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Preface 
Research workers i n  more than  onefield have likened their experience to walking across a 
darkened room, constantly bumping into various objects. O n l y  later, when  eyes adjust to 
the gloom, can they look back and see exactly how thefurni ture is arranged. Bu t  that is only 
part o f t h e  story. W h e n  they switch on  the Light they discover another door and another 
darkened room. A n d  the whole process is repeated, 

David Tyrell, 2002 

Microorganisms have survived, evolved and expanded within the human population 
without pause. Sometimes they run afoul of the host immune response or a particularly 
effective drug or vaccine, but they thrive nonetheless. Today there seems to be renewed 
vigor among researchers to better understand these invaders and the interactions they have 
with our systems at the molecular level. 'There is also a renaissance of sorts in the discovery 
of "new" microorganisms which were previously unknown, although probably cohabiting 
with us for a very long time. Because of these advances there is an ongoing need for labora- 
tory tools that work quickly, simply and effectively to detect and characterize these tiny 
terrors. PCR is one of these tools and it quickly found its place in both the clinical and the 
research microbiology laboratory. 'The development of real-time PCR heralded the arrival 
of a tool that could provide results in a clinically relevant timeframe while virtually abolish- 
ing the dreaded risk of carrying-over PCR product into subsequent PCRs, All it took to 
reach these goals was indirect detection of the product, removing the need to open up the 
reaction vessel. However, as many of us know, the reality of any PCR is that on occasion 
one must make sure what looks to be happening is what actually is happening. 

This book seeks to present some hrther home truths, asking some tough questions and 
in so doing, describing and explaining some of the more complex aspects of real-time PCR 
as clearly as possible. Furthermore, this book aims to provide background for the novice, 
present a theoretical reference for the experienced user and hint at future developments we 
can expect to become more familiar with. 'The early chapters address the basics of PCR 
history, oligonucleotide design and standardization. The complex issue of quantification 
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in microbiology is touched upon in many chapters but is addressed in particular in the 
middle section. The remainder of the book focuses on some applications of real-rime PCR 
and the challenges faced, and sometimes overcome, by use of this technology. Finally in a 
bid to get experts to address those questions we always want answered, but feel unworthy 
asking, I have dedicated a chapter to create a virtual roundtable discussion delving into the 
minds of real-time PCR authorities and experts in affiliated fields. The chapter makes for 
an insightful, sometimes topical and often humorous read, which I highly recommend. 

In. today's world of newly identified viruses, imminent pandemics and possible bioter- 
ror, methods for microbiological application need to be as simple and robust as we can 
make them. We're not there yet but we will be soon. 

My own research, supported by the Royal Children's Hospital Foundation, the Sir 
Albert Sakzewski Virus Research Centre and the University of Queensland investigates 
respiratory viruses, and that bias will thankfully be apparent in several chapters. 

Preparing a work such as this marks the passage of many events in one's life, and the 
lives of others; events that seldom recur but always leave lasting impressions. Sometimes 
it's important to have somebody point them out so one can wave at them as they pass by+ 
For me, that person is my wife, Katherine Arden, who deserves credit for much of this 
work on top of my heartfelt thanks for her insightful questions, unswerving support and 
Herculean endurance throughout this project. 

May I sincerely thank all the authors who completed work for this book; your endeav- 
ors have provided a diverse and interesting read and have hopefully stimulated some minds 
to answer the many questions we have posed and must continue to pose in order to open 
more doors, bump into more objects but ultimately illuminate more rooms in what would 
seem to be an enormously large house+ 

Ian M. Mackay 
June, 2007 



Real-time PCR: History and 1 
Fluorogenic Chemistries 
Ian M. Mackay, John F. Mackay, Michael D. Nissen, and 
Theo P. Sloots 

Abstract 
The use of real-time PCR in microbial diagnostics has increased to the point where it has 
evolved from a novelty into a mature and essential technology for the field, In doing so, 
real-time PCR has driven significant changes in the way we detect microbes, 'The predomi- 
nantly phenotype-related methods of culture and antigen detection, while still of consid- 
erable value, are being supplanted by the detection, characterization and quantification 
of microbial nucleic acids. Real-time PCR has engendered wider acceptance of the PCR 
technique due to its improved rapidity, sensitivity, reproducibility and the considerably 
reduced risk of carry-over contamination. There are many fluorogenic chemistries that can 
detect PCR product as it accumulates but only a few are useful, popular or exciting enough 
to be the subject of publication in the field of microbiology. We review how real-time PCR 
has come to be; especially the essential role of fluorescence and we critically review the 
plethora of detection chemistries available to the end user. 

Introduction 
The development and introduction of new investigative molecular technologies have 
begun to change the way we think about virulence, virus variation and pathogenicity. 
Amplification methods are projected to represent 75 to 90% of the diagnostic nucleic acid 
test market in 2006 (Kubista, 2004). The most prominent of these methods has been the 
polymerase chain reaction (PCR; Mullis and Faloona, 1987), increasingly in its latest form 
of real-time PCR. In the context of infectious disease, diagnostic microbiology applications 
can be divided into two broad sections; qualitative screening (e.g, routine diagnostics or 
epidemiology research) and quantitative investigations of the interplay between microbe 
and host (e,g, microbial load variation in response to therapeutics or cytokine quantifica- 
tion as an indirect measure of the impact of microbial infection). 

Many research and diagnostic microbiology laboratories contain a jumble of tradi- 
tional and leading edge, in-house (home-brew) and commercial kit assays for the detection 
of microbial antigen or DNA. Furthermore, comparison of any two laboratories might 
reveal quite disparate jumbles. The wide variety of assays reflects many factors including 
the perceived reliability of familiar techniques and technologies, the existence of useful 
quality assurance programs, 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 
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has acquired with a particular technique, the skills of laboratory st& and the degree of 
support offered by the assay manufacturer. Additionally, the cost of a new diagnostic sys- 
tem may be over-estimated prior to its use in the laboratory, adding to the slow uptake of 
new technologies. 

PCR assays have undergone significant change over the last decade, to the extent that 
some scientists may be struggling to stay abreast of the latest offerings. This chapter will 
seek to bring the reader up-to-date with the thirdegeneration of PCR technology; the 
so-called real-time PCR, a maturing tool. widely accepted by many scientific disciplines 
but especially the field of microbiology (Whelan and Persing, 1996; Ginzinger, 2002; 
Cockerill 111,2003; Mackay, 2004). 

Polymerase chain reaction: just the basics 
Sensitivity, specificity and speed: these should be the driving factors behind choosing a 
microbial detection method, and real-time PCR applications can address all these needs. 
It has become common to relegate viral culture to specialized virology laboratories rather 
than include it in the routine diagnostic laboratory, where the focus is on rapid result 
turnaround (Carman, 2001). The speed with which a negative result is provided is often as 
important as the timely return of a positive result and when a result from in vitro microbial 
culture can require weeks, PCR assays offer an attractive alternative (Carman, 2001). Of 
course, speed is the result of a number of factors, and these must all be taken into account 
when assessing the benefits of any new PCR-based assay. Faster assays should be described 
in terms of the final optimized and validated test performed on real-world specimens that 
have followed a normal specimen collection, transport and template extraction process. 
However what is all too often presented in the literature are preliminary or'bne-off" studies 
using idealized templates (e.g. cloned targets) and conditions. Unfortunately, incomplete 
PCR assays missing vital information are frequently rushed into publication resulting in 
technical problems reproducing data in other laboratories. 

According to the literature, PCR assays rate as 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), bioMCrieux9s nucleic acid sequence based amplification (NASBA; Kievits et al., 
1991; Compton, 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 (Persing, 1993; Whelan 
and Persing, 1996; Fredricks and Relman, 1999). 'This apparent popularity may simply 
reflect the more frequent publication of in-house or home-brew assay results compared to 
kit-generated data. However PCR is virtually the sole amplification method employed by 
research laboratories and it is here that routine diagnostics approaches are formulated and 
eventually transferred to the diagnostic arena. 

PCR methods utilize a pair of synthetic oligonucleotides (short, single-stranded 
pieces of DNA) called primers, each designed to hybridize in a 5' to 3' orientation to 
one particular strand of a double-stranded DNA (dsDNA) target. Each hybridized 
primer forms a starting point for the production of a complementary D N A  strand via 
the sequential addition of deoxynucleotides using recombinant DNA polymerases derived 
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from thermophilic bacteria, The primer pair spans a target region that is exponentially 
and precisely replicated during the subsequent reaction. We will refer to the product of 
this duplicated region as the "amplicon" to indicate that it is amplified material of a single 
species. The PCR method can be summarized in three steps as shown in Figure 1.1: (i) 
&DNA separation at temperatures above 90°C. (ii) primer annealing at a design-specific 
temperature (commonly between 50°C to 60°C) and (iii), optimal extension of the primed 
template at 70°C to 75°C (Park e t  al., 1993). A compact PCR format requiring only two 
steps is also popular; dsDNA denaturation and a combined annealing and extension step 
making use of the DNA polymerase's broad thermal range of activity. 

'The melting temperature (TM) designates the temperature at which 50% of the oligo- 
nucleotide-target duplexes remain hybridized. The actual annealing temperature used for 
an oligonucleotide (TA) is typically 5°C to 10°C below the TM. The TM is dependent upon 
the concentration of the DNA, its length, nucleotide sequence and the composition of the 
solvent in which the D N A  is suspended (Ririe e t  al., 1997). In practice the optimal TA for 
a given primer pair is best determined empirically by testing a small range of temperatures 
around the calculated TM. 

Existing combinations of PCR and non-fluorescent amplicon detection assays will 
be called "conventional" PCR throughout this chapter. These detection systems include 
analytical agarose gel electrophoresis (Kidd e t  al., 2000), Southern blot and ELISA-like 

CYCLING STEPS 

Time 

Figure 1.1 A stylized 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 ( T r V I - p ~ l ~ ~ ~ )  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 instrument. 

-a 
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systems such as the enzyme-linked amplicon hybridization assay (ELAHA; (Mackay et 
al., 2001; Mackay et aL, 2006)) and enzyme-linked oligosorbent assay (ELOSA; (van der 
Vliet et al,, 1993; Chandelier et al., 2001)+ Traditional agarose electrophoresis of ampli- 
fied D N A  in the presence of ethidium bromide is followed by visualization of the bands 
during irradiation by ulGaviolet light (Kidd et al., 2000). The Southern blot detection of 
amplicon occurs after hybridization of immobilized amplicon to a labeled oligonucleotide 
probe (oligoprobe). 'This increases specificity but at the cost of significant time, labor and 
multiple amplicon handling steps, increasing the risk of spreading amplicon thi-oughout 
the laboratory. In the past, the Southern blot also depended on the use of radioactive labels 
(Holland et al., 1991). In the second generation of amplicon detection, PCR-ELISA was 
used to capture amplicon onto a solid phase via biotin or digoxigenin-labeled primers, 
oligoprobes or by direct capture after incorporation of the biotin or digoxigenin into the 
amplicon (Keller et al., 1990; Kemp et al., 1990; van der Vliet et al., 1993; Kox et al., 1996; 
Dekonenko et al., 1997; Watzinger et al+, 2001; Mackay et al,, 2003), Once captured, am- 
plicon detection utilized an enzyme-labeled avidin or anti-digoxigenin reporter molecule 
in a similar manner to a standard ELISA format. PCRIELISA had the added benefit of 
employing hardware and techniques commonly available to the ELISA-enabled research 
and diagnostic microbiology laboratory. 'These probe detection techniques have now been 
largely superseded by real-time PCR-a technique which may be thought of in this digital 
age as an "on-line" Southern blot; the third generation of amplicon detection. 

