114 BA + YP (RRL) 9.62
4 BA:YP-1:1 175 YP (TOX) 4.12
234 BA (TOX) 1.44
115 BA + YP (RRL) 10.64
5 BA:YP-1:2 175 YP (TOX) 4.61
234 BA (TOX) 0.69
115 BA + YP (RRL) 11.07
6 BA:YP-1:5 175 YP (TOX) 4.91
Il BA (TOX) n/a
115 BA + YP (RRL) 9.40
7 BA:YP-1:10 175 YP (TOX) 4.03
1l BA (TOX) n/a
8 None n/a n/a n/a

Table A9.3. Summary of post-digest quantitation data for enzymatic degradation control
samples for BA/YP ratio mixture study. A dagger (1) symbol in the “Observed Bands”
column indicates that a faint band was visible but not concentrated enough to be reported.
Highlighted cells indicate samples whose concentration was used to determine Luminex
input amounts.
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Lane | Sample Template Observed Predicted Concentration
band (bp) Source of Band (ng/ul)
110 FT (RRL) 1.80
) ) 117 YP (RRL) 13.02
1 459 YP:FT-10:1 * FT (TOX) a
180 YP (TOX) 5.67
110 FT (RRL) 2.15
_ ) 117 YP (RRL) 11.36
2 460 YP:FT-5:1 167 FT (TOX) 12
178 YP (TOX) 5.18
109 FT (RRL) 2.51
) ) 116 YP (RRL) 11.22
3 461 YP:FT-2:1 166 FT (TOX) 16
177 YP (TOX) 5.67
110 FT (RRL) 2.69
) ) 116 YP (RRL) 9.69
4 462 YP:FT-1:1 166 FT (TOX) 291
178 YP (TOX) 5.11
110 FT (RRL) 2.99
) ) 116 YP (RRL) 10.62
5 463 YP:FT-1:2 167 FT (TOX) 239
178 YP (TOX) 5.54
116 YP + FT (RRL) 12.97
6 464 YP:FT-1:5 167 FT (TOX) 3.19
178 YP (TOX) 5.02
111 FT (RRL) 2.90
) ) 116 YP (RRL) 7.94
7 465 YP:FT-1:10 166 FT (TOX) 2381
177 YP (TOX) 4.00
8 466 None n/a n/a n/a

Table A9.5. Summary of post-digest quantitation data for enzymatic degradation control
samples for YP/FT ratio mixture study. An asterisk (*) symbol in the “Observed Bands”
column indicates that a band was neither visible nor detected by the instrument.
Highlighted cells indicate samples whose concentration was used to determine Luminex

input amounts.
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Lane Template Observed Predicted Concentration
band (bp) Source of Band (ng/ul)

111 CB (TOX) 1.11

1 BA:CB-10:1 124 BA + CB (RRL) 7.64
233 BA (TOX) 5.12

110 CB (TOX) 1.22

2 BA:CB-5:1 122 BA + CB (RRL) 7.44
231 BA (TOX) 5.25

109 CB (TOX) 1.31

3 BA:CB-2:1 121 BA + CB (RRL) 6.30
231 BA (TOX) 4.49

109 CB (TOX) 1.40

4 BA:CB-1:1 121 BA + CB (RRL) 6.57
232 BA (TOX) 4.36

110 CB (TOX) 1.47

5 BA:CB-1:2 122 BA + CB (RRL) 6.60
232 BA (TOX) 3.84

Il CB (TOX) n/a

6 BA:CB-1:5 121 BA + CB (RRL) 1.81
232 BA (TOX) 0.63

1l CB (TOX) n/a

7 BA:CB-1:10 121 BA + CB (RRL) 1.79
232 BA (TOX) 0.79

8 None n/a n/a n/a

Table A9.7. Summary of post-digest quantitation data for enzymatic degradation control
samples for BA/CB ratio mixture study. A dagger () symbol in the “Observed Bands”
column indicates that a faint band was visible but not concentrated enough to be reported.
Highlighted cells indicate samples whose concentration was used to determine Luminex
input amounts.
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APPENDIX X. SAMPLE MFI AND COUNT DATA FOR TITRATION STUDY

298



-oAnIsod asyey & ojeoIpUl JUOJ AN UI S[IIN
1PN Arejuawd[dwod paugIsop 3edIpul S[[0 PAYSIIYSIY MO[[QA Apmys uonenn TYY/HUdA 10J ejep [JIN M2y ‘T1°01 dqelL

0 0 00STI 0 0 0 0 0 0 1¥SL 0 | Towy0se
0 0 S0S6 0 0 0 0 0 0 STYL 0 | 1owyooz
0 0 re6 0 0 0 0 0 0 8¢8L 0 | TowyoS|
0 0 6268 0 0 0 0 0 0 0 0 | 1owyoor1
0 0 65¢€8 0 0 0 0 0 0 0 0 [owy g
0 0 9¢SY 0 0 0 0 0 0 vS9¢ 0 fowy O
0 0 ST01 0 0 0 0 0 0 0 0 [owy |
0 0 €06 0 0 0 0 0 0 66¢€ 0 Jowy G°()
0 0 66L 0 0 0 0 0 0 6LS 0 | rowgszo
LI M8y
0 0 7L 0 0 0 0 0 0 I€ 0 ON
TId | THY | TI9 | XOL | T4 | XOL | Tad XOL | T4d | XOL | Tad
PAIN | /9dX | pudx | ysadx | jueag | /qmg | A0qD Aoq) | IpD | pueg | joegq
2qoad

