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VVVVVV INTRODUCTION

The development and introduction of new investigative molecular
technologies have begun to change the way we think about virulence
and pathogenicity. One such technology is the real-time polymerase chain
reaction (PCR). In the context of infectious disease, diagnostic microbiology
can be divided into two broad sections: routine qualitative screening or
detailed qualitative and quantitative investigations of the interplay
between the microbe and host. The following review will describe how
real-time PCR performs and how it may be used to detect microbial
pathogens and elucidate the relationship they form with their host.

Research and diagnostic microbiology laboratories contain a mix of
traditional and leading edge, in-house and commercial assays for the
detection of microbes and the effects they impart upon target tissues,
organs and systems. The wide variety of assays is the result of many
factors including the perceived reliability of familiar techniques and
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technologies, the scope of a test to perform the required task, the existence
and cost of commercial tests able to detect microbes of interest, the
experience a laboratory has acquired with a particular technique and
finally the degree of support offered by the assay manufacturer.
Additionally, the cost of a new system may be over-estimated prior to
its use in the laboratory, adding to slow uptake of new technologies. In the
modern microbiology laboratory, an increasing role is played by
molecular techniques and, in particular, the PCR (Freymuth et al., 1995;
Mullis and Faloona, 1987). The PCR has undergone significant change
over the last decade, to the extent that only a small proportion of scientists
have been able or willing to keep abreast of the latest offerings. This
chapter will review these changes, bringing the reader up to date with the
second-generation of PCR technology: kinetic or real-time PCR, a tool
gaining widespread acceptance in many scientific disciplines but
especially in the microbiology laboratory (Ginzinger, 2002; Whelan and
Persing, 1996).

VVVVVV THE ABC OF PCR

Microbiology is in the midst of a new era. Technologies that detect nucleic
acids have driven the evolution of a plethora of new experimental tools
rapidly replacing some traditional methods, which depend on microbial
phenotype rather than genotype. For example, it has become common to
relegate viral culture to specialised virology laboratories rather than
include it in the routine diagnostic laboratory, which can then focus on
rapid result turnaround (Carman, 2001). The speed with which a negative
result is provided is often as important as the return of a positive result
and, when cultures can require weeks to complete, the PCR offers an
attractive alternative (Carman, 2001). Of course, speed is the result of a
number of factors, and they must all be taken into account when assessing
the benefits of any new PCR-based assay. Faster assays must be described
using the final optimised and validated test performed on real-world
specimens instead of presenting preliminary data using idealised
templates and conditions. Unfortunately, incomplete PCR assays are
frequently rushed into publication resulting in problems reproducing
data in other laboratories.

The PCR is the most commonly used molecular technique to detect and
study microbes, appealing more widely than specific commercial
template amplification technologies such as Abbott’s ligase chain reaction
(LCR) (Barany, 1991), Organon Teknika’s nucleic acid sequence-based
amplification (NASBA) (Compton, 1991; Kievits et al., 1991), Becton
Dickinson’s strand-displacement amplification (SDA) (Walker et al., 1992)
and Gen-Probe’s transcription-mediated amplification (TMA). PCR has
also been applied more widely than the signal amplification methods
such as Bayer’s branched DNA (bDNA) and Digene’s Hybrid Capture
(Fredricks and Relman, 1999; Whelan and Persing, 1996; Persing, 1993).
The PCR method utilises a pair of synthetic oligonucleotides called
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primers, each one hybridising in a 50 to 30 orientation to a single strand of a
DNA target. The primer pair spans a region that is exponentially
duplicated during the subsequent reaction. Each hybridised primer forms
a starting point for the production of complementary DNA via the action
of a DNA polymerase derived from thermophilic bacteria. The process of
primer extension creates a strand that is the complement of the template
through the sequential addition of deoxynucleotides. The PCR can be
summarised in three steps: (i) double-stranded DNA (dsDNA) separation
at temperatures above 908C, (ii) primer annealing at a specific
temperature commonly between 50 and 608C and, (iii) optimal extension
of the primed template at 70–788C (Figure 10.1). A compact PCR format is
recommended with some PCR assays which require only two steps: the
denaturation and a combined annealing and extension step.

The oligonucleotide annealing temperature is usually referred to as the
TM (melting temperature) but is in fact 5–108C below the TM: The term TM

describes the temperature at which 50% of the oligonucleotide–target
duplexes have formed. The TM is dependent upon the concentration of the
DNA, its length, nucleotide sequence and the composition of the solvent
in which the DNA is suspended (Ririe et al., 1997).

Figure 10.1. Time versus temperature plot during a single PCR Cycle. The
denaturation (D), primer and probe annealing (A) and primer extension (E) steps are
shown. At the indicated optimal temperature ranges, dsDNA denatures (TD) then
oligoprobes anneal (TM-PROBE) followed by the primers (TM-PRIMER) as a precursor to
their extension. The actual thermal cycler incubation temperature (dashed line) may
overshoot the desired temperature to varying degrees, depending on the quality of the
thermal cycler employed.
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The rate of temperature change in the reaction vessel, or ramp rate, the
length of the incubation at each temperature and the number of times
each cycle of temperatures is repeated, are all controlled by a program-
mable thermal cycler. Current technologies have significantly shortened
the ramp rates and therefore total assay times, using electronically
controlled heating blocks or fan-forced heated airflows.

Existing combinations of PCR and PCR product (amplicon) detection
assays will be called “conventional PCR” throughout this chapter. These
detection systems include analytical agarose gel electrophoresis (Kidd
et al., 2000), Southern blot and ELISA-like systems such as ELAHA and
ELOSA (van der Vliet et al., 1993; Chandelier et al., 2001; Mackay et al.,
2001; Hyypiä et al., 1998). Traditional detection of amplified DNA relies
upon its electrophoresis in the presence of ethidium bromide followed by
visualisation or computer-assisted densitometric analysis of the bands
during irradiation by ultraviolet light (Kidd et al., 2000). Whilst Southern
blot detection of amplicon by hybridisation with a labelled oligonucleo-
tide probe (oligoprobe) increases the specificity of amplicon detection, it is
time consuming, frequently uses radioactive labels and requires multiple
PCR product handling steps, increasing the risk of spreading amplicon
throughout the laboratory (Holland et al., 1991). Alternatively, PCR–
ELISA has been used to capture amplicon onto a solid phase via biotin or
digoxigenin-labelled primers, oligoprobes or by direct capture after
incorporation of the biotin or digoxigenin into the amplicon (van der Vliet
et al., 1993; Keller et al., 1990; Kemp et al., 1990; Kox et al., 1996; Dekonenko
et al., 1997; Watzinger et al., 2001). Once captured, amplicon is detected
using an enzyme-labelled avidin or anti-digoxigenin reporter molecule in
a manner similar to a standard ELISA format. PCR–ELISA has the added
benefit of utilising hardware and techniques commonly available to the
ELISA-enabled research and diagnostic microbiology laboratory.

The possibility that, in contrast to conventional PCR, real-time PCR
could detect amplicon as it accumulated was welcomed by researchers
and diagnostic scientists alike. This feat has expanded the view of PCR as
a specialist tool to that of a versatile technology providing advanced and
powerful systems for the research laboratory as well as permitting the
development of contamination-resistant routine diagnostic applications
for the clinical microbiology laboratory (Lomeli et al., 1989; Cockerill and
Smith, 2002). Along the way, real-time PCR assays have provided insights
into the nuts and bolts of the PCR as well as the performance of different
nucleic acid extraction methods and the role some compounds play to
inhibit amplification (Holland et al., 1991; Rosenstraus et al., 1998; Lee et al.,
1993; Livak et al., 1995; Heid et al., 1996; Gibson et al., 1996; Niesters et al.,
2000; Read, 2001; Biel et al., 2000; Petrik et al., 1997). Real-time PCR has
allowed many more scientists to become familiar with the crucial factors
contributing to successful amplification of nucleic acids and in its largest
role to date, made the quantitation of gene transcription much simpler
and faster. This has proven to be a valuable area of study since many
cellular functions are regulated by changes in gene expression (Bustin,
2002; Balnaves et al., 1995). Today in microbiology, real-time PCR detects
and quantifies nucleic acids from widely diverse targets including food,
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viral and non-viral vectors used in gene therapy protocols, genetically
modified organisms and to study human and veterinary microbiology,
oncology and immunology (Böhm et al., 1999; Kruse et al., 1997; Stordeur
et al., 2002; Härtel et al., 1999; Fraaije et al., 2001; Nogva et al., 2000; Barzon
et al., 2003; Klein, 2002; Rudi et al., 2002; Mackay et al., 2002; Ahmed, 2002;
Mhlanga and Malmberg, 2001).

The monitoring of accumulating amplicon in real time has been made
possible by the labelling of primers, oligoprobes or amplicon with
molecules exhibiting fluorescent potential. The success of these assays
revolves around a rapid and measurable signal change after the interaction
of amplicon and fluorescent label (Morrison et al., 1989). The signal is
related to the amount of amplicon present during each cycle, increasing as
the DNA is replicated. The fluorescent chemistries have clear benefits over
earlier radiogenic labels including an absence of radioactive emissions,
easy disposal and an extended shelf life (Matthews and Kricka, 1988).

Although some of the oligoprobe systems have been given a specific
nomenclature by their developer, we will use the term “fluorophore” to
describe the fluorescent moieties, and their inclusion on an oligonucleo-
tide will imply that the resulting oligoprobe has fluorogenic properties.

VVVVVV THE GOOD WITH THE BAD

Traditional diagnostic microbiological assays include microscopy,
microbial culture and ELISA, which aim to detect microbial antigens or
the host response to microbial presence. The performance of these assays
can be limited by poor sensitivity, slowly growing or poorly cytopathic
microbes, reduced microbial viability, narrow detection windows,
complex result interpretation, host immunosuppression, antimicrobial
therapies, high levels of background signal and non-specific cross-
reactions (Whelan and Persing, 1996; Carman et al., 2000). Nonetheless,
microbial culture and rapid immunofluorescence assays are used to
produce valuable epidemiological data, revealing new, uncharacterised
or atypical microbes and yielding intact or infectious organisms for
further study (Ogilvie, 2001). Although detection of microbial genomic
nucleic acids is not identical to the detection of infectious particles, there is
good correlation between infectivity and the viral genome as we have
found for yellow fever virus (Bae et al., 2003).

Fluorescence microscopy still remains a popular and rapid screening
tool for samples containing large microbial loads whilst ELISA and
related methods are ideal for identifying detectable levels of immune or
cell function modulators (Lipson, 2002). It is, therefore, clear that the role
of the traditional assay, be it in screening or research, continues to be an
important one (Biel and Madeley, 2001; Pfaller, 1999; Sintchenko et al.,
1999; Ellis and Zambon, 2002; Clarke et al., 2002; Johnson, 2000).

The PCR does have some significant limitations. Our ability to design
oligonucleotide primers only extends to our knowledge of the sequence of
the template (usually the genome of a microorganism or its host) as well
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as the ability of publicly available sequence databases to suitably
represent all variants of that target sequence. It is common for microbial
genomes to contain unexpected “mutations”, i.e. nucleotide changes
compared to known microbial sequences, which reduce or abrogate the
function of a PCR. Additionally, it is often the effects of these variations on
colonisation and pathogenesis which warrant further study. Each PCR
assay requires careful optimisation of several variables, ensuring that
primer and magnesium concentrations are perfected as well as selecting
the best polymerase for the assay (Kreuzer et al., 2000; Wolffs et al., 2004).
Also, new batches of reagents must be carefully tested against previous
batches (Burgos et al., 2002). This testing is especially important for
oligonucleotides since all manufacturers have “bad days” that equate to
wasted time and added frustration for the assay developer. The use of
standardised assay panels and the introduction of international units
have begun to improve microbial diagnostics for the limited number of
pathogens these encompass (Valentine-Thon, 2002).

False positive results due to amplicon carry-over contamination have
always been a major concern for the routine implementation of PCR in the
diagnostic laboratory and this has led to strict guidelines for laboratory
design and work flow (McCreedy and Callaway, 1993). There are also
occasions when the PCR is too sensitive, detecting a microbe that is
present below pathogenic levels. Thus, care is required not only for assay
design but also for result interpretation.

Real-time PCR assays also carry specific disadvantages compared to
conventional PCR, including the inability of certain platforms to detect
some fluorogenic chemistries and the relatively restricted multiplex
capabilities of current systems. Also, the start-up expense of real-time
PCR instruments is prohibitive for many low-throughput laboratories
and ongoing costs are higher when compared to agarose gel amplicon
detection although lower than many PCR–ELISA formats.

A significant improvement introduced by real-time PCR is the
increased speed with which results can be produced. This is largely due
to the removal of a separate post-PCR detection step, the use of sensitive
fluorescence-detection equipment which permits earlier amplicon detec-
tion and the shortened cycle times possible on some instruments (Wittwer
et al., 1990, 1997b). A reduced amplicon size may also increase assay
speed, however, we and others have shown that decreased product size
does not strictly correlate with improved PCR efficiency but the distance
between the primers and the oligoprobe does play a vital role (Nitsche
et al., 2000; Balnaves et al., 1995; Lunge et al., 2002).

VVVVVV GENERATING A FLUORESCENT SIGNAL

Most of the popular real-time PCR chemistries involve hybridisation of
one or more fluorescent oligoprobes to a complementary sequence on one
of the amplicon strands. Therefore, the inclusion of more of the primer
that creates the strand complementary to the oligoprobe – a process called
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asymmetric PCR – is often beneficial to the generation of an increased
fluorescent signal (Gyllensten and Erlich, 1988; Barratt and Mackay, 2002).
However, it is critical to determine which strand to target, particularly in
the case of single stranded genomes such as those harboured by negative
or positive sense viruses.