The possibility that, in contrast to conventional PCR, amplicon could be detected as 
it accumulated, in "real" time was welcomed by researchers and diagnostic analysts alike. 
'The term originally coined for this technique was "kinetic PCR" (Higuchi et al., 1993) 
but it is now more commonly known as real-time PCR and we shall refer to it as such 
whether the microbial template is DNA or RNA. Real-time PCR was essentially based 
on a scientific mistake; preferably thought of as an "unplanned experiment." In the case of 
real-time PCR, the experiment meant ethidium bromide, usually added to a PCR reaction 
after thermal cycling to detect amplicon in a UV-irradiated agarose gel, was inadvertently 
added before the reaction was cycled (Gingeras et al., 2005). Such an act could simply have 
resulted in amplification inhibition. After all, negative results during the assay develop- 
ment process come as no surprise to those familiar with assay evaluation and validation. 
However, thanks to the low concentration of ethidium bromide used, the amplicon was 
both successfully produced and detected while in the tube. From such a simple accident 
the role of PCR was dramatically changed from that of a specialist research tool to one 
of a versatile diagnostic technology, providing advanced and powerful systems capable of 
routine diagnostic applications for the clinical microbiology laboratory (Cockerill I11 and 
Smith, 2002). The minimizing of a major concern to the diagnostic laboratory; contami- 
nation of new (otherwise negative) reactions with the amplicon generated from previous 
reactions, was a driving factor in the renewed enthusiasm for PCR, 'These systems are also 
called "closed or "homogeneous" since they combine template amplification and amplicon 
detection in a single shut-and-forget reaction vessel, 

A more controversial factor is cost, Reportedly, real-time PCR is cost effective when 
implemented in a high throughput laboratory (Martell et al., 1999; Espy et al., 2006), 
particularly when replacing traditional, culture-based approaches to microbial detection, 
When calculating costs, it also important to account for the less quantifiable physical and 
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emotional costs to ill patients, caused by unnecessary and sometimes invasive tests, and 
toxic therapies necessitated by a delay in the provision of laboratory results because of 
exceedingly lengthy assay times. 

A quick review of the literature confirms that, while diagnostic microbiology laborato- 
ries are embracing a change to the testing paradigms and determining the best chemistries 
and assays for peak diagnostic efficiency, research laboratories have already embraced 
the new technology and real-time PCR applications are entrenched as useful tools. It is 
interesting to note that the tim.e between technology development and diagnostic util- 
ity is continually decreasing. Conventional PCR was the domain of research laboratories 
for many years before finding diagnostic favor whereas real-time PCR has been rapidly 
adopted as a diagnostic tool. A similar pattern is appearing in the adoption of microarray 
technology in diagnostics. Rapid nucleic acid amplification and detection technologies are 
quickly displacing the traditional assays which are based on pathogen phenotype rather 
than genotype, The traditional diagnostic microbiological assays including microscopy, mi- 
crobial culture, antigen detection and serology may be adverse6 affected by poor sensitivity, 
slow completion times, the inability to isolate or poor viability of organisms, complex or 
subjective result interpretation, previous antimicrobial therapy (leaving microbes present 
but unable to replicate in culture), and non-specific cross-reactions (Whelan and Persing, 
1996; Carman et al., 2000). Nonetheless, microbial culture produces valuable data some- 
times revealing new, uncharacterized or atypical microbes and yielding intact or infectious 
organisms for further research (Ogilvie, 2001). It is therefore clear that the role of the 
traditional assay continues to be an important one (Sintchenko et al., 1999; Johnson, 2000; 
Biel and Madeley, 2001; Clarke et al., 2002; Ellis and Zambon, 2002). Of course PCR 
assays, be they real-time or conventional, have their own significant limitations, Our ability 
to design oligonucleotide primers only extends to our knowledge of a microorganism's 
genome, as well as the ability of publicly available sequence databases to suitably reflect 
that knowledge by housing all sequences from a microbe and related variants, Microbial 
genomes quite commonly contain unexpected sequence polymorphisms which reduce or 
abolish the function of a PCR and cause falsely negative results. We have already discussed 
carry-over contamination and the principle approaches to defend against it have resulted 
in strict guidelines for the design of diagnostic laboratories dedicated to performing PCR, 
Additionally, PCR is sometimes criticized for offering too high a sensitivity for some appli- 
cations i.e. detecting a microbe that is present at what are considered non-pathogenic levels. 
'Thus great care is required when designing a PCR assay and interpreting its results. 

'The increased speed attributed to real-time PCR is mostly due to the removal of post- 
amplification detection procedures and the combined use of fluorogenic dyes and sensi- 
tive methods of directly detecting their emissions in situ as they exit the reaction vessel 
(Wittwer et al., 1990; Wittwer et al., 1997b). The time to reach each temperature of a PCR 
cycle (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 programmable thermal cycler. 
Advanced instrument designs using electronically controlled heating blocks or fan-forced 
heated airflows have significantly shortened the ramp rates and therefore the total assay 
times. Apart from the time saved by amplifying and detecting template in a single tube, 
the fluorescence generating portion of the assay's performance can be closely scrutinized 
without introducing errors due to handling of the amplicon (Higuchi et al., 1993). 
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Today in microbiology, real-time PCR is used to detect and quantify nucleic acids 
from widely diverse targets including food, viral and non-viral vectors used in gene therapy 
protocols, genetically modified organisms and to study human and veterinary microbiology 
oncology and immunology (Kruse et al., 1997; Bohm et a[., 1999; Hartel et al,, 1999; Nogva 
et al., 2000; Fraaije et al., 2001; Mhlanga and Malmberg 2001; Rudi et dl., 2002; Stordeur 
et al., 2002; Mackay et al+, 2002; Klein, 2002; Ahmed, 2002; Barzon et al*, 2003). 

Shining light upon the accumulation of amplicon 
Simply put, it is the detection processes that discriminate real-time PCR from conven- 
tional PCR assays. The currently used fluorogenic chemistries can be broadly categorized 
as interacting specifically or non-specifically with the amplicon's nucleotide sequence 
(Whitcombe et al+, 1999). To clarify, while the amplicon itself is still commonly produced 
from a PCR using highly sequence-specific primers we are referring here to the specificity 
for detection, rather than for production of that amplicon. 

The monitoring of accumulating amplicon in real-time has been made possible by the 
attachment to primers, oligoprobes or amplicon of molecules with fluorescent potential. 
'The success of these dyes and the assays employing them is due to a relatively rapid and 
measurable change in signal produced after the direct or indirect interaction of fluorescent 
dye and amplicon (Morrison et al., 1989). Some molecules are able to absorb light energy 
of a specific wavelength and within nanoseconds, emit that energy as light (Figure 1.2a). 
We have chosen to use the terms "dye" (a fluorogenic entity or fluorochrome in an unbound 
state) or "label" (when the chemistries may be labeled with a mix of fluorogenic and non- 
fluorogenic molecules) throughout this chapter. Additionally we employ the term "fluoro- 
phore" to describe the oligonucleotide-attached dye which imbues the oligonucleotide with 
fluorogenic properties. Fluorophores can repeat the absorption-emission cycle hundreds 
to thousands of times (Behlke et al., 2005)+ 

Because energy is lost to heat and other processes, the emitted photon has less energy 
than was imparted by the energizing light source, which can be identified by the longer 
wavelength of the emitted photon. This change in wavelength is called the Stoke's shift 
(Figure 1.2b) and is defined as the difference between the peak absorbance and the peak 
emission, where the peaks represent the single wavelength of a spectral curve at which the 
molecule most efficiently absorbs or emits energy, respectively. A wider shift was a pre- 
ferred characteristic for the choice of early reporter and quencher dye pairs but improved 
fluorescence detection optics and software have enhanced the collection and interpretation 
of fluorescence permitting the use of dye pairs with smaller Stoke's shifts. 

The glow of success 
The physical transitions from electrophoresis tanks containing a mutagenic liquid to 8-well 
polystyrene strips, to a comfortable seat and a computer screen are significant, but they 
can be attributed to a simple process-the direct or indirect fluorescent labeling of newly 
synthesized DNA. Whether labeled primers, oligoprobes or amplicon are used, real-time 
PCR is made possible because of a rapid and measurable signal change after the interaction 
of amplicon and fluorescent dye (in one of many forms) which is identified by sensitive 
detection platforms (Morrison et al., 1989). 'The signal is most commonly measured at 

rfr 
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Figure 1.2 (A) The electrons of a given dye molecule may exist in one of several states as 
demonstrated by the ground state (SO, grey box), and first (Sj) and second (S2) excited states. 
Absorption of a quantum of energy "charges" the dye (bold line) and as the molecule relaxes 
back to the ground state (thin line) a photon is emitted (where h is Planck's constant and v 
is the frequency of the electromagnetic radiation), the process of fluorescence. The excited 
state is maintained for nanoseconds. (6) A diagram of the range of wavelengths over which 
a fluorogenic molecule can be affected by incoming energy (absorption spectrum) and the 
range of wavelengths over which that molecule can emit energy after excitation (emission 
spectrum). Real-time PCR aims to stimulate fluorescence and collect emission data at the 
peak wavelengths of these ranges (marked by stars) and relies upon the Stoke's shift (SS) to 
get "clean," noise-free emission data. 

some point during each PCR cycle and is related to the amount of amplicon present at 
that time, increasing in intensity as the DNA is replicated. Radiogenic labels were the 
technology of the day at the dawn of real-time PCR but easy disposal, an extended shelf 
life and the removal of radioactive emissions quickly catapulted fluorescent chemistries to 
the position of label of choice (Matthews and Kricka, 1988). 

Most of the popular real-time PCR chemistries depend upon the hybridization of 
one or more fluorescent oligoprobes to a complementary sequence on one of the amplicon 
strands. To further improve the odds of a likely meeting, the inclusion of more of the 
primer that creates the strand complementary to the oligoprobe, a process called asymmet- 
ric PCR, can lead to generation of an increased fluorescent signal (Gyllensten and Erlich, , 
1988; Barratt and Mackay, 2002). This has been shown to produce improved fluorescence 
from a hairpin oligoprobe PCR (Poddar, 2000) and the method is also applicable to other 
oligoprobe-hybridization assays especially in variant (e.g. single nucleotide polymorphism; , I 
SNP) typing. However, several features require forethought. One must determine which 
strand to target, ~a r t i cu la r l~  in the case of single stranded genomes like the negative-sense, 
single-stranded paramyxoviruses or positive-sense, single-stranded RNA picornaviruses, 
It is also better to mediate asymmetric PCR using oligonucleotide design in combination 
with the amount of primer, rather than amount alone. Studies have shown that the TM of 
a primer will change in parallel with its concentration (Sanchez et al., 2004). By designing 
one primer (A) so that it will have a TM close to the other primer (B) even though primer 
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A is present in significantly fewer copies compared to B, amplification can still progress 
efficiently, but the outcome is a predominance of one strand. This is the process of linear- 
after-the-exponential (LATE) PCR (Pierce et al,, 2005). 