299



-oAnIsod os[ej & 9JeOIpUl JUOJ N[ UI SHUNOD
peaq “Ajrejudwd[dwod paugIsap 2)edIpul S[[29 PAYSIYSIY MO[[d A "Apmis uonenn TYY/Ud A JoJ eiep juno) g0l dqeL

0 0 7€9 0 0 0 0 0 0 4 0 | Towy0se
0 0 1S 0 0 0 0 0 0 [ 0 | 1owyooz
0 0 78S 0 0 0 0 0 0 C 0 | TowyoS|
0 0 LSS 0 0 0 0 0 0 0 0 | 1owyoor1
0 0 68S 0 0 0 0 0 0 0 0 [owy g
0 0 L6S 0 0 0 0 0 0 I 0 fowy O
0 0 09L 0 0 0 0 0 0 0 0 [owy |
0 0 909 0 0 0 0 0 0 I 0 Jowy G°()
0 0 90L 0 0 0 0 0 0 z 0 | rowgszo
a——:omv
0 0 6CL 0 0 0 0 0 0 z 0 ON
TId | THY | TI9 | XOL | T4 | XOL | Tad XOL | T4d | XOL | Tad
PAIN | /9dX | pudx | ysadx | jueag | /qmg | A0qD Aoq) | IpD | pueg | joegq
2qoad

300
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Number of Hits = O
Mumber of Sequences = 11
Ma+ = 0.085 Ct = 1.0

C. difficile RRL probe AGTAATGTCTAAGTATCATT wversus Bacillus RRL Target Seq
AGGTﬁCTTAGigGTTTCAGTTCCCTGGGTCTGTCTTCCTTACCCTATGTATTCAGATﬂAGGATACCATACCATTACGTATGGTGGGTTTCCCCATTCGGAAATCTTCGGAT
Matches =

score = 6

NGNTACTTAGANNTTNCN

est. .4

peltaG 37 degrees = -1.30 kcalsmole

AGGTACTTAGATGTTTCAGT TCCCTGGEGTCTGTCTTCCTTACCCTATGTAT TCAGAT AAGGAT ACCAT ACCATTACGTATGETGGET T TCCCCAT TCGEARATCTTCGGAT -3 '
2LTTLTL] x| [ x
3 —TTACTATGAATCTGTAATGA-5"

C. difficile RRL probe AGTAATGTCTAAGTATCATT wersus Bacillus RRL Target Seq.

AGGTACTTAGATGTTTCAGT TCCCTGGGTCTGTCTTCCT TACCCTATGTAT TCAGAT AAGGAT ACCAT ACCAT TACGTATGGT GGG T TTCCCCAT TCGGAAATC TTCGGAT
Matches = 13

Score =

AANGATACNNNNNCATTACN

ast. tm = 6&.

Deltac 37 degrees = -1.36 kcal/mole

AGGTACT TAGATGT T TCAGT TCCCTGGGETCTGTCT TCC T TACCC TATGTAT TCAGAT AAGGAT ACCAT ACCAT TACGTATGGETGEGT T TCCCCAT TCGGEARATCTTCGEAT -3
PEx L] e L] I
3 -TTACTATGAATCTGTAATGA-S"

C. difficile RRL probe AGTAATGTCTAAGTATCATT wersus C. hotulinum RRL Target seq
GGGTﬁCTTAGATGTTTCAGTTCCCCGGGTTTACCCTCATACACCTATGTATTCAGTGCATGATACATGGGGTTACCCATGTGAGTTTCCTCATTCGGAAATCCCTGGAT
Matches = 12

score = 6

NGNTACTTAGANNTTNCN

est. .4

peltaG 37 degrees = -1.30 kcalsmole

GEGETACTTAGATGTTTCAGT TCCCCGGGT T TACCCTCAT ACACCTATGT AT TCAGTGCATGAT ACATGEGGET TACCCATGTGAGT TTCCTCAT TCGEAATCCCTGGAT -3
2LTTLTL] x| [ x
3 -TTACTATGAATCTGTAATGA-S"

C. difficile RRL probe AGTAATGTCTAAGTATCATT wersus C. botulinum TOX Target Seq.

TTGTATCATCAT TAACAGGGTCAT TAT AAT T AAAACT AT TTAT T ACAACT GGCAT AAAATCCCCCCTATACTTCTT TCAATGTCCATAAAT ATGCCTTTT
Matches = 12