As mentioned earlier, post-amplification manipulation of the PCR
product is not necessary to detect amplicon using real-time PCR because
the fluorescent signals are directly measured as they exit the reaction
vessel. Therefore, real-time PCR assays are often described as homo-
geneous or “closed” systems; combining template amplification and
amplicon detection into a single reaction. Apart from the time saved by
amplifying and detecting template in a single tube, there is minimal
potential for amplicon carry-over contamination and the assay’s
performance can be closely scrutinised without introducing errors due
to handling of the PCR product (Higuchi et al., 1993). An often overlooked
benefit to the use of real-time PCR is its overall cost effectiveness on a per-
run basis, when implemented in a high-throughput laboratory (Martell
et al., 1999), particularly when replacing conventional PCR and gel or
probe-based amplicon detection systems or microbial culture.

The most commonly used fluorogenic oligoprobes rely upon fluor-
escence resonance energy transfer (FRET; Figure 10.2) between fluoro-
genic labels or between one fluorophore and a dark, or black-hole, non-
fluorescent quencher (NFQ), which disperses energy as heat rather than
fluorescence (Didenko, 2001). FRET is a non-radiative process in which
energy is passed between permissive molecules that are spatially
separated by 10–100 Å and which have overlapping emission and
absorption spectra (Stryer and Haugland, 1967; Heller and Morrison,
1985; Clegg, 1992). Förster primarily developed the theory behind this
process (Förster, 1948). The energy transfer reduces the lifetime of the
excited state of electrons in the original fluorophore by taking the emitted
excess energy and expelling it either as heat or fluorescence. The efficiency
of energy transfer is proportional to the inverse sixth power of the
distance ðRÞ between the donor and acceptor ð1=R6Þ fluorophores (Selvin,
1995; Didenko, 2001). FRET permits the determination of nucleic acid
hybridisation, without the prior removal of unbound probe required for
other hybridisation techniques (Cardullo et al., 1988).

Fluorescence data generated by real-time PCR assays are generally
collected from PCR cycles that occur early in the reaction where
amplification conditions are optimal and the fluorescence accumulates
in proportion to the amplicon (Figure 10.3). Because the emissions from
fluorescent chemistries are temperature-dependent, data is generally
acquired only once per cycle, at the same temperature (Wittwer et al.,
1997a). Signal detection occurring at the end point of the reaction is not
ideal since amplicon accumulation may have been adversely affected by
inhibitors, poorly optimised reaction conditions or saturation effects
caused by excess double-stranded amplicon. In fact at the end point there
may be no relationship between the initial template and final amplicon
concentrations (Figure 10.3).
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Figure 10.2. Mechanisms of fluorescence resonance energy transfer (FRET). When the reporter (R) and quencher (Q, unfilled) of a nuclease oligoprobe are in
close proximity and illuminated by an instrument’s light source (where h is Planck’s constant and n is the frequency of the electromagnetic radiation); (a) the
quencher “hijacks” the emissions from excitation of the reporter. The quencher then emits this energy. When the fluorophores are separated, as occurs upon
oligoprobe hydrolysis as depicted in (b), the quencher can no longer influence the reporter which now fluoresces at a distinctive wavelength recorded by the
instrument. In the reverse process using adjacent oligoprobes (c), the fluorophores begin the cycle as separated entities. Whilst the emission of the donor (D)
is monitored, it is the signal from the acceptor (A) produced when in close proximity to the donor that indicates a positive reaction (d). In (e), another form of
quenching is shown, caused by the intimate contact of labels attached to hairpin oligoprobes. The fluorophore (F) and an NFQ (Q, filled) interact more by
collision than FRET, disrupting each other’s electronic structure and directly passing on the excitation energy which is dissipated as heat (jagged, arrows).
When the labels are separated, as is the case in (f), the fluorophore is free to fluoresce.
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The fractional cycle number at which the real-time fluorescence
signal mirrors progression of the amplification reaction above the
background noise level is used as an indicator of successful target
amplification (Wilhelm et al., 2001a). Most commonly, this is called the
threshold cycle ðCTÞ but the same value is described for use with the
LightCycler where the fractional cycle is called the crossing point ðCPÞ:
The CT is defined as the PCR cycle at which the gain in fluorescence
generated by the accumulating amplicon exceeds 10 standard deviations
of the mean baseline fluorescence, using data taken from cycles 3 to 15

Figure 10.3. Kinetic analysis of amplicon accumulation. A chart of the amplification of
a template by real-time PCR (solid line) ideally appears as a sigmoidal curve when
plotted as cycle number versus fluorescence emission intensity. Early exponential
amplification cannot be viewed because the signal is below the sensitivity of the
detector. However, when enough amplicon is present, the assay’s exponential progress
can be monitored as the rate of amplification enters a log-linear phase (LP). Under ideal
conditions, the amount of amplicon increases at a rate of one log10 every 3.32 cycles (i.e.
it doubles, or increases by one log2 every cycle). As primers and enzymes become
limiting and products accumulate that are inhibitory to the PCR or compete for
hybridisation with an oligoprobe, the reaction slows, entering a transition phase (TP).
Eventually a plateau phase (PP) is reached in which there is little or no increase in
fluorescent signal although amplicon may continue to accumulate. Some fluorescent
detection chemistries display an overall reduction in fluorescence intensity after the
plateau phase (Hook). The point at which fluorescence surpasses a pre-defined
background noise (dashed horizontal line) is called the threshold cycle or crossing
point (CT or CP; indicated by an arrow). These data are used for the calculation of
template quantity when constructing a standard curve. Traditional PCR data collection
is performed at the end of the assay (dashed vertical line). Also shown are curves
representing a serial titration of template (dashed curves), consisting of decreasing
starting template concentrations, which produce increasing numerical CT or CP values. R
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(Jung et al., 2000). The CT and CP are proportional to the number of
template copies present in the sample (Gibson et al., 1996). The values
are assumed to represent equal amounts of amplicon in each vessel at
the time of measurement, since the CT and CP values are acquired from
a single fluorescence intensity value (Figure 10.3). In practice CT and
CP are calculated after the definition of a noise band which excludes
data from early PCR cycles that cannot be distinguished from
background fluorescence. Therefore the final CT and CP value is the
fractional cycle at which a specimen’s plotted PCR curve intersects a
single fluorescence value (usually at or close to the noise band; Figure
10.3, Wilhelm et al., 2001a). The accuracy of the CT or CP depends upon
the concentration and nature of the fluorescence-generating system, the
amount of template initially present, the sensitivity of the fluorescence
detector and its ability to discriminate specific fluorescence from
background noise.

VVVVVV REAL-TIME INSTRUMENTATION

Broadly speaking, real-time PCR instruments (Table 10.1) can be divided
into two classes based on the method used to heat the reaction vessel: the
block thermal cyclers and the air thermal cyclers. Block cyclers generally
ramp at 1–108C/s whereas heated air cyclers can ramp as quickly at
208C/s. The faster rates permit 10–20 min assays (excluding hands-on
time); however, these times are infrequently reported for microbial real-
time PCR assays, probably due to technical difficulties when applied to
clinical specimens under real-life conditions. An off-shoot of the block
cyclers are miniaturised thermal cyclers capable of performing real-time
PCR but constructed of sturdy solid-state and relatively low-cost
materials permitting transport of the PCR laboratory onto the site of
testing (Northrup, 1998; Ibrahim et al., 1998).

The quality of the instrument has a significant role in the reproduci-
bility of results, which subsequently influences how well a described
protocol transports between laboratories around the world. A common
discrepancy between systems is the temperature profile of a PCR cycle
(Schoder et al., 2003). Since temperature affects enzyme function,
fluorescence and oligonucleotide binding, it is an important consideration
during the purchase of a real-time PCR system.

The majority of PCR thermal cyclers use capped plastic reaction vessels
to house the amplification reaction. However, the LightCycler (Roche
Molecular Biochemicals, Germany) differs by using glass capillaries
(Wittwer et al., 1997a). The LightCycler’s plastic and glass composite
capillaries are optically clear and act as cuvettes for fluorescence analysis,
as well as facilitating rapid heat transfer. However, they are fragile and
require some experience to handle (Schalasta et al., 2000a). For the Roche
LightCycler and the Corbett Robotics RotorGene, the temperature is
varied by rapidly heating and cooling air using a heating element
and fan which produce ramp rates of 2.5 and 208C/s, respectively.
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Table 10.1. Popular real-time PCR instrumentation

Brand Company Light source Capacity Heating method Real time

LightCycler Roche LED 32 Air U

iCycler BioRad Halogen 96–384 Block U

Mx4000 Stratagene Halogen Block U

RotorGene Corbett LEDs 36–72 Air U

7700 (discontinued) Applied Biosystems Laser 96 Block U

7900HT Applied Biosystems Laser 96 Block U

7000 Applied Biosystems 96 Block U

Chimaera Hybaid Halogen 96 Block U

DNA Engine Opticon 2 MJ Research LEDs 96 Block U

Smartcycler Cepheid LEDs 16 Block U
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Faster rates prolong polymerase survival and significantly shorten the
assay’s completion time but existing assays may require some fine tuning
(Weis et al., 1992).

In the following sections, we will focus on real-time PCR performance
especially the rapidly expanding range of real-time PCR chemistries.
Also, we will review the application of real-time PCR to determine the
interplay between microbe and host via microbial diagnosis and
quantitation. We will also describe the limitations imparted upon real-
time PCR by instrument design and the paucity of fluorophores. Although
this review focuses on the application of fluorogenic chemistries to real-
time PCR applications, they are also valuable as fluorogenic end-point
amplicon detection assays. In these instances the ability to collect data as
the amplicon accumulates, i.e. kinetic analysis, is lost but the systems
retain a homogeneous format.

VVVVVV DETECTING AMPLICON USING
FLUORESCENCE

It is the amplicon detection processes that discriminate real-time PCR
from conventional PCR assays. There are a range of chemistries currently
in use and these can be broadly categorised as amplicon specific or non-
specific (Whitcombe et al., 1999). To further clarify, the amplicon itself is
produced from a PCR using sequence-specific primers. However, the
specificity we refer to is that of amplicon detection. The difference arises
from the use of a fluorophore that interacts with any and all dsDNA such
as SYBRw green I, or the use of a sequence-specific, fluorogenic
oligoprobe. In general, however, the specific and non-specific fluorogenic
chemistries detect amplicon with equal sensitivity (Wittwer et al., 1997b)
and have recently been reviewed in detail (Mackay et al., 2002). New
fluorogenic systems continue to be described but few applications for the
specific detection, quantitation and genotyping of microbes using these
recent chemistries have been reported. Undoubtedly some of these new
chemistries are the result of pure research projects; however, it is tempting
to propose that at least some of these chemistries have been developed in
order to circumvent patents rather than to significantly advance the
technology.

DNA-associating Fluorophores

The DNA-associating fluorophore is the basis of the non-specific real-time
PCR detection methods. Many of these molecules interact with dsDNA by
associating with the minor groove of the DNA duplex. As a group, these
fluorophores display minimal fluorescence when free in solution, but
fluoresce strongly when associated with nucleic acids which occur
with high affinity. The simplest real-time PCR reporter systems are
included within the DNA-associating fluorophores. Ethidium bromide
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(Higuchi et al., 1992), YO-PRO-1 (Ishiguro et al., 1995; Tseng et al., 1997),
SYBRw green I (Morrison et al., 1998b), SYBR Gold (Tuma et al., 1999),
BEBO (Bengtsson et al., 2003) and LCGreen (Vaisse et al., 1996) are all
molecules which fluoresce when associated with dsDNA which is
exposed to a wavelength of light capable of exciting the fluorophore.
This approach to detection is inexpensive and simpler than the design
requirements of fluorogenic oligoprobes and is minimally affected by
small changes in template sequence which may abrogate hybridisation of
an oligoprobe (Komurian-Pradel et al., 2001). However, recent evidence
suggests that SYBR green I preferentially binds to amplicon species that
melt at higher temperatures, indicating a preference for G þ C-rich
regions, which would prove detrimental to its use in multiplex assays
(Giglio et al., 2003). Possibly, SYBR Green I binds to high-temperature
duplexes after melting off lower temperature duplexes, resulting in a
hierarchy of melting peak heights expressing no relation to starting
template concentration (Vaisse et al., 1996). A recent addition to this
chemistry, LCGreen, displays a higher sensitivity for lower temperature
duplexes (Vaisse et al., 1996).

Primer–dimer formation is common and is strongly associated with
the entry of the PCR into a plateau phase of amplification (Figure 10.3;
Chou et al., 1992; Halford, 1999; Halford et al., 1999). Association of a
DNA-binding fluorophore with primer–dimer or with another non-
specific amplification product can confuse interpretation of the PCR
results. The problem of primer–dimer can be addressed using software
capable of fluorescent melting curve analysis (FMCA). We will describe
the use of FMCA for genotyping in a later section (Figure 10.18); however,
in the context of SYBR green I, FMCA is completed in minutes, requires no
amplicon manipulation and utilises the temperature at which a dsDNA
amplicon denatures or “melts” (TD; Figure 10.1). The shorter primer–
dimer can theoretically be discriminated by its reduced TD compared to
the full-length amplicon. Practically, this discrimination is heavily reliant
upon the G þ C content of both the specific amplicon and any primer–
dimer, as well as the length of the amplicon. Analysis of the melting
character of an amplicon in the presence of SYBR green I has shown that
the sensitivity of DNA-binding fluorophores is limited by non-specific
amplification at low initial template concentrations (Wittwer et al., 1997a).
Unfortunately, limited template is a frequent occurrence when analysing
patient specimens. The contribution of non-specific products to the
accumulating fluorescence signal can be reduced in many instances by
selecting a data collection temperature above the known TD of the
unwanted products (Morrison et al., 1998a). However, there is no reliable
real-time PCR solution to discriminate non-specific amplicon when it has
a similar or higher TD than the target amplicon species.