The most commonly used fluorogenic oligoprobes rely upon fluorescence resonance 
energy transfer (FRET; Figure 1+3) between fluorophores 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 A 
and which have overlapping emission and absorption spectra (Stryer and Haugland, 1967; 
Heller and Morrison, 1985; Clegg, 1992). Forster primarily developed the theory behind 
this process (Forster, 1948)+ The energy transfer reduces the lifetime of the excited state of 
electrons in the original molecule by taking the emitted excess energy and expelling it as 
fluorescence or heat. 'The efficiency of energy transfer is proportional to the inverse sixth 
power of the distance (R) between the donor and acceptor ( I / R ~ )  fluorophores (Selvin, 
1995; Didenko, 2001). FRET permits the determination of nucleic acid hybridization, 
without the prior removal of unbound probe (Cardullo et al,, 1988). However all dyes 

Quencher Signal. Positive Signal. Examples. 

TaqMan oligoprobes 

HybProbes 
and Resonsense 

Molecular beacons 
and Scorpion primers 

Figure 1.3 Mechanisms of FRET. (A) When the reporter [R] and quencher [Q] of an hydrolysis 
oligoprobe are in close proximity and illuminated by discharge from an instrument's light 
source (hv), the quencher "hijacks" the emissions from excitation of the reporter. The quencher, 
then emits this energy as fluorescence or, if a non-fluorescent or "dark" quencher, heat. 
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 [Dl 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 oligonucleotides. The fluorophore and quencher 
interact more by collision than FRET, disrupting each other's electronic structure and directly 
passing on the excitation energy. When the labels are separated, as is the case in (9, the 
fluorophore is free to fluoresce. 
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are not created equal. Marras and colleagues eloquently described experiments to indicate 
that some fluorophore-quencher pairs interact in such a way that they affect the TM Of 
the oligoprobe-target hybrid, and those providing the duplex with increased stability also 
demonstrated higher quenching eficiencies (Marras et al., 2002). Such outcomes are not 
surprising since many fluorophores contain aromatic rings which imbue intercalating abili- 
ties (Mullan et  al., 2004), but the effects do complicate our in silico efforts to determine the 
TM of an oligonucleotide and enforces the importance of empirical studies. 

Useful fluorescence data generated by real-time PCR assays are generally collected 
from early in the amplification process because amplification conditions are optimal and 
the fluorescence accumulates in proportion to the amplicon (Figure 1.4). Signal detection 

1 Hook Effect 

I Background 
Noise 

Cycle Number 

Figure 1.4 Kinetic analysis of fluorescent changes. Indirect charting of the duplication of a 
template by real-time PCR (solid line) ideally takes on the form of 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 instrument's 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 theoretically ideal conditions, the 
amount of amplicon increases at a rate of one loglo every 3.32 cycles, i.e. it would double 
(increases by one log2) every cycle. As primers and enzyme become limiting and products 
accumulate that are inhibitory to PCR assays or compete for hybridization 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) which is proportional to starting 
template concentration. Construction of a standard curve using a range of known starting 
concentrations permits the calculation of the quantity in the original specimen. Traditional PCR 
data collection is performed at the end of the assay (dashed vertical line) by electrophoresis, 
Southern blot or PCR-ELISA. 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. 
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occurring at the end-point of the reaction is problematic since amplicon accumulation may 
have been adversely affected by inhibitors, poorly optimized reaction conditions or satura- 
tion effects due to excess double-stranded amplicon. In fact at the end-point there may be 
no relationship between the initial template and final amplicon concentrations (see Figure 
1.4), Because the emissions from fluorescent chemistries are temperature-dependent, data 
are generally acquired only once per cycle, at the same temperature (Wittwer e t  al., 1997a). 
Data acquisition is best performed after the annealing step (Reynisson e t  al,, 2006)+ 

The fractional cycle number at which the real-time fluorescence signal mirrors progres- 
sion of the amplification reaction above the background noise level is used as an indicator 
of successful target amplification (Wilhelm et al., 2OOIa). Most commonly, this is called the 
threshold cycle (CT) but the same value is described for use with the LightCyclerTM (Roche 
Applied Science) where the fractional cycle is called the crossing point (Cp)+ ?he 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 (Jung e t  al+, 2000). The CT is proportional to the number of tem- 
plate copies present in the sample (Gibson e t  al., 1996). The values are assumed to result 
from equal amounts of amplicon in each vessel since the CT/CP values are acquired from a 
single fluorescence intensity value (see Figure 1.4). In practice the CT is calculated after the 
definition of a noise band which permits the exclusion of data from early PCR cycles that 
cannot be distinguished from background fluorescence. 'The Cp used on the Lightcycler 
system is most frequently obtained using algorithms derived from each fluorescent curve. 
Therefore the final CT and Cp value is the fractional cycle at which a reaction's plotted 
amplicon accumulation curve intersects a single fluorescence value (usually at or close to 
the noise band but within the LP; 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, Given a CT value (Tn), 
we can roughly estimate the amount of amplicon present using the equation 1.1. 

We also need to know the assay's exponential amplification (Equation 1.2; Wilkening 
and Bader, 2004) and amplification efficiencies (E; Equation 1.3 is the most frequently 
used; Gingeras e t  al., 2005). 

The slope is determined from a plot of the decreasing CT values obtained from am- 
plifying, in ascending order, template dilution series of starting from a known amount 
(standard curve). To solve equation 1.1 we also need an understanding of the real-time 
PCR fluorescence detection system's ability to first discriminate specific fluorescence from 
background (generally 10'' to 10" copies (To) of labeled DNA). Equation 1.1 is the basis 
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for quantitative real-time PCR. For example, if a standard with lo4 copies was amplified in 
an assay with an efficiency of 1.8, the expected CT would be 23.1 as shown below, 

10'' copies = lo4 copies (1.8 copies/cycle)" 

Therefore, log ( lo6 copies) = n cycles.log(l.8 copies/cycle), 
which solving for n gives us n = 6/0.26 cycles (= 23+1). 

Forearmed with some knowledge about your assay's efficiency and the real-time CT 
data from a dilution series, it is possible to quickly identify problems with a dilution series 
used as a standard curve. Moreover, if one uses the same variables, one can also identify 
where a single copy's amplification plot (T, = 1) should first appear, in this case using our 
assay efficiency and T o  value, at a CT of 38.5 cycles. Therefore one can quickly see if an 
unknown has amplified too late suggesting the presence of amplification inhibitors, non- 
specific amplification or even low-level contamination which may only be present at 1 copy 
per several microliters and prime inefficiently during the early cycles. 

Real-time instrumentation 
Broadly speaking, real-time PCR instruments can be divided into two classes based on 
the method used to heat the reaction vessel; the solid heating block thermal cyclers and 
the heated air thermal cyclers+ Block cyclers generally ramp at 1 to 10°C/sec whereas 
air cyclers can ramp as quickly at 20°C/sec. The faster rates permit 10 to 20 min assays 
(Wittwer et al., 2003; excluding hands-on time) however these times are infrequently ap- 
plied to microbial real-time PCR assays, probably due to technical difficulties when clinical 
specimens are used under real-life conditions as well as the need for cycling parameters 
that provide maximum sensitivity (e.g. lengthy PCR enzyme activation times for hot- 
start PCR). An off-shoot of the block cyclers are miniaturized thermal cyclers capable of 
performing real-time PCR but constructed of sturdy solid-state and relatively low-cost 
materiaIs, permitting transport of the PCR laboratory to the site of testing (Northrup, 
1998; Ibrahim et al., 1998). 

The quality of the instrument has a significant role in the reproducibility of results, 
which subsequently influences how well a described protocol transports between laborato- 
ries and countries. 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, the instrument's ability to obtain and hold the desired tem- 
perature should be an important consideration when purchasing a real-time PCR system. 

The majority of PCR thermal cyclers employ capped plastic reaction vessels to contain 
the amplification reaction. However the Lightcycler employs 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 relatively fragile and require some experience to handle, which should be consid- 
ered along with the laboratory layout when employing such a system for infectious diseases 
diagnosis (Schalasta et al., 2000). The Lightcycler and the RotorGeneT" (Corbett life sci- 
ence) instruments vary their temperature by rapidly heating and cooling air using a heating 
element and fan which produce ramp rates of 20°C and 2.5"C per second, respectively* 
Faster rates prolong polymerase survival and significantly shorten the assay's completion 
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time but existing assays may require some fine-tuning in the transition between instru- 
ments (Weis et al., 1992). There are several reviews which include the features of real-time 
PCR instrumentation, and it does not fall within the scope of this chapter to reproduce 
these further (Bustin, 2000; Bustin, 2002; Cockerill 111, 2003; Herrmann et aL, 2006; 
Espy et al., 2006; Kubista et al., 2006). 

The fluorescent options in the real-time PCR toolbox 
Two categories of chemistry exist because of (i) the use of dyes that interact with any 
and all dsDNA (e.g. SYBRB green I), and (ii) the use of sequence-specific, fluorogenic 
oligoprobes (e.g. TaqMan" oligoprobes). In general however, the specific and non-spe- 
cific fluorogenic chemistries detect amplicon with equal sensitivity (Wittwer et al., 1997b; 
Newby et al., 2003; Fern6ndez et al., 2006), despite the common misconception that add- 
ing an oligoprobe to a reaction will automatically make it more sensitive, The appearance 
of new fluorogenic chemistries has slowed in recent times and few applications using the 
most recently described chemistries have been reported for the specific detection, quan- 
tification and genotyping of microbes. Undoubtedly some of the newest 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 existing patents (and gener- 
ate new ones) rather than convincingly demonstrate any significant advance to the field of 
realctime PCR. 