Scare = 4

SATHANANNT ANMNATTACK

ast. tm = Tess than zerao

peltaG 37 degrees = greater than zero

TTGTATCATCAT TAACAGGGTCAT TAT AAT TAAMAC T AT TTAT T ACAACT GECAT AAAATCCCCCCTAT ACT TCTTTCAATGTCCAT ARATATGCCTTTT -3
PEDs ] x| 1] %
3 —TTACTATGAATCTGTAATGA-S

C. difficile RRL probe AGTAATGTCTAAGTATCATT wersus Francisella RRL Target Seg

GEGTACTTAGATGTT TCAGT TCCCCTORT TCECTCTACACTCTAT AT CGAGTGAGT ACCCAACT TETGTCAGETGEET TOCCCCAT TCGGARATCTCCGGGET
Matches = 12

score = &

NGNTACTTAGANNTTNCN

est. tm = 0.

peltac 37 degrees = -1.30 kcalsmole

GEGTACTTAGATGT T TCAGTTCCCCTCGT TCECTCTACACTCTATATCGAGTGAGT ACCCAACTTGTGTCAGGTGEGT TCCCCCAT TCGGARATCTCCGEGT -3 '
xPx[TITLLT x| | x] %
3 -TTACTATGAATCTGTAATGA-5'

c. difficile RRL probe AGTAATGTCTAAGTATCATT versus F. tularensis Tox Target Seq.

TCCCAGC AAAT ACCAACTCCAACT TTAGCAT ATTTAGT ATCCCAAACC T T AAAACCAGC ACT TCCAGGTGAGAAAT AATATTTCTCTTGGT AACCAAT ACCGTCTGGAAT ATGGGC
TTTACGATATACACCCATTATCGAACCATCCGCATCAATCATT

Matches = 5

score = 3

NATNATT

est. tm = Jess than zero

peltac 37 degrees = greater than zero

TTACTAACT ACGCCTACCAAGCTATTACCCACAT AT AGCAT TTCGGGET AT AAGGTC TGCCAT AACCAATGETTCTCTTTAT AAT ARAGAGTGGACCTTCACGACCAAAATTCCAARL
CCCTATGATTTATACGAT T TCAACCTCAACCATARACGACCCT-5"

xxI1]
5 —AGTAATGTCTAAGTATCATT-3'

C. difficile RRL probe AGTAATGTCTAAGTATCATT wersus Y. enterocolitica RRL Target Seq.

GGEETACTTAGATGT TTCAGT TCCCCCGGTTCGLC T TGCATGGCT ATGTAT TCACCATGCAAT AGTGCAACGAAT TGCACTGGGTTTCCCCAT TCGGGTATCGTCGGT
Matches = 12

Score =

NGNTACTTAGANNTTNCN

ast. tm = 0.

Deltac 37 degrees = -1.30 kcal/mole

GEGTACT TAGATGT T TCAGT TCCCCCGGT TCGCCTTGCATGECT ATGT AT TCACCAT GCAAT AGTGCAACGAAT TGCACTGGEGT TTCCCCATTCGGETATCGTCGET -3
®EPELITE D] Tx %
3 -TTACTATGAATCTGTAATGA-S"

c. difficile RRL probe AGTAATGTCTAAGTATCATT wersus ¥. pestis RRL Target Seq.

GEETACT TAGATGTTTCAGT TCCCCCGET TCGCCTCGTTAGACT ATGTAT TCATCT AACGAT AGTGCAACGTATTGCACTGEGTTTCCCCATTCGGETATCGTCGGT
Matches = 12

score =

NGNTACTTAGANNTTNCN

est. tm = 0.4 oC

peltaGg 37 degrees = -1.30 kcal/maole

GEETACT TAGATGT TTCAGT TCCCCCGET TCGCCTCGT TAGACT ATGT AT TCATC TAACGAT AGTGCAACGTAT TGCACTGEGET TTCCCCAT TCGGETATCGTCGET -3
*el PLTL] x| 1] %
3 -TTACTATGAATCTGTAATGA-5"

c. difficile RRL probe AGTAATGTCTAAGTATCATT wersus M. tuberculosis RRL Target Seq.
GGGTACTGAGATGTT TCACT TCCCCGOGT TCOCTCCCGCACCCTAT AT AT TCAGAT GCGGGETAGCACGAC AT CACTCGTGCTGEGT TTCCCCAT TOGGARATCCTCGGAT
Matches = 11

score = 4

MNGNTACTNAGANNTTNCH

est. tm = Tess than 0 oC

peltas 37 degrees = > 0 kcal/mole

GEGETACTGAGATGT T TCACT TCCCCGCGT TCCCTCCCGCACCCTAT AT AT TCAGATGCGEETAGC ACGACAT CACTCGTGCTGEGET TTCCCCAT TCGGARATCCTCGEAT -3 '
xll L1 Tx] ] x| | ] %

3 -TTACTATGAATCTGTAATGA-S

Figure A11.5. AutoDimer primer dimer screen (threshold of 3) of Cdif/RRL probe
against all target sequences (complementary strand).
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