DNA binding fluorophores increase the TD and broaden the melting
transition, requiring substantial sequence change to produce a noticeable
shift in the TD compared to using the TM to discriminate nucleotide
polymorphisms. Oligoprobes permit the clear discrimination of single
point mutation using the TM (Wetmur, 1991). This is especially useful for
discriminating related microbes.
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Fluorogenic Oligoprobe and Primer Chemistries

The adoption of oligoprobes has added an additional layer of specificity
to the PCR by confirming the sequence of the amplicon, in addition to the
binding of a specific pair of primers. By using an excess of oligoprobe, the
time required for it to hybridise with its target is significantly reduced
(Wetmur, 1991). This is especially so when the amount of that target has
been increased by PCR or some other molecular amplification process
(Morrison et al., 1989).

While the most common oligoprobes are based on conventional nucleic
acid chemistry, peptide nucleic acids (PNA) are becoming an increasingly
popular choice for oligonucleotide backbones. PNA are a DNA analogue
formed from neutral, repeated N-(2-aminoethyl) glycine units instead of
the negatively charged sugar phosphates of DNA (Egholm et al., 1993).
The PNA oligoprobe retains the same sequence recognition properties of
DNA but it cannot be extended or hydrolysed by a DNA polymerase. A
more recent family of DNA analogues are the locked nucleic acids (LNA;
20-O,40-C-methylene-b-D-ribofuranosyl) (Singh et al., 1998; Koshkin et al.,
1998; Obika et al., 1998; Kumar et al., 1998; Petersen and Wengel, 2003).
LNA are modified nucleic acids in which the sugar has been
conformationally “locked”, imparting unprecedented hybridisation affi-
nity towards DNA and RNA. LNA monomers can be added to a synthetic
oligonucleotide as desired using conventional phosphoramidite chemis-
try and their addition increases the thermal stability of the oligo
permitting the construction of shorter oligoprobes for real-time PCR
applications (Simeonov and Nikiforov, 2002).

To be optimal, an oligonucleotide label must easily attach to DNA and
be detectable at low concentrations. The label or labels should produce
an altered signal upon specific hybridisation, remain biologically
innocuous and be stable at elevated temperatures. Additionally, the
label should not interfere with the activity of the polymerase (Matthews
and Kricka, 1988; Holland et al., 1991).

General considerations for the design of a fluorogenic oligoprobe
should include a length of 20–40 nt with a G þ C content of 40–60%. The
oligoprobe should neither contain clusters of a single nucleotide,
particularly G, nor should it have repeated sequence patterns nor
hybridise with the forward or reverse primers. A fluorescent label should
efficiently absorb and emit energy and release its emissions at dissimilar
wavelengths so that excitation and emission can occur concurrently. The
relationship between a fluorescence signal indicating positive hybridis-
ation and a signal from unwanted fluorescence is often referred to as the
signal-to-noise ratio (signal:noise). A high signal:noise is preferred.
Generally speaking, this can best be achieved by oligoprobe chemistries
that utilise an NFQ and function through a unimolecular signalling
configuration, i.e. only one molecule is required to directly indicate the
presence of amplicon.

Deoxyguanosine nucleotides (G) naturally quench some fluorophores
(e.g. FITC) in a position-dependent manner (Crockett and Wittwer, 2001).
Natural quenching varies linearly with a defined concentration range
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of template. The level of quenching can be increased if more guanines are
present or if a single guanine is located in the first non-hybridised position
of the oligoprobe:amplicon duplex. In this position, the G will be located
one nucleotide beyond the fluorophore-labelled terminus of the probe,
where it will remain free once the oligoprobe has hybridised to the target
amplicon. A hybridised G does not quench to the same degree as a free
G. This knowledge has been applied to some amplicon detection
approaches since a single labelled oligonucleotide is easy to design and
use and relatively simple to synthesise. In addition, this approach does
not require a DNA polymerase with nuclease activity (Crockett and
Wittwer, 2001).

Ideally, an oligoprobe should have a TM at least 58C higher than that of
the primers, to ensure the oligoprobe(s) hybridises with its template
before extension of the primers begins (Landt, 2001). This caveat also
applies to each component of a multi-oligonucleotide fluorogenic
chemistry requiring two or more hybridisation events for effective
signalling such as the tripartite molecular beacons (TMB), universal
template (UT) oligoprobe or duplex scorpion primers.

All the non-incorporating, nucleotide-based, oligoprobe chemistries
described in the following sections include a 30 phosphate or similar
moiety, which blocks their extension by the DNA polymerase preventing
the oligoprobe acting as a primer, but imparting no effect on the
amplicon’s yield. These fluorogenic chemistries can be divided into two
classes: those which are destroyed to produce fluorescence and those
which are not. Oligoprobes depending on a destructive process for signal
generation are usually located close to the primer that hybridises to the
same strand in order to maximise the chance that polymerase will make
contact with the bound oligoprobe. Non-destructive oligoprobes are
usually located as far as possible from the primer on the same strand to
ensure signal is produced before the polymerase dislodges the duplex.
The non-destructive chemistries include linear and hairpin oligoprobes,
and incorporating primers. While reviewing these options one should
note the number of hybridisation events required to generate a positive
signal. Each fluorogenic oligonucleotide must meet and hybridise with its
specific amplicon (a bimolecular system). If there is a second oligoprobe
required, either to provide a quenching moiety or as a partner for FRET,
the likelihood of a chance encounter between all three molecules
decreases (a trimolecular system), especially as the amplicon concen-
tration increases. Conversely, the fluorogenic primer systems are
incorporated into the nascent amplicon. Therefore, a signal is generated
for the remainder of the assay without the need for hybridisation to a new
amplicon molecule each cycle (a unimolecluar system).

Destructive oligonucleotide systems

In 1991, Holland et al. described a technique that was to form the
foundation for homogeneous PCR using fluorogenic oligoprobes.
Radiolabelled amplicon was detected by monitoring the 50 to 30 nuclease
activity of Taq DNA polymerase on specific oligoprobe and target DNA

R
ea

l-
ti
m

e
Fl

u
o
re

sc
en

t
P
C

R
Te

ch
n
iq

u
es

to
St

u
d
y

269



duplexes. The products were examined using thin layer chromatography
and the presence or absence of hydrolysis was used as an indicator of
specific duplex formation.

Lee et al. (1993) reported an innovative approach using nick-translation
PCR in combination with a dual-fluorophore labelled oligoprobe. In the
first truly homogeneous assay of its kind, one fluorophore was added to
the 50 terminus and one to the middle of a sequence-specific oligoprobe.
When in such close proximity, the 50 reporter fluorophore (6-carboxy-
fluorescein, FAM) transferred laser-induced excitation energy by FRET to
the 30 quencher fluorophore (6-carboxy-tetramethyl-rhodamine,
TAMRA). TAMRA emitted the new energy at a wavelength that was
monitored but not specifically utilised in the presentation of data.
However, when the oligoprobe is hybridised to its template, the
fluorophores were released upon hydrolysis of the oligoprobe component
of the probe and target duplex due to the nuclease activity of the DNA
polymerase. Once the labels were separated, the reporter’s emissions
were no longer quenched and the instrument could detect and present the
resulting fluorescence data. These oligoprobes have been called 50

nuclease, hydrolysis or TaqManw oligoprobes (Figure 10.4).
The use of 50 nuclease probes first required the development of a

platform that could excite and detect fluorescence in addition to thermal
cycling. A charge-coupled device (CCD) was described in 1992 for the
quantification of conventional reverse transcription (RT)-PCR products
(Nakayama et al., 1992). In 1993, the CCD was combined with a thermal
cycler resulting in the first real-time PCR fluorescence excitation and
detection instrument (Higuchi et al., 1993). To date, the commercial
version of the platform, the ABI Prismw 7700 sequence detection system
(Perkin Elmer Corporation/Applied Biosystems, USA), has been the most
frequently reported instrument used with 50 nuclease oligoprobes.

A recent addition to the destructive chemistry is the UT oligoprobe
(Figure 10.5; Zhang et al., 2003). This system adds a generic or “universal”
sequence to the 50 end of a PCR primer with which a common 50 nuclease
oligoprobe can hybridise permitting the use of the same oligoprobe for
different amplicons. The remainder of the primer provides assay
specificity so that multiple primers can be used to amplify numerous
targets all detected using the same oligoprobe. During the second PCR
cycle, the nascent strand is copied and the polymerase encounters and
hydrolyses the bound oligoprobe releasing the reporter and permitting
fluorescence to be generated. Because the oligoprobe relies upon
hybridisation with a primer, it is possible that this chemistry will also
produce fluorescence from the formation of non-specific amplicon.

Another dual-labelled oligonucleotide sequence has been used as
the signal-generating portion of the DzyNA-PCR system (Figure 10.6;
Todd et al., 2000; Applegate et al., 2002). The reporter and quencher are
attached to the termini of an oligonucleotide substrate. Cleavage of
the oligosubstrate is performed by a DNAzyme, which is created during
the PCR. This creation is the result of the PCR duplicating an antisense
DNAzyme sequence included in the 50 tail of one of the primers.
The duplicated sequence is the “functional” form of the DNAzyme.
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Upon cleavage, the fluorophores are released allowing the production of
fluorescence in an identical manner to a hydrolysed 50 nuclease oligoprobe.

Non-destructive oligonucleotide systems

Linear chemistries

The majority of fluorogenic oligoprobes fall into the class of linear
oligoprobes. In fact, the use of a pair of adjacent, fluorogenic oligoprobes
was first described in the mid-1980s, predating the popular 50 nuclease
chemistry but failing to achieve the same degree of early commercial
support. The pair of oligonucleotides were used to identify the distance
between fluorophores on a complementary nucleic acid template and the
system held promise for similar detection within living cells, hinting at
further possibilities for diagnostic use (Heller and Morrison, 1985;
Cardullo et al., 1988). This trimolecular approach is now known

Figure 10.4. Function of 50 nuclease oligoprobes. Following primer hybridisation, the
DNA polymerase (pol) progresses along the relevant strand during the extension step
of the PCR, displacing and then hydrolysing the oligoprobe. Once the reporter (R) is
removed from the extinguishing influence of the quencher (Q), it is able to release
excitation energy at a wavelength that is monitored by the instrument and different
from the emissions of the quencher. Inset shows the NFQ (Q; filled) and minor groove-
binding molecule (grey diamonds) which make up the MGB nuclease oligoprobes.
These bimolecular systems acquire data from the reporter’s emissions: the opposite of
the HybProbe chemistry. Data can be collected during the annealing or extension steps
of the PCR.
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commercially as hybridisation probes (HybProbes), having become the
manufacturer’s chemistry of choice for the LightCyclere (Roche
Molecular Biochemicals, Germany; Wittwer et al., 1997b). The upstream
oligoprobe is labelled with a 30 donor fluorophore (FITC) and the
downstream probe is commonly labelled with either a proprietary
LightCycler Red 640 or a Red 705 acceptor fluorophore at the 50 terminus
with a phosphate at the 30 terminus to prevent extension by the DNA
polymerase. When both oligoprobes are hybridised to the amplicon
template, the two fluorophores are ideally located within 10 nt of each
other (Figure 10.7). The ratio of acceptor to donor emissions can also be
used as an internal reference signal rendering the results independent of
absolute fluorescence (Huang et al., 2001).

The double-stranded oligoprobes function by displacement hybridis-
ation (Figure 10.8; Li et al., 2002). In this process, a 50 fluorophore-labelled
oligonucleotide is, in its resting state, hybridised with a complementary,
but shorter, quenching DNA strand that is 30 end-labelled with an NFQ.
When the full-length complementary sequence in the form of an amplicon
is generated, the reporter strand preferentially hybridises to the longer
target amplicon strand, disrupting the quenched oligoprobe duplex and
permitting the fluorophore to emit its excitation energy directly.

The displacement hybridisation technique can also be used with
a fluorophore-labelled primer and, due to added stringency provided
by the longer complementary strand, the system performs its own

Figure 10.5. Function of the UT-oligoprobe. After the UT-primer is extended, the
nascent strand acts as the template for the second primer. The polymerase encounters
and hydrolyses the UT-oligoprobe whilst extending the second primer in the same
fashion as a TaqMan oligoprobe. This trimolecular system can produce fluorescence data
from the emissions of the released fluorophore during the annealing or extension steps.
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Figure 10.6. Function of the DzyNA primers. When the strand incorporating the
primer is duplicated by a complementary strand (dashed line), a DNAzyme is created.
A complementary, dual-labelled oligonucleotide substrate will be specifically cleaved
by the DNAzyme releasing the fluorophore (F; circle) from its proximity to the
quencher (Q; pentagon), releasing the labels and permitting fluorescence. Data can be
collected during the annealing or extension steps of the PCR.

Figure 10.7. Function of HybProbes. Adjacent hybridisation results in a FRET signal
due to interaction between the donor (D) and acceptor (A) spectra detected during the
annealing step of the PCR. This trimolecular system (two oligoprobes and a target)
acquires its data from the acceptor’s emissions: the opposite of the 50 nuclease
oligoprobe chemistry.
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“hot-start” as was shown using an NFQ-labelled PNA strand (Q-PNA;
Figure 10.9; Stender et al., 2002; Fiandaca et al., 2001). This and the
previous chemistry are effectively trimolecular systems since the
quenching strand must re-anneal after dissociating with amplicon in
order to complete the signalling process. In the Q-PNA approach, a short
quenching PNA probe is bound to an unincorporated fluorogenic primer
such that the NFQ and fluorophore are adjacent, resulting in a quenched
system. However, once the dsDNA amplicon is created by primer
extension, the shorter Q-PNA is displaced in favour of the longer target
amplicon, after which the fluorophore can fluoresce.