DNA-associating dyes 
The DNA-associating dyes are the basis of the non-specific, real-time PCR amplicon 
detection methods. Many of these fluorogenic molecules interact with dsDNA by associ- 
ating with the minor groove of the DNA duplex. As a group these dyes display minimal 
fluorescence when free in solution but emit strongly when associated with dsDNA (which 
they do with high afinity) and exposed to a wavelength of light capable of exciting that 
dye, These are the simplest real-time PCR reporter systems, Ethidium bromide (Higuchi 
et al., 1992), as described earlier, was the original dye used in this context but now this class 
includes YO-PRO-1 (Ishiguro et al., 1995; Tseng et al+, 1997), SYBR" green I (Wittwer 
et al., 1997a), SYBR Gold (Tuma et al., 1999), BEBO (Bengsson et al., 2003), BOXTO 
(Lind et al., 2006), LCGreen (Wittwer et aL, 2003; Herrmann et al,, 2006) and S Y T 0 9  
(Monis et al., 2005). The asymmetric, minor groove-binding (MGB) cyanine dyes are very 
well represented amongst this list and are a subject of ongoing research and development 
(Kubista et al., 2004). The non-specific chemistries are relatively inexpensive, do not re- 
quire additional oligonucleotide design or chemical conjugation and are minimally affected 
by small changes in template sequence which may abolish hybridization of an oligoprobe, 
even when primers have successfully amplified the template (Komurian-Pradel et al., 
2001). A recent study showed that nearly half of all possible single nucleotide mismatches 
in an oligoprobe-binding site could not be detected by a TaqMan oligoprobe but were de- 
tectable using SYBR Green I (Papin et al., 2004). This provides a perfect example of how 
we can now see "into" the workings of the PCR thanks to fluorogenic detection methods 
and obtain more reliable data than we ever could have using end-point methods such as 
PCR-ELISA which is more likely to report that mismatches in an oligonucleotide have no 
significant effect on product yield (Christopherson et al., 1997). However, recent evidence 
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suggests that SYBR green I preferentially binds to amplicon species that melt at  higher 
temperatures, indicating a preference for G+C-rich regions (Giglio et al., 2003). Possibly, 
SYBR Green I binds to high-temperature duplexes after melting off 
duplexes due to its use at non-saturating concentrations; resulting in a hierarchy of melting 
peak heights that may have no relation to starting template concentration or sequence 
(Wittwer et al., 2003). Such unreliability precludes efficient microbiological multiplex real- 
time PCR applications which employ this dye to discriminate amplicon based on melting 
curve analysis. Furthermore, apart from its direct toxicity (especially if used at saturating 

SYBR green I can degrade into products capable of inhibiting the PCR 
(Karsai et al., 2002). A recent addition to this chemistry, LCGreenm I, displays a higher 
sensitivity for lower-temperature duplexes (Wittwer et al., 2003) and is the favored dye for 
High Resolution Melting applications (Wittwer et al., 2003; Herrmann et al., 2006). 

primer-dimer formation is common during PCR and is strongly associated with 
entry of the PCR into a plateau phase of amplification (Figure 1.4; (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 interpreta- 
tion of the PCR results. The formation of primer-dimers is also more common in the 
presence of little or no specific template when idle primers become the dimers' ~ l a y - t h i n ~ .  
Unfortunately, limited template can be a frequent occurrence when analyzing nucleic acids 

from patient specimens for the presence of microbial targets. The presence of 
primer-dimer can sometimes be revealed using software capable of melting curve analysis 
(Ririe et al., 1997; Wittwer et al., 1997a) producing fluorescent dissociation curves. In 
the context of the non-specific dyes, melting curve analysis can be completed in minutes, 
requires no amplicon manipulation and utilizes the temperature at which a &DNA 
amplicon denatures or "melts" (TD; Figure 1.1). The shorter primer-dimer can theoreti- 
cally be discriminated by its reduced To compared to the full-length amplicon. Practically, 
this discrimination is heavily reliant upon the comparative G+C content of the specific 
amplicon and of the primer-dimer or larger non-specific products, as well as the length of 
the amplicon. The contribution of non-specific products to the accumulating fluorescence 
signal during the PCR can reportedly be reduced by selecting a data collection temperature 
above the known TD of the unwanted products (Morrison et al., 1998; Ball et al., 2003) 
but only if those products melt at a discernibly different TD compared to the specific am- 
plicon and after some preliminary melting experiments to determine the To of all possible 
unwanted products. Of  course this does not prevent the production and amplification of 

- 

primer-dimers, merely the detection of them. Unfortunately this approach may reduce the 
total signal since primer-dimers may contribute significantly to the overall fluorescence, 
while the higher data acquisition temperature may also reduce fluorescence levels. This ap- 
proach is not a substitute for well designed primers (and perhaps a titration of magnesium 
ions). 

The melting of dsDNA in parallel with constant monitoring of the changes in fluo- 
rescence can be prone to error and is reliant upon the abilities of the instrument to resolve 
small differences in temperature (Herrmann et al,, 2006). Also, analysis of the melting 
character of an amplicon in the presence of SYBR green I, initially observed by experimental 
accident, has shown that the sensitivity of DNA-binding fluorophores is limited by non- 
specific amplification products which exert greater influence when a limited amount of the 
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specific template is present (Wittwer et al., 1997a; Gingeras et al,, 2005). Unfortunately 
there is no reliable real-time PCR solution to discriminate non-specific amplicon when 
it has a similar or higher TD to the target amplicon species, Nonetheless low-resolution 
confirmation of amplicon identity is the most common application of the non-specific 
fluorophores (Herrmann et al., 2006) although species discrimination is also possible with 
well-designed assays (Merien et al., 2005). 

D N A  binding fluorophores increase the To and broaden the melting transition of 
dsDNA, requiring substantial sequence change to produce a noticeable shift in the TD 
compared to using the TM to discriminate nucleotide polymorphisms, Oligoprobes permit 
a much clearer discrimination of single point sequence variations using the TM (Wetmur, 
1991). They are especially useful for discriminating related microbes and are our method 
of choice for rapid microbial genotyping. 

Fluorogenic oligoprobe and primer chemistries 
The adoption of oligoprobes to detect amplicon has added an additional layer of speci- 
ficity to the PCR by indirectly confirming the sequence of the amplicon, in addition to 
employing a pair of sequence-specific primers. By using an excess of oligoprobe, the time 
required for it to hybridize with its target is significantly reduced, especially after PCR 
amplification (Morrison et al., 1989; Wetmur, 1991). Similar benefits are not enjoyed by 
the PCR-ELISA and Southern blot probe-based methods since neither of these can fully 
exploit the speed aspect+ 

A candidate fluorescent dye should efficiently absorb and emit energy, releasing those 
emissions at dissimilar wavelengths so that excitation and emission can occur concurrently. 
An optimal label must also easily attach to DNA and be detectable at low concentrations, 
The label or labels should produce an altered signal upon specific hybridization or shortly 
thereafter, remain biologically innocuous and remain functional after periods at elevated 
temperatures and after long-term storage on the shelf. Additionally, the label should not 
interfere with the activity of the polymerase (Matthews and Kricka, 1988; Holland et al+, 
1991)+ 'The relationship between a fluorescence signal indicating positive hybridization 
and a signal from unwanted fluorescence is often referred to as the signal to noise ratio. A 
high signal to noise ratio is preferred (i.e. more signal, less noise) Generally speaking, this 
can best be achieved by oligoprobe chemistries that utilize a non-fluorescent quencher and 
require the lowest number of molecular interactions to generate a signal. 

While the most common oligoprobes are based on conventional nucleic acid chemistries, 
peptide nucleic acid (PNA) is becoming an increasingly popular choice for oligonucleotide 
backbones. PNA is a DNA analogue formed from neutral, repeated N-(2-aminoethyl) 
glycine units instead of the negatively charged sugar-phosphates of D N A  (Egholm et al., 
1993). The PNA oligoprobe retains the same sequence recognition properties of DNA 
but it cannot be extended or hydrolyzed by a DNA polymerase. A more recent family of 
DNA analogues are the locked nucleic acids (LNA; 2'-0,4'-C-methylene-P-D-ribofu- 
ranosyl) (Obika et al., 1998; Koshkin et al., 1998; Singh 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 hybridization &nity towards DNA 
and RNA. LNA monomers can be incorporated into a synthetic oligonucleotide as desired 
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using conventional phosphoramidite chemistry, 'Their addition increases the thermal sta- 
bility of the oligonucleotide, permitting the construction of very short 8-11 nt oligoprobes 
for real-time PCR applications, even shorter than TaqMan-MGB oligoprobes (Simeonov 
and Nikiforov, 2002; Goldenberg et al., 2005). This is extremely useful when only short 
regions of suitably conserved or discriminating sequence are available and these bases have 
been used in several oligoprobe formats described below. 

Other modified nucleotides include SuperATM and SuperTTM. Each are designed to 
bind more strongly to their complementary base and can be included in oligonucleotides 
(Epoch Biosciences). SuperGTM has been modified to reduce self-association and permit 
oligonucleotide designs with runs of Gs. SuperN" is designed to bind to any base with 
equal stringency. 

General considerations for the design of a fluorogenic oligoprobe should include a 
length of 15 to 35 nt with a G+C content of 40 to 60%. The oligoprobe should not contain 
clusters of a single nucleotide, particularly G, neither should it have repeated sequence 
patterns or hybridize with the sense or antisense primers. An oligoprobe should also have 
a TM at least 5°C higher than that of the primers, to ensure the oligoprobe(s) hybridizes 
with its template before extension of the primers begins (Landt, 2001). This caveat also ap- 
plies to the components of a multi-oligonucleotide fluorogenic chemistry requiring two or 
more hybridization events for effective signaling such as the tripartite molecular beacons, 
universal template primer or duplex Scorpion" primers. 

Deoxyguanosine nucleotides (G) naturally quench some dyes (e.g. FITC) in a posi- 
tion-dependent manner (Crockett and Wittwer, 2001). This quenching varies linearly 
with a defined concentration range of template. The level of quenching can be increased if 
more Gs are present or if a single G is located in the first non-hybridized position of the 
oligoprobe and amplicon duplex. In this position, the G will be located one nucleotide be- 
yond ("overhanging) the dye-labeled terminus of the probe, where it will remain free once 
the oligoprobe has hybridized to the target amplicon. A hybridized G does not quench to 
the same degree as a free G. Since a single labeled oligonucleotide is easy to design and use 
and relatively simple to synthesize, this knowledge of natural quenching has been applied 
to some amplicon detection approaches (e.g. LUXm primers described below). In addition, 
natural quenching does not require a DNA polymerase with nuclease activity (Crockett 
and Wittwer, 2001). However, this system should be applied cautiously as the reduction 
in fluorescence is not as efficient as with a dedicated quencher and is more favorable for 
fluorophores emitting in the green and yellow wavelengths (Marras et al., 2002). This ap- 
plication has typically been described for S N P  analysis where template amounts are not as 
much of an issue as they are in microbiology (Leman et al,, 2006). 

All the non-incorporating, nucleotide-based, oligoprobe chemistries described in the 
following sections include a 3' phosphate or similar moiety (Cradic et  al., 2004), which 
blocks their extension by the DNA polymerase thus preventing the oligoprobe acting as 
a primer, but with no impact on the amplicon yield. These fluorogenic chemistries can be 
further divided into two classes; those which are destroyed to produce fluorescence and 
those which are not. Oligoprobes depending on a destructive process for signal genera- 
tion are usually located close to the primer that hybridizes to the same strand in order to 
maximize the chance that polymerase will make early contact with the bound oligoprobe. 
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Non-destructive oligoprobes are usually located as far as possible from the primer (unless 
they are themselves the primer) on the same strand to ensure signal is produced before the 
polymerase dislodges the duplex. 