The first generation Light-up probe (Light-Up Technologies) is also a
linear PNA, and is labelled with an asymmetric cyanine fluorophore,
thiazole orange (Figure 10.10; Svanvik et al., 2001). When hybridised with

Figure 10.8. Function of displacement oligoprobes. The shorter NFQ-labelled strand
(Q; hexagon) is displaced when the fluorophore-labelled (F; circle) strand preferentially
hybridises to the longer specific amplicon strand. Data is collected from this
trimolecular system during the annealing step of the PCR.

Figure 10.9. Function of the Q-PNA displacement primer. In the absence of the longer
specific amplicon, quenching of the chemistry is achieved by a short NFQ-labelled
PNA backbone (grey hexagons) designed to hybridise with the fluorophore-labelled
primer (F; circle). Fluorescence data can be collected from this trimolecular system
during the annealing and extension steps of the PCR.
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a nucleic acid target, either as a duplex or triplex, the fluorophore emits
fluorescence due to association with amplicon. These probes do not
interfere with the PCR, do not require conformational change and they are
sensitive to single nucleotide mismatches, permitting further amplicon
characterisation. The system is bimolecular and because a single reporter
is used, a direct measurement of fluorescence can be made instead of the
measurement of a change in fluorescence between two fluorophores
(Svanvik et al., 2001; Isacsson et al., 2000). However, non-specific fluore-
scence has been reported during extended cycling (Svanvik et al., 2000).

The HyBeacone is a single linear oligonucleotide internally labelled
with a fluorophore that emits an increased signal upon formation of a
duplex between the target DNA strand and the HyBeacon (Figure 10.11;
French et al., 2001, 2002). The HyBeacon and Light-up probe are relatively
inexpensive and simple bimolecular systems to design and use.

Figure 10.10. Function of the Light-Up Probe. These PNA (grey hexagons) oligoprobes
fluoresce when their asymmetric thiazole orange fluorophore (T; open triangle)
hybridises to the specific DNA strand. Data is collected from this bimolecular system
during the annealing step of the PCR.

Figure 10.11. Function of the HyBeacon Oligoprobe. The fluorophore (F; circle) emits
fluorescence when in close proximity to DNA as occurs upon hybridisation with the
specific amplicon strand. Data is collected from this bimolecular system during the
annealing step of the PCR.
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The dual-labelled PNA was produced briefly as the Lightspeed probe
or linear PNA beacon by Boston Probes Inc., USA (Stender et al., 2002).
The oligoprobe is analogous to the TaqMan chemistry terminally labelled
with a fluorophore and quencher, but it differs in its backbone, which is
PNA (Figure 10.12). In an aqueous solution the PNA backbone brings the
fluorophore and quencher into close proximity, quenching the system.
When the probe hybridises to its specific target, it opens and fluorescence
is possible.

A modification to the 50 nuclease chemistry resulted in the minor
groove binding (MGB) oligoprobes (Figure 10.4, inset; Afonina et al.,
2002a). This chemistry has a fluorescent reporter dye at the 50 end and a
NFQ at the 30 end. In addition, the oligoprobe has an MGB molecule at the
30 end that hyper-stabilises each oligoprobe–target duplex by folding into
the minor groove of the dsDNA (Kutyavin et al., 2000; Afonina et al.,
2002b). In the unbound state the oligoprobe assumes a random coil
configuration that is quenched. When hybridised, the stretched oligop-
robe is able to fluoresce. However, as with many dual-labelled oligoprobe
systems, this relaxed state can “leak” fluorescence at higher temperatures
when the oligoprobe is prone to partial unfolding. When using 50 nuclease
oligoprobes we found that this leakage can even produce a melting peak
under controlled conditions (Mackay et al., 2003b).

The MGB chemistry permits the use of very short (12–17 nt) oligop-
robes because of a 15–308C rise in their TM resulting from the interaction
of the MGB and the DNA helix, in particular its stabilisation of A:T bonds.
These short oligoprobes are theoretically ideal for detecting single
nucleotide polymorphisms, since a short oligoprobe is more significantly
destabilised by changes within the hybridisation site than a longer
oligoprobe. However, in practice the degree of discrimination depends on
the base to be determined, since some nucleotides can significantly
influence fluorescence intensity. Originally this approach was designed

Figure 10.12. Function of the Lightspeed probe. In aqueous solution the PNA (grey
hexagons) probe forms a random coil conformation that is quenched due to the
proximity of the fluorophore (F; circle) and quencher (Q; hexagon). Upon hybridisation
this bimolecular system is stretched open and the fluorophore can emit fluorescence
which is acquired during the annealing step of the PCR.
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for the allelic discrimination of genomic DNA where the ratio of
heterozygotes to wild-type sequence was 1:1. In situations where this
ratio is significantly skewed, the discriminatory power of polymorphism
detection by oligoprobe may be reduced. A similar chemistry is the
commercial MGB-Eclipsee oligoprobe, which replaces the standard
TAMRA or DABCYL quencher with a proprietary NFQ at the 50 and a
fluorophore at the 30 end. The MGB molecule protects the oligoprobe from
degradation by the polymerase and instead the signal is generated by
stretching and relaxing of the oligoprobe during annealing and melting.

The result of combining a single sequence specific, Cy5-labelled linear
oligoprobe with SYBR green I created the Bi-probe system. This functions
via a variation of FRET recently termed Induced FRET (iFRET; Cardullo
et al., 1988; Howell et al., 2002). Bi-probes are more specific than using
SYBR green I alone and have an enhanced signal:noise (Brechtbuehl et al.,
2001; Walker et al., 2001). Interestingly this approach functions using the
Idaho Technologies LightCycler but not the closely related Roche
LightCycler version 1.0. The disparity is due to the narrow bandpass
filter sets employed by the latter instrument, which prohibited FRET
between these two particular fluorophores. A similar technical problem
rendered some proprietary LightCycler fluorophores unusable on the ABI
PRISM 7700 (Nitsche et al., 1999). The commercial form of the Bi-probe
chemistry, called the ResonSensew probe (Defence Science and Techno-
logy Laboratory, United Kingdom; Lee et al., 2002b), has overcome the
platform-specific incompatibility possibly due to the substitution of SYBR
Gold for SYBR Green I and the use of Cy5.5.

Single-fluorophore systems utilising a labelled oligoprobe or primer
and FMCA to discriminate homozygous from heterozygous DNAwithout
the need for FRET have also been described (Kurata et al., 2001; Gundry
et al., 2003). The fluorophore is carefully chosen and positioned so that
its emissions are quenched by proximity to a complementary guanine
(Crockett and Wittwer, 2001). A commercial form, called the SimpleProbe,
is used on the LightCycler and the LightTyper (Roche Diagnostics). This
approach targets a single fluorescein-labelled hybridisation oligoprobe to
polymorphism and produces an increased fluorescence when hybridised.
Genotyping is performed by FMCA. The LightTyper is not a thermal
cycler and as such this is not a real-time PCR system. The LightTyper is
designed to rapidly characterise amplicon generated by PCR in a
conventional thermal cycler. These systems suffer if used for the detection
of nucleotide polymorphisms in a guanine-rich sequence.

Hairpin oligoprobes

Molecular beacons were the first fluorogenic hairpin oligoprobes
described for real-time PCR applications. The hairpin oligoprobe’s
fluorogenic labels are called the fluorophore and quencher and are
positioned at the termini of the oligoprobe (Figure 10.13). The most
commonly used quencher, DABCYL (4-[40-dimethylamino-phenylazo]-
benzene), is an NFQ. The labels are held in close proximity by distal
regions of homologous base pairing deliberately designed to create
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a hairpin structure. The intimate proximity of the label molecules results
in quenching either by FRET or direct energy transfer via a collisional
mechanism (Tyagi et al., 1998). In the presence of a sequence complemen-
tary to the molecular beacon’s loop, the oligoprobe is shifted into an open
configuration. The reporter is then removed from the quencher’s
influence and fluorescence can be detected (Tyagi and Kramer, 1996).

Wavelength-shifting hairpin oligoprobes are a recent improvement to
the hairpin oligoprobe chemistry, making use of a second, “harvesting”
fluorophore (Figure 10.13, inset). The harvester passes on excitation
energy acquired from a blue light source as fluorescent energy in the far-
red spectrum. A receptive “emitter” fluorophore can then be selected
which uses the energy to produce light at characteristic wavelengths. This
approach offers the potential for improved multiplex real-time PCR and
nucleotide polymorphism analysis by increasing the number of emitters
that can be excited using a single energising wavelength (Tyagi et al.,
2000). This is a useful workaround for instruments with a limited
energising light source.

Recently, TMB have been added to the hairpin oligoprobe class of
fluorogenic chemistry (Figure 10.14; Nutiu and Li, 2002). These highly
complex oligoprobes combine a molecular beacon’s hairpin with longer,
unlabelled, single-stranded arms. Each arm is designed to hybridise to an
oligonucleotide labelled with either a fluorophore or an NFQ. The system
is quenched in the hairpin state due to the close proximity of the labels but

Figure 10.13. Function of the molecular beacon. Hybridisation of the loop section of the
beacon to the target separates the fluorophore (F; open circle) and NFQ (Q; filled
hexagon) allowing fluorescence. Data from this bimolecular system is collected during
the annealing step of the PCR. Inset shows a wavelength-shifting hairpin oligoprobe
incorporating a harvester molecule (H; filled circle).
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fluorescent when hybridised to the specific amplicon strand. However,
for quenching to occur the arms must re-hybridise after the denaturation
step. This is the only tetramolecular real-time PCR chemistry, so-called
because it relies upon four intermolecular collisions to function correctly.
The TMB chemistry may be subject to high background fluorescence
in practical applications where genomic nucleic acids interfere with re-
annealing.

Because the function of all the hairpin oligoprobes depends upon
correct hybridisation of the stem, accurate design is crucial to their
function and is considerably more challenging than for other oligoprobe
chemistries.

Self-priming fluorogenic amplicon

The self-priming amplicon is similar in concept to the hairpin oligoprobe,
except that the label(s) becomes irreversibly incorporated into the nascent
amplicon. While these systems have only been described with a single
primer, it is conceivable that both primers could be labelled in a similar
way to provide a stronger, if more costly, fluorescent signal. The first
contact between primer and template is a bimolecular event, but from
then on the signalling is unimolecular. Intramolecular hybridisation is
extremely fast and kinetically favourable since it does not rely upon the
chance meeting of oligoprobe and amplicon in each cycle (Bustin, 2002).
Fast cycling conditions appear to better suit the chemistries in this group
(Thelwell et al., 2000). Three approaches have been described: sunrise

Figure 10.14. Function of the tripartite molecular beacon. The fluorophore (F; circle) is
removed from the influence of the NFQ (Q; hexagon) upon binding to specific
amplicon, which opens the hairpin and permits fluorescent emissions. Data are
collected from this tetramolecular system during the annealing step of the PCR.
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primers (commercially called Amplifluore hairpin primers), scorpion
primers (Nazarenko et al., 1997) and the recently described Light Upon
eXtension primers (LUX; Whitcombe et al., 1999).

Sunrise primers consist of a 50 fluorophore and a 30 DABCYL NFQ
(Figure 10.15). The labels are brought together by complementary
sequences that create a stem when the sunrise primer is closed. A
target-specific primer sequence is located at the 30 terminus downstream
of the NFQ. The sunrise primer’s sequence is intended to be duplicated by
the nascent complementary strand and during subsequent annealing and
extension steps, the stem is destabilised, the two fluorophores are forced
approximately 20 nt (70 Å) apart and the fluorophore can emit excitation

Figure 10.15. Function of the sunrise primer. The fluorophore (F; circle) is separated
from the NFQ (Q; hexagon) during disruption of the sunrise primer’s hairpin structure
and free to fluoresce. This disruption occurs during extension of a nascent comple-
mentary DNA strand and whenever dsDNA duplexes form during re-annealing. Data
from this unimolecular system can be collected during the annealing step of the PCR.
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energy (Nazarenko et al., 1997). It is possible, however, that this sequence
duplication could also occur during the formation of non-specific
amplicon.

The scorpion primer is almost identical in design to the sunrise primer
except for a hexethylene glycol molecule that blocks duplication of
the signalling portion of the scorpion (Figure 10.16). In addition to the
difference in structure, the function of the scorpion primer differs in that
the 50 region of the oligonucleotide is designed to hybridise to a
complementary region within the nascent amplicon strand creating an
intramolecular signalling system. This approach to signal generation
separates the labels disrupting the hairpin and permitting fluorescence in
the same way that hairpin oligoprobes function (Whitcombe et al., 1999).
The duplex scorpion primer is initially a trimolecular system requiring
the primer, quencher and target amplicon to interact. However, once the
primer is incorporated into the nascent strand the system reverts to

Figure 10.16. Function of the scorpion primer. The scorpion primer is blocked from
being extended by a hexethylene glycol molecule (B; diamond) so that the hairpin can
only be disrupted by specific hybridisation and not by the extension of a
complementary amplicon strand as occurs for sunrise primers. The 50 fluorophore (F;
circle) is separated from a 30 methyl red quencher (Q; hexagon) during self-
hybridisation of the loop portion of the scorpion with a complementary region on
the nascent amplicon strand. Inset shows a duplex scorpion. Data is collected from this
unimolecular system during the annealing step of the PCR.
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a bimolecular system which is simpler to synthesise and purify than the
unimolecluar form. The stem-loop is exchanged for a separate, comp-
lementary oligonucleotide labelled with a quencher at the 50 terminus.
The additional oligonucleotide interacts with the primer element which is
terminally labelled with the fluorophore (Figure 10.16, inset; Solinas et al.,
2001). When it exists as a duplex, the chemistry is quenched but becomes
fluorescent after hybridisation to the longer specific amplicon strand.
Interestingly, because the quencher is not part of the same molecule,
brighter fluorescence can be achieved than for the unimolecular version
where the labels are neither absolutely quenched, nor freely fluorescent.
Scorpion primers can be used for nucleotide polymorphism detection by
designing the placement of either the primer component or the probe
component to cover the polymorphism (Whitcombe et al., 1999; Thelwell
et al., 2000).