Destructive oligonucleotide systems 
In 1991, Holland et al. described a technique that was to form the foundation for homo- 
geneous PCR using fluorogenic oligoprobes. The 5' to 3' nuclease activity of Taq DNA 
polymerase on specific oligoprobe and target DNA duplexes was monitored using radio- 
label incorporated into the amplicon (Holland et al., 1991). The products were examined 
using thin layer chromatography and the presence of hydrolysis was used as an indicator 
of specific duplex formation. 

Lee et al. (1993) later reported an innovative approach using nick-translation PCR in 
combination with a dual-fluorophore labeled oligoprobe (Lee et al., 1993). In the first truly 
homogeneous assay of its kind, one potentially fluorescent dye was added to the 5' terminus 
and one to the middle of a sequence specific oligoprobe, When in such close proximity, the 
5' reporter fluorophore (6-carboxy-fluorescein; FAM) transferred laser-induced excita- 
tion energy by FRET to the 3' quencher fluorophore (6-carboxy-tetramethyl-rhodamine; 
TAMRA). TAMRA emitted the new energy at a wavelength that was monitored but not 
specifically utilized in the presentation of data. However, when the oligoprobe hybridized 
to its template, the nuclease activity of the DNA polymerase destroyed the oligoprobe 
and released the fluorophores. Once the fluorophores were separated, the reporter's emis- 
sions were no longer quenched and the instrument detected and presented the resulting 
fluorescence data. These oligoprobes have been called hydrolysis, 5' nuclease, dual-labeled 
or most commonly, the trade name has been used; TaqMans oligoprobes (Figure 1.5a). 
Except where specific examples are provided, we will use the first term. 

To make the hydrolysis oligoprobes more user-friendly a platform was required that 
could both excite and detect fluorescence in addition to thermal cycling. In 1993 a charge- 
coupled device described the year before was combined with a thermal cycler, resulting in 
the first real-time PCR fluorescence excitation and detection instrument (Nakayama et al., 
1992; Higuchi et al., 1993). In 1996 the first commercial platform was released, the ABI 

Figure 1.5 (a) Following primer hybridization, the DNA polymerase (Pol) progresses along the 
relevant strand during the extension step of the PCR, displacing and then hydrolyzing the 
oligoprobe. Once the reporter (R) is removed from the extinguishing influence of the quencher 
(Q), it is able to release excitation energy. Inset shows the NFQ (Q, filled hexagon) and minor 
groove binding molecule (grey diamonds) which make up the TaqManO-MGB oligoprobes. 
These reporter systems acquire data from the reporter's emissions. Data can be collected 
during the annealing or extension steps of the PCR; (b) After the universal template (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; dashed 
line) in the same fashion as an hydrolysis oligoprobe. This system can produce fluorescence 
data from the emissions of the released fluorophore during the annealing or extension steps; 
(c) When the strand incorporating the DzyNA primer is duplicated by a complementary strand 
(dashed line), a DNAzyme is created. A complementary, dual-labeled oligonucleotide substrate 
will be specifically cleaved by the DNAzyme releasing the fluorophore (F; circle) from its proximity 
to the quencher, releasing the labels and permitting fluorescence. Data can be collected during 
the annealing or extension steps of the PCR; (d) Adjacent hybridization probes (HybProbea 
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probes) can produce a FRET signal due to interaction between the donor (D) and acceptor 
(A) spectra which is detected during the annealing step of the PCR. This system acquires its 
data from the acceptor's emissions; the opposite of the hydrolysis oligoprobe chemistry; (e) 
The yin-yang oligoprobes consist of two hybridized oligonucleotides. The shorter NFQ-labeled 
strand is displaced when the fluorophore-labeled (F; circle) strand preferentially hybridizes to 
the longer specific amplicon strand. Data are collected from this system during the annealing 
step of the PCR; (9 The Light-UpTM Probe has a PNA backbone and generates a fluorescent 
signal when the asymmetric thiazole orange fluorophore CT; open triangle) hybridizes to the 
amplicon strand. Data are collected from this system during the annealing step of the PCR; 
(g) The fluorophore of the HyBeacon oligoprobe emits fluorescence when in close proximity to 
DNA as occurs upon hybridization with the specific amplicon strand. Data are collected from 
this system during the annealing step of the PCR. 
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Prism" 7700 sequence detection system (Perkin Elmer Corporation/Applied Biosystems, 
USA), and it remains in use today. Its accompanying chemistry the hydrolysis oligoprobes, 
remain the most popular specific chemistry, followed by SYBR" Green I which was released 
on the next commercial platform, the Lightcycler (Wittwer et al,, 1997b). Evaluation of 
TaqMan oligoprobes with LNA substitutions resulted in real-time PCR curves with a bet- 
ter linear phase and earlier CT values than conventional TaqMan oligoprobes (Reynisson 
et al., 2006). ?his may have been caused by their slightly decreased length, resulting in an 
enhanced level of quenching due to the changed proximity of reporter and quencher and 
thus an improved signal to noise ratio. 

A modification to the hydrolysis oligoprobe chemistry resulted in the MGB oli- 
goprobes usually known as TaqMan-MGB probes (Figure 1,5a, inset; (Afonina et al., 
2002a)). This chemistry has a fluorescent reporter dye at the 5' end and an N F Q  at the 
3' end (although they were first reported with a TAMRA quencher), In addition the oli- 
goprobe has an MGB molecule at the 3' end that further stabilizes an 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 hybridized, the stretched oligoprobe is able to fluoresce. However, as 
with many dual-labeled oligoprobe systems, this relaxed state can "leak" fluorescence at 
higher temperatures when the oligoprobe is prone to partial unfolding. We have, acciden- 
tally, experienced such leaky fluorescence when developing a TaqMan assay for human 
metapneumovirus (HMPV) in which we employed asymmetric primer concentrations 
that may have created suitably inefficient conditions for us to demonstrate leakage in the 
form of a melting peak under controlled conditions (Mackay et al., 2003). 

The TaqMan-MGB chemistry permits the use of very short (12-17 nt) oligoprobes 
because of a 15 to 30°C rise in their TM as a result of the interaction of the MGB and 
the DNA helix, in particular its stabilization of A:T bonds, These short oligoprobes 
are theoretically ideal for detecting SNPs, since a short oligoprobe is more significantly 
destabilized by changes within the hybridization site than a longer oligoprobe, However, 
in practice the degree of discrimination depends on the base of interest, since some nucleo- 
tides can significantly influence fluorescence intensity and because different mismatches 
impart different degrees of instability. Originally this approach was designed for the allelic 
discrimination of genomic DNA where the ratio of heterozygote to wild-type sequence 
was 1:l. In situations where this ratio is significantly skewed, the discriminatory power of 
polymorphism detection by these oligoprobes may be reduced. 

A chemistry similar to the TaqMan-MGB is the MGB-EclipseTM oligoprobe, which 
replaces the standard TAMRA or DABCYL (4-[4'-dimethylamino-phenylazo]-benzoic 
acid) quencher with a proprietary N F Q  (Eclipse dark quencher) and places it at the 5' 
end along with the MGB molecule, with the fluorophore at the 3' end (opposite to the 
TaqMan-MGB; also known as QuantiProbesm from QIAGEN). The MGB molecule pro- 
tects the oligoprobe from degradation by the polymerase and instead the signal is gener- 
ated by stretching and relaxing of the oligoprobe during annealing and melting which also 
permits melting curve analyses. While stringent hybridization is useful for polymorphism 
analysis, this is not a generally desirable feature for routine detection of viruses unless an 
extremely stable hybridization site can be determined (Whiley and Sloots, 2006). 
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A recent addition to the destructive chemistry set is the universal template (UT)  
primer (Figure 1.5b; (Zhang et ale, 2003))+ 'This system adds a generic or "universal" se- 
quence to the 5' end of one PCR primer with which a common hydrolysis oligoprobe can 
hybridize permitting the use of the same oligoprobe for different amplicons. 'The remain- 
der of the primer provides assay specificity so that multiple primers can be used to amplify 
numerous targets. 'This chemistry may be useful for detecting viruses consisting of many 
genotypes such as the picornaviruses. 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. Conceivably, locating the oligoprobe 
as far as possible from the primer on the same strand may lead to inefficient hydrolysis. 
Another universal system called common reporter real-time PCR takes a slightly different 
approach (Rickert et  al., 2004). In this system two sense primers are employed. The first 
sense primer incorporates two non-target sequences; one for an assay specific hydrolysis 
oligoprobe preceded by one for a second, universal sense primer as well as a 3' target se- 
quence. 'The sense primers and a target-specific reverse primer are included in the reaction 
but the universal sense primer only begins to amplify target after the antisense strand 
has been produced (which will include the complement of the universal sense primer's 
and the hydrolysis oligoprobe's sequence). Using the same approach, a distinctively labeled 
hydrolysis oligoprobe can be employed to detect a housekeeping gene within the same 
reaction. Because the oligoprobes in these two systems rely upon hybridization with a 
primer, it is possible that this chemistry will also produce fluorescence from the formation 
of non-specific amplicon, 

The padlock probe is a new class of ligation-dependent oligoprobe designed primarily 
for human genotyping analysis by microarray but it has also proven useful to detect plant 
pathogens (Nilsson, 2006). 'The padlock probe contains target complementary sequence 
at each terminus of a -100 nucleotide linear DNA strand, bracketing the hybridization 
sites for two primers and an hydrolysis oligoprobe. During hybridization to specific tem- 
plate the termini are brought close enough together to permit ligation and circularization 
(Szemes et al., 2005). This linear DNA molecule has no fluorogenic potential by itself but 
the exonuclease-resistant, circularized molecules can be amplified by PCR along with the 
oligoprobe binding site permitting a real-time PCR assay. 

Another TaqMan-like oligonucleotide sequence has been used as the signal-generat- 
ing portion of the DzyNA-PCR system, now in a commercial variant entitled the QzymeT" 
(Figure 1 .5~;  Todd et al., 2000; Applegate et al., 2002). The reporter and quencher are 
attached to the termini of an oligonucleotide substrate which is essentially an hydrolysis 
oligoprobe. Cleavage of the oligosubstrate is performed by a DNAzyme, which is cre- 
ated during the PCR. 'This creation is the result of the PCR duplicating an antisense 
DNAzyme sequence included in the 5' tail of one of the primers. The duplicated sequence 
is theUfunctional" form of the DNAzyme, Upon cleavage of the substrate, the fluorophores 
are released permitting fluorescence in an identical manner to an hydrolysis oligoprobe. 
A similar approach is employed by catalytic molecular beacons which consist of a ham- 
merhead deoxyribozyme appended to a traditional molecular beacon structure (Stojanovic 
et al., 2001). These oligonucleotides are all quite complex requiring careful design and, 
because they contain non-target sequences, may perform with difficulty when employed to 



20 1 Mackay et a/. 

discriminate microbes within human genomic DNA-laden matrices where the existence of 
potentially similar, but non-target sequences abound, 

To increase the specificity of the hydrolysis oligoprobe chemistry whilst retaining the 
process of probe destruction and fluorophore release a hairpin modification was created 
essentially replicating the structure of a molecular beacon (described below), but permit- 
ting the oligoprobe's hydrolysis (Kong et al., 2002). This chemistry was first trialed on 
hepatitis B virus DNA but comprehensive sensitivity or specificity comparisons were not 
performed and subsequent use of this chemistry has not been reported for microbial stud- 
ies. 

Non-destructive oligonucleotide systems 
Since these oligoprobes are not destroyed to produce a fluorescent signal, they can be re- 
used to examine the nature of the amplicon(s). Briefly, a suitable instrument denatures and 
anneals the dsDNA amplicon at the end of the amplification and then slowly increases 
the temperature beyond that required for denaturation, Fluorescence data are continually 
collected throughout and the point at which one or both oligoprobes melts off the template 
is apparent as a precipitous change in the fluorescence signal, Plotting the first derivative of 
this data (change in fluorescence with temperature) versus temperature results in a melting 
"peak." that can be used to identify differences between microbial strains, identify sequence 
drift and even fbnction as an alternative approach to multi-probe multiplex real-time 
PCR. 

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 hydrolysis oligoprobe chemistry but taking longer to achieve the same degree 
of commercial support. The pair of oligonucleotides were used to identify the distance be- 
tween 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 chemistry is now known commer- 
cially as the hybridization probes (HybProbe" probes), having become the manufacturer's 
chemistry of choice for the LightCycler (Wittwer et al., 19976). The upstream oligoprobe 
is typically labeled with a 3' donor fluorophore (FITC) and the downstream probe with 
either a proprietary LightCycler Red 500,610,640,670 or Red 705 acceptor fluorophore 
at the 5' terminus, with a phosphate at the 3' terminus (or similar moiety; Cradic et al., 
2004) to prevent extension by the DNA polymerase. Ideally when both oligoprobes are 
hybridized to the amplicon, the two fluorophores are located within 5 nt of each other 
(Figure 1.5d) to allow FRET between the excited FITC dye and the particular red dye 
employed; and it is the red dye signal that is measured, 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 or "Ying-Yang oligoprobes function by displacement hybridiza- 
tion (Figure 1.5e; (Li et al., 2002)). In this process a 5' fluorophore-labeled oligonucleotide 
is, in its resting state, hybridized with a complementary, but shorter, quenching DNA 
strand that is 3' end-labeled with an NFQ. Quenching reportedly occurs via a collisional 
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mechanism similar to the hairpin chemistries (to be described below). When the full- 
length complementary sequence in the form of an amplicon is generated by PCR, the 
reporter strand preferentially hybridizes to the longer target amplicon strand, disrupting 
the quenched oligoprobe duplex and permitting the fluorophore to emit its excitation 
energy directly. This emission accumulates due to nuclease-mediated destruction of the 
reporter strand. This approach has been used for the detection of hepatitis B virus DNA 
(Kong et al., 2003$ and the quantification of plasmid-derived hepatitis C virus (HCV) 
sequences demonstrating an 8-loglo dynamic range of template concentration (Shengqi 
et al., 2002). Modification of the chemistry via the addition of LNA bases has made 
hybridization more stringent, but at the expense of increased production cost without a 
significant improvement in performance (Kennedy et al., 2006). The Ying-Yang chemistry 
is made more complex by its need for the quenching strand to re-anneal after dissociating 
with amplicon in order to complete the signaling process, failure of which could see a rise 
in background fluorescence, 

The next two chemistries are very simple, single-fluorophore oligoprobes making them 
relatively easy to both design and use. The LightUp" probe (LightUp Technologies) is also 
a linear PNA, and is labeled with an asymmetric cyanine fluorophore, thiazole orange 
(TO; Figure 1.5f (Svanvik et al., 2001)). 'The combination of these two design features 
conveys extraordinary shelf-life upon this chemistry making it a good candidate for ready- 
to-use kit-based assays (Leijon et al+, 2006). Because PNA does not interact with other 
proteins, this chemistry may be useful for direct detection of microbes in crude specimens. 
When hybridized with a nucleic acid target, either as a duplex or triplex, the fluorophore 
emits fluorescence due to proximity to the amplicon (Svanvik et al,, 2000). The LightUp 
probes do not interfere with the PCR, do not require conformational change and because 
they bind more strongly to DNA than do DNA oligonucleotides, they can be shorter 
than similar oligoprobes based on a DNA backbone. 'These probes are very sensitive to 
single nucleotide mismatches, permitting further amplicon characterization but treat- 

ing similar concerns to those brought up for the TaqMan-MGB chemistry (Egholm et 
al,, 1993; Leijon et al., 2006). 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 thus bringing our detection system closer to direct analysis of amplicon 
accumulation (Isacsson et al., 2000; Svanvik et al., 2001). However, non-specific fluores- 
cence has been reported during extended cycling (Svanvik et al., 2000). The chemistry 
has matured to the commercial arena (ReSSQ", LightUp Technologies) where it has been 
used to monitor human cytomegalovirus (CMV) and severe acute respiratory syndrome 
coronavirus (SARS-CoV) viral load in clinical and in vitro studies respectively (Wirgart et 
aL, 2005; Akerstrom et  al., 2005). 

The HyBeaconT" (LGC, United Kingdom) is a single linear oligonucleotide internally 
labeled with a fluorophore that emits an increased signal upon formation of a duplex be- 
tween the target DNA strand and the HyBeacon (Figure 1.5g; French et al., 2001; French 
et  al., 2002; Marks et  al,, 2005). HyBeacons are principally applied for SNP detection 
where they perform comparably to the HybProbes. Recent improvements to the chemistry 
have also improved fluorescence emission intensity. 

A dual-labeled PNA hybridization probe (Seitz, 2000) was also briefly known as the 
Lightspeed probe or linear PNA beacon (Stender et al., 2002). 'The oligoprobe is analogous 
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to the hydrolysis probe chemistry terminally labeled with a fluorophore and quencher, but 
it differs in its backbone which is PNA (Figure 1.6a). DNA (containing 2'-0-methylribo- 
nucleotides to prevent nuclease destruction) and PNA versions called "stemless molecular 
beacons" have been reported for the detection of synthetic HIV-1 templates where they 
incorporate an NFQ (Kuhn et al., 2001; Kuhn et al,, 2002). The DNA versions suffer 
from high background fluorescence (Kuhn et al., 2002), This format also includes a pair of 
PNA'bpeners" which require two short, closely located oligopurine stretches spanning the 
oligoprobe target region. The openers bind and hold apart the region of the DNA duplex, 
permitting oligoprobe insertion without the need for dsDNA denaturation (Kuhn et al., 
2001). In an aqueous solution the PNA backbone brings the fluorophore and quencher 
into close proximity, quenching the systems. When the probes hybridize to a specific target, 
they flex open and fluorescence is possible. 

The result of combining a single sequence-specific, CyS-labeled linear oligoprobe with 
SYBR green I created the Bi-probe system. This functions via a variation of FRET termed 
induced FRET (iFRET; (Cardullo et al., 1988; Howell et al., 2002)). Bi-probes are more 
specific than using SYBR green I alone and are simpler to design and manufacture than 
other oligoprobes but retain an enhanced signal to noise ratio (Brechtbuehl et al., 2001; 
Walker et al., 2001). Interestingly this approach functioned on the Idaho Technologies 
LightCycler but not the closely related Roche Lightcycler version 1.0. The disparity was 
due to the narrow band pass 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 Resonsense" probe 

Figure 1.6 (a) In aqueous solution the PNA backbone (grey hexagons) of the Lightspeed probe 
forms a random coil conformation that quenches fluorescence due to the proximity of the 
fluorophore and quencher (Q, hexagon). Upon hybridization this system is stretched open 
sufficiently to permit fluorescence which can be recorded during the annealing step of the 
PCR; (b) Hybridization of the loop sequence of the molecular beacon to the target separates 
the fluorophore and NFQ (Q, filled hexagon) allowing fluorescence. Data from these systems 
are collected during the annealing step of the PCR. lnset shows a wavelength-shifting hairpin 
oligoprobe incorporating a harvester molecule (H, filled circle); (c) Upon binding of the tripartite 
molecular beacon to specific amplicon the fluorophore is removed from the influence of the 
NFQ which permits fluorescence. Data are collected during the annealing step of the PCR. 
(d) The AmplifluorTM primer's fluorophore is separated from the NFQ during disruption of 
the primer's hairpin structure. The disruption occurs during creation of the complementary 
strand of the nascent DNA incorporating the Amplifluor primer (i) and whenever nascent 
dsDNA duplexes form during reannealing. An intermediate primer may also be employed for 
SNP studies, and then the Uniprimer is designed to target the 5' sequence appended to the 
primer (ii). The data from this system are collected during the annealing step of the PCR; (e) 
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 hybridization and not by the 
extension of a complementary amplicon strand. The fluorophore is separated from a 3' methyl 
red quencher during self-hybridization of the loop portion of the Scorpion with a complementary 
region on the nascent amplicon strand. lnset shows a duplex Scorpion. Data are collected 
from this unimolecular system during the annealing step of the PCR; (9 The IntraTaq primer 
is very similar to the Scorpion primer except that the signaling portion functions when the 
polymerase disturbs and hydrolyses the 5' end of the primer during the process of creating 
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the pd nascent strand; (g) The LUXTM primer is labeled with a single fluorophore 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 hybridizes, 
disrupts the hairpin and is extended. The fluorophore is now free to fluorescence and data can 
be collected from this signaling system during the annealing or extension step of the PCR. (h) 
In the absence of the longer specific amplicon, quenching of the Q-PNA displacement primer 
chemistry is achieved by a short NFQ-labeled PNA backbone (grey hexagons) designed to 
hybridize with the fluorophore-labeled primer. Fluorescence data can be collected during the 
annealing and extension steps of the PCR. 
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(Defence Science and Technology Laboratory, United Kingdom; (Lee et al., 2002)), 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 have also been described for melting curve analysis to 
discriminate homozygous from heterozygous DNA without the need for FRET (Kurata 
et al., 2001; Gundry et al., 2003). In one format, the fluorophore is carefully chosen and 
positioned so that its emissions are quenched by proximity to a complementary guanine 
(Crockett and Wittwer, 2001; Leman et al., 2006). This approach suffers if used for the 
detection of nucleotide polymorphisms in a guanine-rich sequence. A commercial form, 
called the SimpleProbe" probe is used on the Lightcycler and the genotyping platform, the 
LightTyper (Roche Diagnostics). The SimpleProbe targets a single 5' or 3' fluorescein la- 
beled hybridization oligoprobe to a polymorphism and produces an increased fluorescence 
when hybridized. Genotyping is performed by melting curve analysis (Chase et al., 2005). 