A recently described variation of the hairpin chemistry is the self-
quenching hairpin oligonucleotide primer which has been commercially
labelled as the LUX fluorogenic primer (Figure 10.17; Nazarenko et al.,
2002). This chemistry is non-fluorescent in the absence of specific
amplicon through the natural quenching ability of a carefully placed
guanosine nucleotide. The natural quencher is brought into close
proximity with the FAM or JOE fluorophore via a stretch of 50 and 30

complementary sequences. In the presence of the complementary target
strand, a nascent strand is extended, which incorporates the LUX primer.
The dsDNA opens the hairpin, permitting fluorescence from the
fluorophore. This non-destructive chemistry is simple to design and
use, relatively inexpensive and it does not require the inclusion of
an additional oligoprobe. However, the presence of primer–dimer and

Figure 10.17. Function of the LUX primer. The LUX primer is labelled with a single
fluorophore (F; circle) positioned next to a guanine nucleotide when the hairpin
portion of the primer is intact. The G naturally quenches the fluorophore. In the
presence of the specific target strand the primer hybridises, disrupts the hairpin and
is extended. The fluorophore is now free to fluorescence and data can be collected
from this unimolecular signalling system during the annealing or extension step of
the PCR.
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non-specific amplicon will, as for SYBR Green I and the sunrise primers,
be displayed as a fluorogenic signal. The products can be discriminated
using their differing TD, however, there is no reliable way to account for
their signal in quantitative real-time PCR.

A variant of these chemistries are the Anglerw oligoprobes which
closely resemble a Scorpion primer, except for the absence of a
quenching moiety (Lee et al., 2002b). Angler oligoprobes consist of a 30

specific primer sequence linked via a hexethylene glycol molecule to a
50, Cy5-labelled tail. The tail portion of the Angler is designed to
self-hybridise to downstream sequences in the nascent strand produ-
cing a unimolecular signalling system. In contrast to the dual-labelled
Scorpion, the Angler uses FRET between the terminal Cy5 and SYBR
gold incorporated into the self-annealed duplex to produce a fluorescent
signal.

Comparison of fluorogenic chemistries

When comparing the mechanism of signal generation by the different
fluorescence systems, the most popular chemistries display unique
quirks. The cyclical destruction of nuclease oligoprobes continues
despite a plateau in amplicon accumulation whereas SYBR green I
fluorescence generally increases non-specifically during later cycles even
without template due to primer–dimer formation. HybProbe fluor-
escence begins to decrease as the rate of collision between the growing
numbers of complementary amplicon strands increases resulting in a
phenomenon called the “hook effect” (Figure 10.3). At this stage, the
formation of dsDNA is favoured over the hybridisation of oligoprobe to
its target DNA strand, adversely affecting total fluorescence. The
possibility exists that some linear oligoprobes are consumed by
sequence-related nuclease activity and it may also contribute to the
hook effect as has been reported for HybProbes (Wilhelm et al., 2001b;
Wittwer et al., 1997a; Lyamichev et al., 1993).

VVVVVV MICROBIAL GENOTYPING

Although nucleotide sequencing is the gold standard for in-depth
characterisation of nucleic acids, it is a relatively lengthy process.
The development of real-time PCR has partially addressed this by
providing a tool capable of rapid detection of characterised nucleotide
polymorphisms.

The non-destructive fluorescent chemistries are mostly intact at the end
of the PCR and can be used to indirectly genotype a microbial template by
characterising its amplicon (Bustin, 2000). Careful control of ionic
strength, amplicon size and cooling and melting rates can improve the
resolution of experimental data collected from FMCA. FMCA can also be
used with a single labelled oligonucleotide (Gundry et al., 2003). The
SYBR green I and HybProbe chemistries are most commonly used
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to perform these analyses; however, the double-stranded and Light-up
oligoprobes as well as the HyBeacons should be capable of functioning in
this role. Other chemistries, such as the TaqMan and Eclipse oligop-
robes and hairpin oligonucleotides and primers, require two sets of
oligoprobes to differentiate a wild-type from an altered sequence. While
this is a perfectly legitimate and functional approach for genotyping by
real-time PCR, the extra fluorogenic oligonucleotides increase the
overall cost and complexity of the assay. However, this approach
does permit the creation of a dedicated mutation detection assay which
will often perform more reliably than a single assay intended to detect
both the wild-type and mutated sequences. Unfortunately, the use of
two sets of fluorophores reduces the number of related but different
microbes that can be discriminated in a single vessel, since two
fluorophores must be assigned to analyse each nucleotide variant. The
technique of FMCA has proven popular for the rapid diagnosis of
human genetic disorders and has advanced the detection of multiple
targets by real-time PCR. It should again be noted that genotyping two
sequences by FMCA requires that the amount of one amplified
sequence is less than 10-fold above the amount of the other sequence;
otherwise the more common sequence will overpower detection of the
more rare sequence.

The occurrence of a mismatch between a hairpin oligonucleotide and
its target has a greater destabilising effect on the duplex than the
introduction of an equivalent mismatch between the target and a linear
oligoprobe. This is because the hairpin structure provides a highly stable
alternate configuration. Therefore, hairpin oligonucleotides are more
specific than the commonly used linear oligoprobes making hairpin
oligonucleotides good candidates for detecting nucleotide changes, albeit
more technically demanding to design (Tyagi et al., 1998). Despite the fact
that hybridisation does not reach equilibrium using rapid ramp rates, the
apparent TM values deduced from FMCA are both reproducible and
characteristic of a given probe and target duplex (Gundry et al., 1999).
Importantly, different nucleotide changes destabilise hybridisation to
differing degrees and this can be incorporated into the design of
oligoprobes for genotyping assays to control the extent of discrimination
between the melt peak temperatures. The least destabilising mismatches
involve a change to a G on one of the strands (G:T, G:A, and G:G), whereas
the most destabilising include a change to a C (C:C, C:A and C:T) (Bernard
et al., 1998).

Because real-time PCR genotyping data is obtained at the completion
of the PCR amplification phase, it is an end-point analysis, although the
reaction vessel remains unopened throughout the process. The amplicon
is denatured and rapidly cooled to encourage the formation of
fluorophore and target strand complexes. The temperature is then
gradually raised and the fluorescence from each vessel is continuously
recorded. The detection of sequence variation using fluorescent
chemistries relies upon duplex destabilisation incurred as a result of
nucleotide changes. As mentioned earlier, the non-specific chemistries
reflect these changes in the context of the entire dsDNA amplicon.
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Figure 10.18. Fluorescence melting curve analysis (FMCA). At the completion of a
real-time PCR using a fluorogenic chemistry, the reaction is rapidly heated and then
cooled to a temperature below the expected TD of the dsDNA or TM of the
oligoprobe(s). It is then heated to 858C or more at a fraction of a degree per second
(A). During heating, the raw data representing the emissions of a relevant
fluorophore are constantly acquired (B). Software calculates the negative derivative
of the fluorescence with temperature which is plotted against temperature to produce
a melt peak indicative of the TD of the dsDNA, or the TM of the oligoprobe-target
melting transition (dashed line and black peak; C). When sequence differences exist,
the TD or TM is reduced (grey peak) due to the lower stability of heteroduplexes and
the extent of the resulting temperature shift is used diagnostically to characterise an
amplified template. Generally speaking, a ramp rate of 0.28C/s permits clear
discrimination between different genotypes. However, variation of the ramp rate can
be helpful if unsatisfactory results are generated. Hybridisation can be enhanced by
slowing the ramp rate whereas an accelerated ramp rate can help remove stable
secondary structures at the oligoprobe hybridisation region resulting in sharper melt
peaks.
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The sequence changes have a different impact upon the specific
fluorogenic chemistries, altering the expected TM in a manner that
reflects the particular nucleotide difference. The resulting rapid decrease
in fluorescence using either approach can be presented as a “melt peak”
using software capable of calculating the negative derivative of the
fluorescence change with temperature and plotting that data against
temperature (Figure 10.18).

VVVVVV NUCLEIC ACID QUANTITATION

Although the terminology is often confused, real-time PCR does not
inherently imply quantitative PCR. To determine the amount of template
present in a sample, care must be taken to include the correct control
system. External controls or “standards” are used for calculating the
amount of template present in a patient sample and are amplified in a
separate vessel to the unknown target (Figure 10.19). Internal controls are
amplified in the same vessel as the unknown target, frequently indicating
the occurrence of false negative reactions and examining the ability to
amplify from a preparation of nucleic acids (Niesters, 2002). Certainly,
the reliability of quantitative PCR methods is intimately associated with
the choice and quality of the assay controls (Celi et al., 2000; Alexandre
et al., 1998).

No matter what controls are used to generate quantitative data or
monitor successful amplification, it is imperative to accurately determine
their concentration and to ensure that internal controls are added at
suitable levels in order to prevent extreme competition for reagents with
the wild-type template (Zimmermann and Manhalter, 1996; Brightwell
et al., 1998). A spectrometer alone is inadequate for quantifying a control
molecule; however, in combination with experimental and statistical
analysis, the reliability of the data is greatly enhanced (Glasel, 1995;
Bagnarelli et al., 1995; Wang and Spadoro, 1998; Rodrigo et al., 1997;
Taswell, 1981; Sykes et al., 1998). Finally, one must remember that the
results of quantitation using a control need to be expressed relative to
a suitable biological marker, e.g. in terms of the volume of plasma,
the number of cells or the mass of tissue or genomic nucleic acid.
Standardisation such as this will ensure comparability between assay
results and testing locations (Niesters, 2001).

The ability to quantify nucleic acids is predominantly used in the field
of gene expression or transcriptome analysis (PhorTech, 2003). For this
application, primers are often carefully designed to span exon–intron
boundaries or cross overly large expanses of intron to avoid co-
amplification of genomic DNA (Yin et al., 2001). In our hands the
enhanced specificity of an oligoprobe format is preferred to the use of
non-specific chemistries for quantitation.

Another area suited to sensitive, specific quantitation with the ability
to genotype a target is the detection of minimal residual disease in
malignancy. The role of real-time PCR for the investigation of lymphoma
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and leukaemia patients is expanding. This role examines and quantifies
the number and genetic profile of malignant cells remaining in a
clinically well patient as an indicator of response to therapy or to
identify those patients at high risk of disease relapse (Sharp and Chan,
1999; Liu Yin, 2002).

External Control Templates

Standards used to monitor or enhance the power of PCR are most
commonly created by cloning an amplicon, a portion of the target
organism’s genome or simply using the purified amplicon itself as the
template (Borson et al., 1998). Because these molecules are amplified
separately and because they are not inherently present within the sample
matrix, they are called exogenous or external controls. These form the basis
of external standard curves, which are created from the data produced
by the individual amplification of a dilution series of control template
(Figure 10.3). The concentration of an unknown, which is amplified in
the same assay but in a separate vessel, can then be interpolated from the
standard curve (Figure 10.19). While the external standard curve is the
more commonly described approach for quantitative PCR, it frequently
suffers from uncontrolled and unmonitored inter-vessel variations. Some

Figure 10.19. External standard curve for quantitation. Threshold cycle or crossing
point data collected from an amplified titration of standard plotted against the
concentration of each template. Through interpolation, CT=CP values for unknowns
(Unk) permit the calculation of the starting template concentrations (dashed line). This
is performed by rearranging the equation for the linear regression line (i), to solve for
the x-axis value of interest, (ii). When the relevant values are substituted (iii), the
concentration of template in each unknown can be calculated.
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real-time PCR systems have partially overcome this problem by
including the ability to detect and correct for variation in the emissions
of a non-participating, or “passive”, internal reference fluorophore (6-
carboxy-N,N,N0,N0-tetramethylrhodamine, ROX). This reference is pre-
sent in the reaction buffer and is used to indicate volume variations and
non-specific fluorescence quenching. The corrected values, obtained
from a ratio of the emission intensity of the fluorophore and ROX, are
called RQ þ. To further control amplification fluctuations, the fluor-
escence from a “no-template” control reaction (RQ 2 ) is subtracted from
RQ þ for each sample, resulting in the DRQ value that indicates
the magnitude of the reference signal generated for the given PCR
(Gelmini et al., 1997).

The simplest mathematical representation of PCR amplification is
described by the Equation:

N ¼ N0ðE þ 1ÞC

where N is the number of amplified molecules, N0 the initial number of
template molecules, E the amplification efficiency and C the number of
amplification cycles.

This equation is essential to obtaining accurate data from real-time
PCR and is usually considered to apply to each reaction in an
experimental run. However, the efficiency of the PCR is commonly
calculated from the amplification of a standard curve, assuming that
each unknown reaction will amplify with equivalent efficiency. Further-
more, the amount of amplicon in each reaction at the CT is assumed to be
equal because the fluorescence is the same (Figure 10.3). Nonetheless, by
adopting these assumptions and deducing the linear regression line of
best fit through the CT values from a standard curve we can determine
the reaction efficiency from the slope given by the following Equation:

E ¼ 102Slope
2 1

Internal Control Templates

The use of an internal control molecule has been described in the earliest
of PCR experiments and is considered essential to increase assay quality
(Reiss and Rutz, 1999) and as a competitive template for conventional
quantitative PCR (Chehab et al., 1987; Rosenstraus et al., 1998). When such
a control is added prior to template purification (extraction control) or
amplification (amplification control), it is called an exogenous internal
control since it does not occur naturally within the sample matrix, but it is
co-amplified within the same reaction. Ideally the exogenous internal
control template should hybridise to the same primers and have an
identical amplification efficiency to the template under investigation
(Zimmermann and Manhalter, 1996). The control should also contain a
discriminating feature such as a change in its length (Orlando et al., 1998;
Möller and Jansson, 1997; Brightwell et al., 1998; Hall et al., 1998, Celi et al.,
2000) or more commonly in today’s oligoprobe-based methods, a change
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in the sequence of the target (Alexandre et al., 1998; Tarnuzzer et al., 1996;
Celi et al., 2000; Natarajan et al., 1994; Aberham et al., 2001; Rosenstraus
et al., 1998; Kearns et al., 2001b; Stöcher et al., 2002; Gruber et al., 2001).
However, the internal control should not significantly interfere with the
detection of small quantities of the template under investigation;
therefore, its use must be carefully evaluated. Internal control templates
that bind different primers or have different amplification efficiencies
are still useful as standards for semi-quantitative PCR or relative
quantitation.

An endogenous internal control occurs naturally within the specimen
matrix and is therefore co-amplified with the specific target. House-
keeping genes are a common example that has been successfully used to
quantify gene expression by RT-PCR and monitor template integrity after
its purification (Chehab et al., 1987). When housekeeping genes are used
for the quantitation of RNA it is essential that they are minimally regulated
and exhibit a constant and cell cycle-independent basal level of
transcription (Selvey et al., 2001). Studies have shown that an 18S rRNA
target successfully meets the desired criteria for some applications (Selvey
et al., 2001; Thellin et al., 1999). This is not the case for some commonly used
genes including b-actin; unfortunately their use is widespread, especially
for transcript analyses (Härtel et al., 1999). To ensure the suitability of the
housekeeping gene, a panel of candidate targets should be examined
under the desired experimental conditions and the extent of change in the
CT used to indicate the stability of target expression (Löseke et al., 2003).

We have found several promising candidate targets during a
systematic quantitative study of the expression levels of 13 genes in 16
different tissues (Radonic et al., 2004). As expected, no single gene
was consistently expressed among all the tissues investigated. However,
the RNA polymerase gene displayed the lowest variation over all tissues,
even during mitogenic stimulation of a T-cell line. RNA polymerase
mRNA encodes the principle enzyme used in mRNA transcription and is
therefore part of a self-regulating cycle. It can be assumed that this gene is
expressed steadily and independent of the cell state.

Real-time PCR assays that lack the capacity to correct for vessel-to-
vessel variations such as those caused by variation in reverse transcrip-
tion efficiency, cell number, nucleic acid isolation technique and PCR
efficiency are more appropriately described as being semi-quantitative. To
this day it is rare to find well-controlled real-time PCR assays among
those in the literature. That will hopefully change as pressure to publish
comprehensively optimised and validated assays is brought to bear by
the editorial staff and peer reviewers of scientific journals (Hoorfar
et al., 2003).

Relative versus Absolute Quantitation

The amount of template in a sample can be described either relatively or
absolutely. Relative quantitation is the simpler approach, which, as the
name suggests, describes differences in the amount of a target sequence
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compared to its level in a related matrix, or within the same matrix by
comparison to the signal from an endogenous or other reference control.
This approach has proven particularly popular for gene expression
studies and can be conveniently employed using the 22DDCT method
(Livak and Schmittgen, 2001). Absolute quantitation is more demanding
to perform but states the exact number of nucleic acid targets present in
the specimen in relation to a specific unit and it is therefore easier to
compare data between different assays and laboratories (Freeman et al.,
1999; Pfaffl et al., 2002). Absolute quantitation may be necessary when
there are no sequential specimens to demonstrate a relative change in
template load, or when no accurately standardised reference reagent or
suitable endogenous control is available.

A highly accurate approach used for absolute quantitation by
conventional PCR utilises competitive co-amplification of one or more
dilutions of an internal control template of known concentration with a
wild-type target nucleic acid of unknown concentration (Becker-Andre
and Hahlbrock, 1989; Clementi et al., 1995; Gilliland et al., 1990; Siebert
and Larrick, 1992). However, conventional competitive quantitation is
technically demanding and time consuming, requiring significant
development and optimisation compared to quantitation by real-time
PCR. Thus, it is not suited to the quick decision making required within
research and clinical environments (Locatelli et al., 2000; Wall and
Edwards, 2002; Tanaka et al., 2000b). The existence of software with the
ability to calculate the concentration of an unknown by comparing real-
time PCR signals generated from a co-amplified target and internal
control is rare but improving (Pfaffl et al., 2002). In addition, new or
improved mathematical interpretations are appearing which aim to make
quantitation more reliable and simpler (Liu and Saint, 2002; Rutledge and
Côte, 2003).

Improved Quantitation Using Real-time PCR

Common microbiological methods to quantify an organism have
traditionally required culture-based methods. While these methods are
often considered the gold standard and are the only way to obtain data on
microbial viability and infectivity, they are not without significant
problems of their own. These problems are caused by variation in the
method of inoculation, the choice of target cell, the type of culture
medium, the sensitivity of the microbe to transport and storage conditions
and the conditions of culture (Luria and Darnell, 1967). One must
remember that titres obtained from culture only hold true under the
specific conditions of that assay, making the results less portable than
those obtained from nucleic acid quantitation by well-developed real-
time PCR assays.

We have used conventional competitive PCR to obtain quantitative
data with promising results (Mackay et al., 2001, 2003a). However, these
approaches are laborious to develop and perform. The wide dynamic
range of real-time PCR encompassing at least eight log10 copies of nucleic
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acid template is a significant benefit for microbial load determination
(Ishiguro et al., 1995; Kimura et al., 1999; Najioullah et al., 2001; Ryncarz
et al., 1999; Monopoeho et al., 2000; Alexandersen et al., 2001; Abe et al.,
1999; Locatelli et al., 2000; Gruber et al., 2001; Brechtbuehl et al., 2001;
Moody et al., 2000). This broad dynamic range obviates the need to dilute
an amplicon before detecting it or the repetition of an assay using a
diluted template because a preliminary result falls above the upper limits
of the detection assay. Both these problems occur when using conven-
tional end-point PCR assays for quantitation because their detection
systems cannot encompass the products of high template loads whilst
maintaining adequate sensitivity (Weinberger et al., 2000; Schaade et al.,
2000; Brechtbuehl et al., 2001; Kawai et al., 1999). The flexibility of real-time
PCR is further demonstrated by its ability to detect one target in the
presence of a vast excess of another target during duplexed assays or, with
careful manipulation, to quantify expression from a single cell (Ryncarz
et al., 1999; Liss, 2002).

Real-time PCR is also a particularly attractive alternative to conven-
tional PCR for the study of microbial load. We and others have found the
consistently low inter-assay and intra-assay variability especially useful
compared to other assays (Schutten et al., 2000; Nitsche et al., 2000;
Locatelli et al., 2000). Real-time PCR also has equivalent or improved
sensitivity compared to microbial culture, or conventional single-round
and nested PCR (Kearns et al., 2001c; Clarke et al., 2002; Kupferschmidt
et al., 2001; Kennedy et al., 1997b; Locatelli et al., 2000; Capone et al., 2001;
Leutenegger et al., 1999; Smith et al., 2001; Monopoeho et al., 2000; van
Elden et al., 2001; Lanciotti et al., 2000). It has been reported to be at least as
sensitive as Southern blot, still considered by some as the gold standard
for probe-based hybridisation assays (Capone et al., 2001).

VVVVVV MULTIPLEX REAL-TIME PCR

Conventional multiplex PCR applies a number of primer sets to
potentially amplify multiple templates within a single reaction vessel
(Chamberlain et al., 1988; Burgart et al., 1992). However, its adaptation to
real-time PCR has clouded the traditional terminology. Multiplex real-
time PCR more commonly describes the use of multiple fluorogenic
oligoprobes for the discrimination of amplicons which have been
produced by one or more primer pairs in a single vessel. The transfer of
this technique from conventional PCR protocols has proven problematic
because of the limited number of fluorophores available and the closed
nature of real-time PCR which prohibits the monitoring of specificity
made possible by size determination using agarose gel electrophoresis
(Lee et al., 1993). The commonly used monochromatic energising light
source and the application of narrow bandpass filters on some real-time
PCR instruments have limited their ability to perform multiplex PCR.
Although excitation by a single wavelength produces bright emissions
from an appropriate fluorophore, it restricts the number of fluorophores
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that can be successfully combined and discriminated in a single vessel
(Tyagi et al., 2000). The discovery and application of non-fluorescent
quenching labels has made available some regions of the spectrum that
were previously occupied by the emissions of early quenchers. This
development has permitted a slight increase in the number of spectrally
discernable oligoprobes per reaction.

Recent improvements to the design of hairpin primers and hairpin and
nuclease oligoprobes, as well as novel combinations of fluorophores such
as the Bi-probe and Light-up probes, have promised alternatives that
should permit the discrimination of a greater variety of amplicons per
reaction vessel.

Currently, the number of fluorophores that can be combined and
clearly distinguished is extremely limited when compared to the
capability of conventional multiplex PCR to discriminate amplicon.
Some real-time PCR platforms have incorporated multiple light-emitting
diodes to span the entire visible spectrum, or a tungsten light source,
which emits light over a broad range of wavelengths permitting the
excitation of a wide range of fluorophores. The inclusion of high-quality
optical filters to clarify both the excitation and emission energies makes
possible the use of a wider range of real-time PCR detection chemistries
on one machine. Nonetheless, these improvements have to date permitted
the multiplexing of only four different colours, of which one colour is
ideally set aside for an internal control to monitor inhibition and one may
be required for a passive reference. Some real-time PCR designs have
astutely made use of single or multiple nucleotide changes between
similar templates to discriminate the amplicon by TM using FMCA and
thus avoid the need for multiple fluorophores (Espy et al., 2000a,b; Boivin
et al., 2004; Schalasta et al., 2000a; Kearns et al., 2001c; Loparev et al., 2000;
Read et al., 2001; Whiley et al., 2001). This approach has been common for
the detection of human genetic diseases where as many as 27 possible
nucleotide substitutions have been detected using only one or two
fluorophores (Schütz et al., 2000; Lay and Wittwer, 1997; Herrmann et al.,
2000; Lee et al., 1999a; Gundry et al., 1999; Bernard and Wittwer, 2000;
Elenitoba et al., 2001).

To date, only a handful of assays have been described in the
literature that truly multiplex more than two fluorophores. Few of these
duplexed assays have been applied to the diagnosis of infectious
disease and those that have are frequently used to detect subtle changes
within a single species rather than a number of different species. It is
important to remember that the ultimate benefits to be gained from
multiplex PCR derive from its use of minimal specimen to detect the
maximum number of targets. Some approaches cannot technically be
considered real-time homogeneous assays, because they require
interruption of the procedure to transfer template, detect fluorescence
using a separate end-point analysis or perform the assays in separate
reaction vessels but within the same run (Stocher et al., 2003). The best
microbial multiplex real-time PCR can discriminate between four
retroviral target sequences (Vet et al., 1999); however, we and others
have found conventional multiplex PCR using end-point detection
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capable of easily discriminating five or more different amplicons
(Mackay et al., 2003a; Quereda et al., 2000). This discrepancy continues
to highlight the greater flexibility of conventional PCR for true
multiplex PCR assays (Kehl et al., 2001; Echevarria et al., 1998;
Henegariu et al., 1997; Weigl et al., 2000; Stockton et al., 1998).

Assays capable of detecting several viral genomes include those using
the non-specific label, SYBR green I, to detect herpes simplex viruses
(HSV), varicella zoster virus (VZV) or cytomegalovirus (CMV) in separate
tubes (Nicoll et al., 2001), or by adaptation of a conventional multiplex
PCR, to identify HSV-1 and HSV-2, VZV and enteroviruses within a single
capillary by applying FMCA (Read et al., 2001).

Future development of novel chemistries and improved real-time PCR
instrumentation and software will hopefully enhance our ability to
perform truly multiplexed real-time PCR assays. Meanwhile, the promise
of multiplex real-time PCR applications remains tantalisingly out of
reach.

VVVVVV APPLICATION OF REAL-TIME PCR
TO MICROBIOLOGY

Microbiology has been a significant driving force for the development
of real-time PCR technology. The resulting benefits to microbial studies
have already been discussed in a number of elegant reviews (Niesters,
2001; Mackay et al., 2002; Cockerill and Smith, 2002; Versalovic and
Lupski, 2002; Niesters, 2002; Bretagne, 2003). The final sections of this
chapter will update the reader on the use of real-time PCR for the
study of viruses, bacteria, fungi, parasites and protozoans as well as
some specialist areas that have been significantly enhanced by the
technology.

Viruses

In microbiology, the application of real-time PCR has had the most
dramatic impact upon virology where it has provided an alternative to
assays which either use morbidity and mortality as an indicator of
disease progression, or qualitatively investigate the role of viruses in a
range of human diseases (Kato et al., 2000). Also, epidemiological
studies of co-infections have been improved by the use of duplex real-
time PCR (Zerr et al., 2000; Furuta et al., 2001; Kearns et al., 2001c).