Hairpin oligoprobes 
Molecular beacons were the first fluorogenic hairpin oligoprobes described for real-time 
PCR applications. The hairpin oligoprobe's fluorophore and quencher are positioned 
at the termini of the oligoprobe (Figure 1.6b). Fluorophores have included EDNAS 
(5-[2'-aminoethyl] aminonapthalene-1-sulfonic acid), FAM, T E T  (tetrachloro-6-car- 
boxyfluorescein), HEX (hexaclhloro-6-carboxy fluorescein), TAMRA and ROX (5-car- 
boxyrhodamine-X) while the most commonly used quencher has been DABCYL. Gold 
nanoparticles have also been used successfully as quencher molecules (Dubertret et al., 
2001; Goel et al., 2005). The labels are held in close proximity by an adjacent region of 
homologous base pairing deliberately designed to create a hairpin structure encompassing 
a target-specific sequence that forms a bulging loop. The intimate proximity of the label 
molecules results in quenching by direct energy transfer via a collisional mechanism (Tyagi 
et al., 1998; Marras et al., 2002). In the presence of a sequence complementary to the 
molecular beacon's loop, the oligoprobe is shified into an open configuration. The reporter 
is then separated from the quencher's influence and fluorescence can be detected (Tyagi 
and Kramer, 1996). Molecular beacons are not intended to be hydrolyzed during the PCR. 
Hydrolysis is avoided by careful design to ensure that the specific hybridization occurs 
during annealing but does not continue during extension. Studies have employed different 
approaches to demonstrate that mostly intact molecular beacon oligoprobe remains fol- 

- 

lowing amplification indicating they are not destroyed in the reaction. Experiments have 
included the use of polymerases which lack endonuclease activity and gel electrophoresis 
of reaction products to directly determine that there is little destruction of oligoprobe. 
Additionally, similar fluorescent signaling patterns have resulted when employing non- 
cleavable backbone chemistries in a molecular beacon structure while the use of non-poly- 
merase related amplification methods such as NASBA and SDA have produced the same 
fluorescence patterns. 

Wavelength-shifting hairpin oligoprobes were introduced to improve the hairpin oli- 
goprobe chemistry, making use of a second, "harvesting" fluorophore (Inset, Figure 1.6b). 
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 
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potential for improved multiplex real-time PCR and nucleotide polymorphism analysis by 
increasing the number of emitters that can be excited using a single energizing wavelength 
(Tyagi et al., 2000). 'This is a useful workaround for instruments with a limited energizing 
light source although it may increase the manufacturing costs of the oligoprobes. 

'The multicomponent tripartite molecular beacons (TMB) are also hairpin oligoprobes 
(Figure 1-6c; (Nutiu and Li, 2002). 'These highly complex oligoprobes combine a molecu- 
lar beacon's hairpin with longer, unlabeled, single-stranded arms. Each arm is designed to 
hybridize to an oligonucleotide labeled with either a fluorophore or an NFQ. 'The system 
is quenched in the hairpin state due to the close proximity of the labels but fluorescent 
when hybridized to the specific amplicon strand. However, for quenching to occur the 
arms must re-hybridize after the denaturation step. 'The TMB chemistry may be subject 
to high background fluorescence in practical applications where genomic nucleic acids and 
accumulating amplicon interfere with re-annealing. 

Because the function of all the hairpin oligoprobes depends upon correct hybridiza- 
tion of the stem, accurate design is crucial to their function and is considerably more chal- 
lenging than for other oligoprobe chemistries. 

Self-priming, fZuorogenic 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 labeled 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 
signaling is unimolecular. Intramolecular hybridization is extremely fast and kinetically 
favorable since it does not rely upon the chance meeting of oligoprobe and amplicon 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 primers (Am- 
plifluorTM hairpin primers, Chemicon International), Scorpion primers (Nazarenko et al., 
1997), and the light upon extension primers (LUX; Whitcombe et al,, 1999). 

Amplifluor primers consist of a 5' fluorophore and a 3' DABCYL NFQ (Figure 1.6d). 
'The labels are brought together by complementary sequences that create a stem, closing 
the primer, A target-specific primer sequence is located at the 3' 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 
destabilized, the two fluorophores are forced approximately 20 nucleotides (70 A) apart 
and the fluorophore can emit excitation energy (Nazarenko et al,, 1997). The Uniprimer 
or universal energy transfer primer is a variant of the Amplifluor primer which improves 
this chemistry's power to discriminate nucleotide polymorphisms as well as reduces costs 
by re-using a single pair of fluorogenic primers for multiple SNP targets. Uniprimers are 
described for the identification of which of two possible nucleotides may be at the site of 
interest, and in this role are most useful for human SNP studies (Bengra et al., 2002). TWO 
primers are designed such that the 3' terminal nucleotide sits on the site of polymorphism. 
A6'universal" label sequence (which is the complement of the 3' sequence of one of two de- 
tecting Uniprimers) is included at the 5' end of these primers. In this way, multiple primer 
sets can be designed to detect different variable targets, but only a single pair of fluorogenic 
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primers is required to detect which of two nucleotide variant are present in the template. 
This approach may be extremely useful for the development of multiplex microbial screen- 
ing assays in which many primer sets are included, but only one Uniprimer. This would 
overcome the added expense inherent to the need for multiple oligoprobes in multiplex 
real-time PCR assays (Rickert et al., 2004). Uniprimer positives could then be further ex- 
amined with individual, pre-existing real-time PCR assays, It is possible however, that the 
Amplifluor's duplication could also occur during the formation of non-specific amplicon, 
producing reduced signal to noise ratios or false positive fluorescence. 

The Scorpion primer is similar in design to the sunrise primer except for a hexethylene 
glycol molecule that blocks duplication of the signaling portion of the Scorpion, which 
increases manufacturing complexity and costs (Figure 1.6e). In addition to the differ- 
ence in structure, the function of the Scorpion primer varies in that the 5' region of the 
oligonucleotide is designed to hybridize to a complementary region within the nascent 
amplicon strand creating an intramolecular signaling system which combines hairpin and 
self-priming mechanisms. 'This approach to signal generation separates the labels disrupt- 
ing the hairpin and permitting fluorescence in the same way that hairpin oligoprobes 
function (Whitcombe et al., 1999). The duplex Scorpion primer requires the primer, a 
quencher and the target amplicon to interact. 'The stem-loop is exchanged for a separate, 
complementary oligonucleotide labeled with a quencher at the 5' terminus. The additional 
oligonucleotide interacts with the primer element which is terminally labeled with the fluo- 
rophore (Figure 1.5e, inset; Solinas et al., 2001). When it exists as a duplex, the chemistry 
is quenched but becomes fluorescent after hybridization to the longer specific amplicon 
strand. Interestingly, because the quencher is not part of the same molecule, brighter fluo- 
rescence can be achieved than with the unimolecluar version where the labels are neither 
absolutely quenched, nor freely fluorescent. Uniplex Scorpion primers have been used to 
quanti+ HIV-1 load (Saha et al., 2001) and can be used for nucleotide polymorphism 
detection. In the latter role either the primer component or the probe component covers 
the polymorphism (Whitcombe et al., 1999; Thelwell et al,, 2000). As with any microbial 
genotyping, signal intensity and thus results, may suffer if the target region is subject to 
any nucleotide variation. 

A combination of the hydrolysis probe and a Scorpion primer was been presented 
as the intramolecular TaqMan, or IntraTaq probe (Figure 1.6f; Solinas et al., 2002). 'This 
chemistry exhibits the proprieties of an hydrolysis oligoprobe combined with a self-prob- 
ing chemistry since it is also part primer. Only when the probing portion has annealed 
to the newly formed amplicon, will the exonuclease activity of the polymerase be able to 
cleave the link between the reporter and quencher, 

Another variation of the hairpin and self-priming fluorophore chemistries is the 
self-quenching hairpin oligonucleotide primer which has been commercially denoted the 
LUX fluorogenic primer (Figure 1.6g; Nazarenko et al., 2002). At annealing temperatures, 
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 responsive FAM (carboxyfluorescein) or JOE (carboxy- 
4',5'-dichloro-2',7'-dimethoxyfluorescein) dyes via stretches of 5' and 3' complementary 
sequences. In the presence of the complementary target strand, a nascent strand is ex- 
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tended, which incorporates the LUX primer. The dsDNA opens the hairpin, permitting 
fluorescence from the fluorophore. This non-destructive chemistry is simple to design and 
use7 relatively inexpensive and it does not require the inclusion of an additional oligoprobe. 
However, the presence of primer-dimer and non-specific amplicon could, as for SYBR 
Green I, the sunrise primers and the UT-oligoprobe, be displayed as a fluorescent signal. 
The ~roducts  can be discriminated using their differingTo however there is no reliable way 
to account for their signal in quantitative real-time PCR. A variant of these chemistries is 
the Angler" oligoprobe which closely resembles a Scorpion primer, except for the absence 
of a quenching moiety (Lee et al., 2002). Angler oligoprobes consist of a 3' specific primer 
sequence linked via a hexethylene glycol molecule to a 5', Cy5-labeled tail. The tail portion 
of the Angler is designed to self-hybridize to downstream sequences in the nascent strand, 
producing a unimolecular signaling system. In contrast to the dual-labeled Scorpion, the 
Angler uses FRET between the terminal Cy5 and SYBR gold incorporated into the self- 
annealed duplex to produce a fluorescent signal, 

The technique of hybridization displacement can also be used with a fluorophore- 
labeled primer and because additional stringency is provided by the longer complementary 
strand, the system performs its own "hot-start" as exemplified by an NFQ-labeled PNA 
strand (Q-PNA; Figure 1.6h; Fiandaca et al., 2001; Stender et al., 2002). In the Q-PNA 
approach, a short quenching PNA oligoprobe is bound to an unincorporated fluorogenic 
primer such that the N F Q  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 favor of the longer target amplicon, after which the fluorophore can fluo- 
resce, During cycling, increasing amplicon concentrations will compete with reannealing 
of the quencher strands and could cause a non-specific, cumulative rise in background 
fluorescence. This issue should be considered for all oligoprobe systems, particularly the 
multicomponent chemistries which require some "assembly" to complete each cycle of 
reporting and quenching. 

A different approach to the self-quenching amplicon resulted from the creation of a 
completely new nucleotide base pair (Switzer et al., 1989) formed by isoguanine (iG) and 
5'-methylisocytosine (iC) which were labeled with a fluorophore and quencher (Johnson 
et al., 2004; Sherrill et  al., 2004). In this example the sense primer was 5' labeled with 
fluorophore-modified diCTP, and free diGTP conjugated to DABCYL was incorporated 
into the nascent amplicon using a nuclease-deficient Taq DNA polymerase. This approach 
was able to detect 1 to 10 copies of DNA or RNA derived from HIV-1 in a real-time PCR 
format. Another new base pair (Piccirilli et al., 1990) was employed to create a universal 
real-time or end-point PCR signaling system (Moser et al,, 2003). Similar to the Uniprimer 
system, a universal label sequence is incorporated into the 5' terminus of the sense primer, 
separated from the target specific sequence by iG and iC bases. This separation provides an 
entry-point for nuclease activity which hydrolyses an oligoprobe labeled with an internal 
DABCYL cpencher and a 3' fluorophore. 