Real-time PCR has been used as a tool to complement conventional
research techniques when investigating direct and indirect links between
viral infection and chronic conditions such as sarcoma (Kennedy et al.,
1997a,b, 1998a; O’Leary et al., 2000a,b), carcinoma (Lo et al., 1999; Capone
et al., 2001), cervical intraepithelial neoplasia (Josefsson et al., 1999;
Lefevre et al., 2003; Swan et al., 1997; Lanham et al., 2001) and
lymphoproliferative disorders (MacKenzie et al., 2001; Jabs et al., 2001).
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More commonly, real-time PCR studies simply describe the presence of
viruses in their host with a long-term view of improving clinical
management of the affected patients. Viruses studied to date include
the bunyaviruses (Stram et al., 2004), caliciviruses (Song et al., 1997),
flaviviruses (Laue et al., 1999; Kilpatrick et al., 1996; White et al., 2002;
Callahan et al., 2001; Ratge et al., 2002; Ishiguro et al., 1995; Komurian-
Pradel et al., 2001; Lanciotti et al., 2000; Beames et al., 2000), hepadna-
viruses (Weinberger et al., 2000; Chen et al., 2001; Cane et al., 1999;
Brechtbuehl et al., 2001), herpesviruses (Nitsche et al., 2000; Takaya et al.,
1996; Song et al., 2002; Whiley et al., 2003b; Fan and Gulley, 2001; Schalasta
et al., 2000b; Kearns et al., 2001a; Stevens et al., 2002; Loparev et al., 2000;
Gallagher et al., 1999; Kennedy et al., 1997b; Fernandez et al., 2002; Biggar
et al., 2000; Tanaka et al., 2000b; Locatelli et al., 2000; Ohyashiki et al., 2000;
Kearns et al., 2001c; Lallemand et al., 2000; White and Campbell, 2000;
Najioullah et al., 2001; Schaade et al., 2000; Capone et al., 2001; Lo et al.,
1999; Niesters et al., 2000; Kimura et al., 1999; Ryncarz et al., 1999; Peter and
Sevall, 2001; Hawrami and Breur, 1999; Furuta et al., 2001), orthomyxo-
viruses (van Elden et al., 2001; Ellis and Zambon, 2002), papovaviruses
(Jordens et al., 2000; Lefevre et al., 2003; Biel et al., 2000; Whiley et al., 2001),
paramyxoviruses (Smith et al., 2001; Daniels et al., 2001; Côte et al., 2003;
Mackay et al., 2003b; Whiley et al., 2002b; Aldous et al., 2001), parvoviruses
(Gruber et al., 2001), pestiviruses (Vilcek and Paton, 2000), picornaviruses
(Alexandersen et al., 2001; Kares et al., 2004; Lai et al., 2003; Hu et al., 2003;
Reid et al., 2004; Monpoeho et al., 2002; Nijhuis et al., 2002; Corless et al.,
2002; Watkins-Reidel et al., 2002; Verstrepen et al., 2001, 2002; Monopoeho
et al., 2000), polydnaviruses (Chen et al., 2003), poxviruses (Espy et al.,
2002; Ibrahim et al., 1997, 1998; Shaw et al., 1995), reoviruses (Pang, 2004),
retroviruses (Lewin et al., 1999; Lew et al., 2004a; Argaw et al., 2002;
Schutten et al., 2000; Choo et al., 2000; Klein et al., 1999; Leutenegger et al.,
1999), rhabdoviruses (Smith et al., 2002; Hughes et al., 2004) and TT virus
(Iriyama et al., 1999).

Less commonly, studies of the pathogenic effects of viruses on the
biology of specific cellular populations has provided a snapshot of the
mechanism of disease progression as occurs during hepatitis C virus
induced chronic liver disease (Shaw et al., 1995).

Over the last decade, conventional quantitative PCR has repeatedly
demonstrated that the determination of viral load is a useful marker of
disease progression and a valuable way to monitor the efficacy of antiviral
compounds (Holodniy et al., 1991; Held et al., 2000; Roberts et al., 1998;
Rollag et al., 1998; Kaneko et al., 1992; Clementi et al., 1995; Clementi, 2000;
Menzo et al., 1992). Quantitative real-time PCR has similarly examined the
interaction between virus and host and monitored changes in viral load
resulting from antiviral therapy ultimately impacting on the treatment
regimen selected (Nitsche et al., 1999; Clementi, 2000; Limaye et al., 2000).
Because disease severity and viral load are linked, microbial quantitation
by real-time PCR has proven beneficial when studying the impact of viral
reactivation, persistence or isolated gene expression on the progression of
disease (Ohyashiki et al., 2000; Chen et al., 2003; Kearns et al., 2001c; Furuta
et al., 2001; Limaye et al., 2001; Tanaka et al., 2000a,b; Lallemand et al.,
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2000; Laue et al., 1999; Kimura et al., 1999; Chang et al., 1999; Lo et al., 1999;
Hawrami and Breur, 1999; Hoshino et al., 2000; Nitsche et al., 2000;
Machida et al., 2000; Limaye et al., 2001; Najioullah et al., 2001; Gault et al.,
2001). Altered microbial tropism or replication and the effect of these
changes on the host cell can also be followed using real-time PCR
(Kennedy et al., 1998a, 1999a,b). Molecular assays are increasingly being
used to augment or replace traditional assays. Two examples are the
use of real-time PCR to calculate bacteriophage titer more accurately and
over a broader dynamic range than plaque assays and the indirect
determination of neutralising antibody titer to chicken anemia virus
in chickens by quantifying viral load (Edelman and Barletta, 2003; van
Santen et al., 2004).

The speed and flexibility of real-time PCR has proven useful to
commercial interests that require exquisite sensitivity to screen for
microbial contamination within large-scale reagent preparations pro-
duced from eukaryotic expression systems or among livestock used for
the production of food (Brorson et al., 2001; Pinzani et al., 2004; Stram et al.,
2004; Reid et al., 2004; Lew et al., 2004b; van Santen et al., 2004; Rudi et al.,
2002; de Wit et al., 2000). Additionally, highly sensitive assays are proving
invaluable for the thorough assessment of viral gene therapy vectors prior
to their use in clinical trials. Nuclease oligoprobes have been most
commonly used for these studies, which assess the biodistribution,
function and purity of the novel “drug” preparations (Gerard et al., 1996;
Suzuki et al., 2003; Barzon et al., 2003; Rohr et al., 2002; Josefsson et al., 2000;
Hackett et al., 2000; Sanburn and Cornetta, 1999; Choo et al., 2000; Scherr
et al., 2001).

Likewise, the study of new and emerging viruses has embraced the
use of homogeneous real-time PCR assays as tools to demonstrate
and strengthen epidemiological links between unique viral sequences
and the clinical signs and symptoms experienced by patients (Lanciotti
and Kerst, 2001; Mackay et al., 2003b; Smith et al., 2001, 2002; Lanciotti et al.,
2000; Halpin et al., 2000; Gibb et al., 2001a,b).

The severe acute respiratory syndrome (SARS) arose in early 2003 in
China and the causative agent was rapidly identified (Peiris et al., 2003;
Poutanen et al., 2003; Tsang et al., 2003; WHO, 2003). As soon as the first
stretches of sequence were known, real-time PCR assays provided the
potential for fast and reliable diagnoses and epidemiological studies
(Drosten et al., 2003; Emery et al., 2004; Zhai et al., 2004; Ruan et al., 2003;
Ng et al., 2004). These assays are performed either as one-step or two-
step RT-PCR assays. At the time of writing 48 complete SARS
coronavirus (SARS-CoV) genomic sequences existed on GenBank. All
these sequences are closely related. However, as with all RNA virus
genomes, the coronaviruses display a tendency to vary with time and
location (Wood, 2003). We recently described an approach to maintain
the reliability of SARS coronavirus molecular assays. In this approach,
three independent real-time PCR assays, based on the 50 nuclease
format, were established to be performed under identical reaction
conditions. All three assays are located in different, yet highly conserved
regions of the known SARS-CoV genomes separated by approximately
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9000 nucleotides. Because of this distance, under the chosen reaction
conditions the primers used in one assay cannot react with primers of
another assay performed in the same tube. The fluorescence signals
produced by all three individual assays are indistinguishable; however,
for diagnostic purposes it is not necessary to assign the signals to a
certain amplicon. We were able to demonstrate that the sensitivity was
maintained by the simultaneous amplification of three amplicons. The
strength of this approach is that all three assays would need to be
adversely affected by nucleotide change for the diagnostic system to fail,
a virtually impossible occurrence. We believe that the amplification of
more than one sequence stretch of the pathogen of interest is a useful
technique to increase the reliability of diagnosis, especially for new and
emerging microbes.

Nonetheless, the absolute reliance of PCR upon fully representative
characterised genome sequences is highlighted in this area of microbial
study. The early assay developer may suffer setbacks due to a paucity of
sequence data representing all viral variants. We found this to be a
problem when developing a 50 nuclease assay for human metapneumo-
virus (Mackay et al., 2003b). At the time of development the majority of
viral sequences present on GenBank represented what was later to
become known as the Type A virus – a bias which was reflected by the
new assay.

Bacteria

Rapid real-time PCR assays provide significant benefit to the diagnosis
of a bacterially infected host. The results can quickly inform the
clinician, allowing a more specific and timely application of antibiotics,
which are far more than antiviral therapies. This speed can limit the
potential for toxicity caused by shotgun treatment regimens, reduce the
duration of a hospital stay and prevent the improper use of antibiotics,
minimising the potential for resistant bacterial strains to emerge.

Once again, elegant applications of real-time PCR can augment or even
replace traditional culture and histochemical assays as was seen with the
creation of a molecular assay capable of classifying bacteria in the same
way as a Gram stain (Klaschik et al., 2002). However, particular bacterial
species are the more frequent focus of real-time PCR assays especially
when slow culture times can be replaced by rapid and specific gene
detection. Leptospira genospecies, Mycobacterium and Propionibacterium
species, Chlamydia species, Legionella pneumophila and Listeria monocyto-
genes have all been successfully detected and in some cases quantified
using real-time PCR assays (Woo et al., 1997; DeGraves et al., 2003; Huang
et al., 2001; Rudi et al., 2002; Nogva et al., 2000; Desjardin et al., 1998;
Bassler et al., 1995; Miller et al., 2002; O’Mahony and Hill, 2002; Torres
et al., 2000; Eishi et al., 2002; Kraus et al., 2001; de Viedma et al., 2002;
Li et al., 2000; Creelan and McCullough, 2000; Hayden et al., 2001; Ballard
et al., 2000; Wellinghausen et al., 2001; Reischl et al., 2002; Lunge et al.,
2002). Real-time RT-PCR has proven useful for quantitation of bacterial
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transcripts in response to infection or the application of specific metabolic
intermediates; however, these assays do not always agree with
conventional methods of microbial detection, indicating the difference
between detecting a live organism by culture and a dead organism by
fluorescence or DNA detection (Goerke et al., 2001; Corbella and Puyet,
2003; Desjardin et al., 1998).

The detection of Neisseria gonorrhoeae has benefited from real-time
PCR, particularly when used as a confirmatory test for commercial
assays (Whiley et al., 2002a). This example again demonstrates the need
for care when choosing a PCR target, especially when that target exists
on a plasmid which is exchanged among other bacteria, potentially
providing confusing diagnostic results. Neisseria meningitidis, Haemophi-
lus influenzae and Streptococcus pneumoniae are the major pathogens
causing bacterial meningitis and the introduction of diagnostic real-time
PCR has proven to be a powerful tool that we and others have quickly
developed and deployed for the rapid discrimination of circulating
pathogens (Corless et al., 2001; Whiley et al., 2003a; Probert et al., 2002;
Mothershed et al., 2004).

The detection and monitoring of antibiotic resistance among clinical
isolates of Staphylococcus aureus, Staphylococcus epidermidis, Helicobacter
pylori, Enterococcus faecalis and Enterococcus faecium has benefited from the
speed and reliability of real-time applications (Randegger and Hachler,
2001; Woodford et al., 2002; Tan et al., 2001; Hein et al., 2001a; Shrestha et al.,
2002; Lindler et al., 2001; Reischl et al., 2000; Martineau et al., 2000;
Matsumura et al., 2001; Gibson et al., 1999; Chisholm et al., 2001). These
technologies have proven useful for determining the efficacy of antibiotic
therapies when treating uncultivable organisms such as Mycoplasma
haemofelis which infects cats (Tasker et al., 2003, 2004). Meanwhile, the
understanding and treatment of fulminant diseases such as meningitis,
sepsis, inflammatory bowel disease and the sourcing of food poisoning
outbreaks caused by characterised bacteria such as the group B
Streptococci, Mycobacterium sp., Escherichia coli, Bacteroides vulgatus and
Salmonella species have been enhanced by the speedy return of results
from real-time and end-point fluorogenic assays (Taylor et al., 2001;
Bergeron et al., 2000; Fujita et al., 2002; Fortin et al., 2001; Ibekwe et al., 2002;
Bellin et al., 2001; Ke et al., 2000; Chen et al., 1997).

Real-time PCR has made possible the rapid quantitation and
differentiation of some of the more exotic pathogenic bacteria such as
the tick-borne spirochete Borrelia burgdorferi (Rauter et al., 2002; Pietilä
et al., 2000; Pahl et al., 1999), the methanotropic bio-remediating
Methylocystis species (Kikuchi et al., 2002) and bacteria capable of
degrading agricultural herbicides such as the Pseudomonas sp. ADP and
Chelotobacter heintzii (Devers et al., 2004). The involvement of treponemes
in the formation of periodontal disease has been studied using
TaqMan chemistry, revealing a microbial role at every stage of disease
(Asai et al., 2002). In addition, measurement of the bacterial load of
Tropheryma whipplei has permitted the discrimination of environmental
contamination and low-level colonisation from active infection (Fenollar
et al., 2002).
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Fungi, Parasites and Protozoans

A smaller but rapidly increasingly number of published applications have
examined fungal, parasitic and protozoan pathogens of humans and
plants. Real-time PCR assays have significantly contributed to the general
diagnosis of invasive diseases, which are continually increasing with a
rise in the population of immunocompromised patients. These pathogens
include Aspergillus fumigatus, Aspergillus flavus, Candida albicans, Candida
parapsilosis, Candida tropicalis, Candida krusei, Candida kefyr and Candida
glabrata (Brandt et al., 1998; O’Sullivan et al., 2003; Guiver and Oppenheim,
2001; Costa et al., 2002). Monitoring the transcriptional activity of certain
Aspergillus nidulans transporter genes has provided important infor-
mation about their role in multidrug resistance (Semighini et al., 2002).
The homogeneous nature of real-time PCR has proven useful when assays
have been employed to investigate buildings for the presence of
potentially harmful levels of toxigenic fungal spores, or conidia, such as
those produced by Stachybotrys chartarum (Roe et al., 2001; Haugland et al.,
1999; Cruz-Perez et al., 2001). Quantifying Septoria tritici, Stagonospora
nodorum, Puccinia striifomis and Puccinia recondita, which cause blotch and
rust in wheat crops, permitted crops at risk of full-blown disease to be
identified so that specific fungicide treatments could be quickly employed
(Fraaije et al., 2001). Similar benefits have resulted from the detection of
Glomus mosseae, Phytophthora infestans and Phytophthora citricola which
infect and damage a wide range of plants including those used as food
crops (Böhm et al., 1999). Rapid molecular assays are playing an increased
role in the detection and monitoring of fungicide resistance, the
presence of compatible mating types, pathogenic variation within fungal
populations and for airborne monitoring of dispersed pathogens (Zhang
et al., 1996; McCartney et al., 2003).

Cryptosporidium parvum oocysts and the spores from Encephalitozoon
species have been successfully genotyped or speciated using real-time
PCR significantly improving upon laboratory diagnosis using microscopy
and histochemical staining, especially for low concentrations of excreted
material (Tanriverdi et al., 2002; Wolk et al., 2002).

Rapid serological detection of Toxoplasma gondii is often hampered by
the presence of the parasite in patients who are immunocompromised.
Additionally, the length of time required for traditional culture or mouse
inoculation is excessive. Therefore, rapid molecular methods have vastly
improved detection of this microbe (Kupferschmidt et al., 2001; Costa et al.,
2001). This technology is also useful to study how Toxoplasma gondii
responds to antimicrobial therapies (Costa et al., 2000).

Detection of malarial parasites using a mouse model in combination
with real-time PCR has improved result turnaround and meant that
parasite load data can be obtained (Bruña-Romero et al., 2001; Witney et al.,
2001). Direct in vivo detection and quantitation of malarial parasites with a
high level of sensitivity is also possible (Hermsen et al., 2001; Lee et al.,
2002a) in addition to the indirect monitoring of stage-specific Plasmodium
falciparum maturation by tracking the transcription of specific genes (Blair
et al., 2002).
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Trichomonas vaginalis is the most common non-viral sexually trans-
mitted organism in the world and the cost and time savings of real-time
PCR assay have meant improvements to large-scale screening of patients
at risk (Hardick et al., 2003).

VVVVVV DETECTING AGENTS OF BIOWARFARE

Perhaps no area of microbiology has impacted upon the community’s
psyche as much as the potential for microbes to be used as weapons of
terror. While reported incidents of bioterrorism have to date been rare,
further occurrences are considered by some to be inevitable and the
potential for widespread disruption to communities is undoubtedly a
serious threat to the population at large (Broussard, 2001). These
disruptions need not take the form of widespread mortality, as small
foci of morbidity would be sufficient to cause panic and disruption to
essential services and financial markets. Hence, timely detection systems
are an essential defence to minimise the effects of any such attack.
Recently, there has been an explosion of literature indicating that real-time
PCR is the tool of choice for rapidly detecting microbes used as agents of
biological warfare. Many of these agents were, until recently, rarely
encountered in the clinical laboratory and when they were, their detection
relied upon relatively laborious and slow diagnostic techniques (Nulens
and Voss, 2002). Nonetheless, this most recent area of application for
real-time PCR technology enforces the role of real-time PCR as a new tool
to complement the diagnostic arsenal rather than a complete replacement
for traditional microbiological techniques.

There are three forms of human anthrax caused by Bacillus anthracis.
These are the cutaneous, gastrointestinal and pulmonary forms. In
contrast to self-limiting cutaneous anthrax, the ingestion or inhalation of
endospores is generally fatal unless rapidly treated with antibiotics. The
need for fast and reliable diagnostic tools became evident following the
anthrax postal attacks late in 2001 in the United States. Real-time PCR
assays permitted the rapid discrimination of weaponised pathogens from
harmless laboratory-adapted or vaccine-related strains detecting B.
anthracis spores and important plasmid or chromosomal markers (Makino
et al., 2001; Drago et al., 2002; Uhl et al., 2002; Oggioni et al., 2002; Lee et al.,
1999b; Qi et al., 2001). These assays could also discriminate pathogenic
from mildly or apathogenic Bacillus spp. taken from colonies or
enrichment broths (Ellerbrok et al., 2002; Hurtle et al., 2004). The addition
of hand-held miniaturised real-time instruments and mobile laboratory
systems has further enhanced the detection of bioweapons by providing
the potential for on-site results in under 30 min during emergency
situations (Higgins et al., 2003a,b). Additionally Francisella tularensis, the
cause of tularemia and Yersinia pestis the causative agent of plague have
been detected using nuclease or HybProbe assays (Lindler et al., 2001;
Lindler and Fan, 2003). In some instances these assays can be modified for
use in the field, permitting rapid and highly specific detection at the point
of concern (Higgins et al., 1998, 2000).
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Smallpox is caused by infection with variola virus (VARV), a member
of the family Poxviridae, genus Orthopoxvirus. VARV evokes the most
serious concerns as a biowarfare agent because of low immunity among
the population and the application of real-time PCR is attempting to
address the diagnostic issues (Ibrahim et al., 2003). The disease was
declared eradicated in 1979 by a global vaccination program with the last
naturally occurring VARV infection occurring in 1977 in Somalia (WHO,
1980; Behbehani, 1983). While humans are the only natural host for VARV,
both vaccinia virus and cowpox virus have a much broader host
spectrum. Although zoonotic infections of humans by monkeypox and
other members of the genus Orthopoxvirus occur, potential VARV
infections bear by far the most lethal risk for man (Centers for Disease
Control and Prevention, 2003; Czerny et al., 1991; Lewis-Jones, 2002;
Stephenson, 2003). Due to this infectious potential, VARV has recently
been flagged as a biological weapons threat (Henderson et al., 1999;
Whitley, 2003). The highest degree of sequence homology among
characterised members of the genus Orthopoxvirus is found towards the
centre of the genome while the terminal regions can exhibit considerable
variability. Clearly, rapid and sensitive identification of variola virus and
its discrimination from other members of the genus is fundamental to
reliable diagnosis and risk evaluation of environmental samples.
However, the consequences of a false positive or a false negative PCR
result in smallpox diagnosis caused by unexpected sequence variation is
considerable; therefore, identification of variola virus should also benefit
from amplification of several independent targets by PCR.

Conventional VARV typing and sequencing assays may take more than
48 h to complete and, for obvious reasons, this is an unacceptable lag
period. Even the use of end-point fluorescence detection decreases assay
times drastically (Ibrahim et al., 1997). Variola virus has also been used as
a target to test new field-portable real-time PCR instruments in
combination with rapid nucleic acid extraction techniques demonstrating
their potential for detecting potential bioweapons on site (Ibrahim et al.,
1998). However, these applications have once again highlighted the
importance of careful assay design when discriminating highly patho-
genic microbes from innocuous, but closely related species (Espy et al.,
2002; Nitsche et al., 2004, in press). This is an issue that clearly highlights
technical difficulties, which remain in the area of diagnostic PCR design.
In many cases gene sequencing is still the final stage for confirming a
provisional identification of microbial material from a site or patient
suspected of infection with a bioweapon.

VVVVVV HOST IMMUNITY: MEASURING THE RESPONSE
TO A MICROBE

The application of real-time PCR is beginning to provide evidence to
support paradigm shifts in the way we conceptualise the interplay
between microbe and host and in the way we describe these interactions
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(Casadevall and Pirofski, 2003). Pathogen-centric views have dogmati-
cally defined virulence as the result of microbial factors, when in fact the
role of the host can be clearly shown to exert a significant influence
(Casadevall and Pirofski, 2001; Mitchell, 1998). Increasingly, the old view
is being challenged by our growing understanding that changing host
immunity is as integral to the course of an infectious disease as the
microbe causing the infection. This poses the question “what is a
pathogen”? (Casadevall and Pirofski, 2002). Real-time PCR is helping
formulate answers to this and other questions by defining the fitness of
the host though quantitation of the immune response to infection and
antimicrobial therapies and also as a tool to quantify the damage caused.
While micro-array technologies provide a comprehensive snap-shot of the
state of the host or invading microbe’s transcriptome, arrays do not
permit reliable quantitation of the target change over a broad dynamic
range (Lockhart and Winzeler, 2000; Clewley, 2004; Lucchini et al., 2001).
Real-time PCR has increasingly become the method of choice for
validating and further characterising experimental data generated by
micro-arrays and is the favoured tool for determining gene transcript
abundance in basic research, molecular medicine and biotechnology.
These determinations are essential markers of microbial–host interaction.
While Northern blotting and RNase protection can determine both the
size and amount of a transcript, the former is relatively insensitive, and
both require large amounts of starting template (Wang and Brown, 1999).
Considerably more has been published on the role of real-time PCR in the
basic detection of cytokine transcripts from stored or in vitro stimulated
blood cells than as an indicator of microbial activation (Kruse et al., 1997;
Härtel et al., 1999; Blaschke et al., 2000; Stordeur et al., 2002). This is set to
be a growth area for future real-time PCR applications.

Cytokines constitute the majority of mediators involved in the innate
mammalian immune response recognising microbes, communicating
with and recruiting leukocytes and removing invading microorganisms.
However, it is the host’s molecular pattern recognition systems operating
via specialised receptors which trigger many of the events leading to
cytokine induction post-infection (Strieter et al., 2003). Real-time PCR has
identified critical mRNA from these receptors and from cytokine genes as
a de facto indicator of protein production (Overbergh et al., 1999, 2003;
Giulietti et al., 2001; Hein et al., 2001b). While this is not a perfect
relationship insofar as protein levels are modified by more than simple
transcript availability, studies have shown a good correlation between the
transcriptome and the proteome for many genes (Balnaves et al., 1995).
Additionally, it is often impossible to detect the expressed product in
tissue samples due to the low expression levels and short half-lives of
cytokine proteins (Broberg et al., 2003; Stordeur et al., 2002). Nonetheless,
transcriptional studies using real-time PCR are enhanced by protein
expression data.

Well-controlled quantitative real-time PCR experiments have per-
mitted the differentiation and quantitation of IFN-a subclasses as a
measure of the innate immune response to infectious or inactivated virus
in humans (Löseke et al., 2003). The expression of other cytokines has also

R
ea

l-
ti
m

e
Fl

u
o
re

sc
en

t
P
C

R
Te

ch
n
iq

u
es

to
St

u
d
y

301



been monitored in murine models of microbial immunopathogenesis
(Deng et al., 2003; Broberg et al., 2003). Microbial load studies in concert
with cytokine protein detection have demonstrated relationships that
may play a role in predicting the course and severity of post-transplant
lymphoproliferative disease in EBV-positive patients (Muti et al., 2003).
The direct impact of cytokines on viral gene expression and the effect of
viral cytokine homologues on co-infecting viruses have potentially
established new therapeutic strategies for diseases (Song et al., 2002).

Rapid advances in the performance and variety of fluorogenic
chemistries and real-time PCR platforms together with the exponential
increase in our understanding of the process have ensured real-time PCR
is as important a technology for the diagnostic and research microbiology
laboratory of tomorrow as agarose gel electrophoresis was to the
laboratory of yesterday. Real-time PCR is no more or less than a
diagnostic tool and therefore the data it generates are only as reliable as
the design and implementation of each assay. Judicious application of the
technology will both simplify and hasten the search for answers to many
complex experimental and diagnostic questions. In order to more
accurately understand the process of virulence, such reliable and robust
tools will be essential for defining the interplay between the host and the
invading microbe, and when necessary, to do so in a clinically relevant
period of time.
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Stöcher, M., Leb, V., Hölzl, G. and Berg, J. (2002). A simple approach to the
generation of heterologous competitive internal controls for real-time PCR
assays on the LightCycler. J. Clin. Virol. 25, S47–S53.

Stocher, M., Leb, V., Bozic, M., Kessler, H. H., Halwachs-Baumann, G., Landt, O.,
Stekel, H. and Berg, J. (2003). Parallel detection of five human herpes virus
DNAs by a set of real-time polymerase chain reactions in a single run. J. Clin.
Virol. 26, 85–93.

Stockton, J., Ellis, J. S., Saville, M., Clewley, J. P. and Zambon, M. C. (1998).
Multiplex PCR for typing and subtyping influenza and respiratory syncytial
viruses. J. Clin. Microbiol. 36, 2990–2995.

Stordeur, P., Poulin, L. F., Craciun, L., Zhou, L., Schandené, L., de Lavareille, A.,
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