Comparison of fluorogenic chemistries 
While reviewing the previous signaling options one should note the number of hybridiza- 
tion events required to generate and quench the fluorescent signal (a signaling "event"). 
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Each fluorogenic oligonucleotide must meet and hybridize with its specific amplicon (a bi- 
molecular event for TaqMan, TaqMan-MGB, HyBeacon, Lightspeed probe, Simpleprobe 
and LightUp probes). If there is a second oligoprobe required, either to provide a quench- 
ing moiety or as a partner for FRET, the likelihood of a chance encounter between all 
three molecules theoretically decreases (a trimolecular event, e.g. HybProbes, Yin-Yang 
oligoprobes and the Q-PNA), especially as the amplicon concentration increases favoring 
dsDNA strand re-annealing but also generally interfering with hybridization via random 
collision, This should also be extended to hairpin oligoprobes which signal via revers- 
ible hybridization (e.g. molecular beacons). But the fluorogenic primers complicate this 
classification, They are incorporated into each nascent amplicon strand only once and do 
not need to meet and hybridize anew with amplicon each cycle. Nonetheless that first 
hybridization between primer and template is a bimolecular event. The incorporated 
primer then generates a signal principally because it has been forced open (e.g. Sunrise, 
LUX and IntraTaq primers), or because of intramolecular hybridization (a unimolecular 
event, e.g. Scorpion primers). One should also remember that despite the complexity of 
multimolecular interactions, systems employing them should theoretically function with 
higher specificity driven by the necessity for multiple, sequence-specific interactions to 
generate the signaling event. 

The most popular chemistries can often display unique signal-generation quirks. The 
cyclical destruction of hydrolysis oligoprobes will theoretically continue despite a plateau 
in amplicon accumulation whereas SYBR green I fluorescence can start to increase non- 
specifically during later cycles, even without the intended template, due to the presence of 
primer-dimers. HybProbe fluorescence can begin to decrease in later cycles as the rate of 
collision between the amplicon strands increases, resulting in a phenomenon called the 
"hook effect" (Figure 1.4). At this stage, the formation of dsDNA is favored over the hy- 
bridization of oligoprobe to its target DNA strand, adversely affecting total fluorescence. 
Whilst these end-point effects are mainly cosmetic (since they don't affect the CT), they 
may interfere with genotyping via melting curve analysis and require primer ratio opti- 
mization (Barratt and Mackay, 2002). The possibility exists that some linear oligoprobes 
are consumed by sequence-related nuclease activity, which may also contribute to the 
hook effect as has been reported for HybProbes (L~amichev et al,, 1993; Wittwer et  at., 
1997a; Wilhelm et  al., 2001b). Molecular beacons, TaqMan-MGB, Scorpion primers and 
LNA-containing oligoprobes are extremely sensitive to nucleotide mismatch, more so than 
conventional TaqMan oligoprobes (Tapp et al., 2000). This is a positive feature for their 
use in SNP analysis, but a burden for their use in detecting viral templates especially those 
obtained from RNA viruses which exhibit more genetic variation than DNA viruses. 

It is worth pointing out that functional comparison between chemistries is com- 
plicated by the different requirements for amplicon length, primer location relative to 
oligoprobe placement, the number of molecular events required to generate a signal and 
oligonucleotide sequence composition due to the different needs of each type of chemistry. 
This means that direct comparison between two or more different fluorogenic chemistries 
employing the same conditions is sometimes impossible, making a clear-cut hierarchy of 
chemistries extremely difficult to compile, even when they are examined using the same 
microbial template. To get the most useful data from a published comparison the reader 
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should ensure that the same primer sequences are used throughout and that the same 
am~licon length has been used. But often we rely on commercial "experts" to design our 
chemistries, especially so if we are trialing a novel chemistry or one we have no prior expe- 
rience with. For the microbiologist this reliance can be risky since the majority of expert 
designers developed their skills creating assays for human genomic targets and the pitfalls 
encountered when designing real-time PCR assays for the microbiologist are perhaps, at 
best, considered an oddity. This reliance upon out-sourcing the designs of assays employ- 
ing more exotic chemistries may be a major reason why more of the chemistries which are 
harder to design have not gained purchase in microbiology, even if they could occupy useful 
niches. Microbiologists are generally more familiar with designing hydrolysis or HybProbe 
oligoprobes which means they can maintain control over the finer design aspects that are 
essential to accurate and efficient assay performance. We can also expect to pay more for 
the more complex or less popular chemistries, and it takes a considerably longer period 
of time (days versus weeks) to manufacture these chemistries. The latter is an important 
consideration for urgent research studies or for developing assays to diagnose putative 
pandemic pathogens. 

In one of few comparative oligoprobe studies it was found that hydrolysis chemistries 
produced a greater change in emission intensity after hydrolysis compared with the "open" 
state of a molecular beacon however there is alink between the stem-loop chemistries, reduced 
background fluorescence and a corresponding increased detection sensitivity, presumably 
due to a reduction in the amount of signal lost to noise. (Wang et al,, 2005; Gunson et al., 
2006). Another recent comparison of hydrolysis chemistries investigated the efficiency of 
multiple reporter and quencher pairings, the impact of LNA base substitution in parallel 
with reduced length and a comparison to Scorpion primers (Reynisson et al., 2006). 'The 
results indicated that FAM-BHQ1 and Cy5-BHQ3 gave the highest fluorescence yields 
while Scorpion primers were less sensitive and resulted in a lower PCR efficiency than 
conventional or LNA-substituted hydrolysis oligoprobes for the detection of Salmonella 
DNA. When the same target was examined, the Amplifluor chemistry performed with 
similar efficiency to a TaqMan oligoprobe, with only slightly reduced sensitivity when 
employed to quantify Listeria species (Rodriguez-Llzaro et al., 2004). When hydrolysis 
oligoprobes of identical sequence but with either LNA substitutions or an MGB moiety 
attached were compared for Staphylococcus aureus detection, the two chemistries performed 
with equivalent sensitivity and specificity (Letertre et al., 2003). However, TaqMan-MGB 
oligoprobes are reportedly slightly more sensitive than an LNA Yin-Yang oligoprobe for 
a human target (Kennedy et al., 2006). Yin-Yang oligoprobes are also relatively easy to 
manufacture and therefore less expensive and this factor must also be considered when 
choosing chemistries (Kong et al., 2003). MGB-Eclipse and Simpleprobe oligoprobes per- 
form with equal sensitivity when compared using the same primers for the identification 
of Yersinia pestis (Chase et al., 2005). In a comparison of hydrolysis probes, HybProbes 
and SYBR Green I all using the same amplicons; the three chemistries displayed similar 
sensitivities but the hybridization probes exhibited the highest specificity (Newby et al., 
2003), most likely due to the trimolecular signaling required. Others report hydrolysis and 
HybProbes can be used for quantification with similar results when using the same viral 
target, although targeting different regions of the genome (Hesselink et al., 2005)+ 
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Future trends 
Chemistries are no longer the hot developmental topic they once were and applications are 
now driving better understanding of the use of those chemistries we have. Improved instru- 
ment evaluation studies and better understanding of the benefits and limitations of new 
and existing fluorophores are also providing current and future users with the background 
information they need to implement real-time PCR in their microbiology laboratories. 
While implementation has not progressed as quickly in microbiology as it has in human 
gene research, the following chapters will make it clear that our very diverse field is quickly 
progressing. The horizon is crowded with intriguing developments such as the possibility 
of analyzing hundreds of liters of human specimens for viruses after concentrating the ma- 
terial into tiny volumes (Anderson et al., 2003), or the implementation of biochips derived 
from small microfluidic devices capable of concentration, lysis and purification of template 
as well as detection of amplicon all within a few hours (Kubista, 2004). The immediate 
future of real-time PCR appears to be secure and fluorogenic oligonucleotides will be with 
us in some capacity, for decades to come. 

Conclusions 
While real-time PCR may have come about by scientific good luck, its arrival was seized 
upon by microbiology laboratories excited by the promise of PCR diagnostics but disap- 
pointed because of the looming specter of assay contamination by amplicon from previ- 
ous reactions. In the years since its introduction many aspects of real-time PCR and the 
instruments used to perform it have been investigated and enhanced, most notably among 
these, the fluorogenic chemistries which make the technique possible. Microbiology thrives 
on the benefits of sensitivity speed and containment afforded by real-time PCR. In the 
following chapters we will see how this essential research aid has matured into a principle 
tool for clinical and research microbiology laboratories around the world and why it is 
finally fulfilling the expectations of its core business-identifying otherwise undetectable 
amounts of viral, bacterial, fungal and parasitic RNA or DNA from ill human subjects, 
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Web sites 

Premier biosoff 
www.premierbiosoft.com/index.html 
Software developers that provide many programs to help create of oligonucleotide applica- 
tions including real-time PCR and arrays. 

Molecular beacons.org 
www+molecular-beacons.org/ 
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Information of the structure, function, design and applications of molecular beacons from 
the home of their discovery+ 

T I B  M O L B I O L  
www-tib-molbiol.com/index.html 

A vendor of and design-house for real-time PCR oligonucleotides since 1990. 

Applied Biosystems 
www.appliedbiosystems.com/ 
Home to the TaqMan (hydrolysis) oligoprobe and the first of a continuing line of real-time 

PCR instruments and support world-wide. 

Idaho technologies 
www.idahotech.com/index.html 
A privately held company not actually based in Idaho. The developers of the Lightcycler 
instrument and trailblazers in high resolution melting curve analysis, 

LightCyclerm online 
www.lightcycler- online.com 
Information on the fastest instrument capable of combined thermal cycling and fluores- 

cence detection. 

Gene quantification 
http://www.gene-quantification.info/ 
A one-stop site for quantitative real-time PCR. with information on topics ranging from 
efficiency to quantification and events to microarrays. 

Black Hole Quenchers 
http://www.eurogentec.be/code/en/what.asp?pk~id~what= 103 
An informative site describing the quirks of the BHQs. 

Fluorescence lectures 
http://probes,invitrogen.com/resources/education/ 
An exceptional series of fluorescence tutorials from Invitrogen" and Molecular Probes". 
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Oligonucleotide Design for 
In-house Real-time PCR 
Applications in Microbiology 
Andreas Nitsche 

Abstract 
Today, real-time PCR has entered nearly every field in the biosciences. Numerous applica- 
tions of real-time PCR have been described for basic scientific purposes and for diagnosis 
of hereditary and infectious diseases. Ready-to-use assays for profitable targets are com- 
mercially available and can be easily implemented in the laboratory's methods repertoire. 
However, for special situations or just to reduce expenses, it is often desirable to design a 
real-time PCR assays by oneself, Although often considered a daunting task, a manageable 
number of design rules permit the generation of reproducible real-time PCR assays. ?he 
basic guidelines for successful real-time PCR assay design are presented here, 

Introduction 
The first functional real-time PCR assays based on fluorescence signal production were 
published about 15 years ago (Holland et al., 1991). Since then, numerous different real- 
time PCR fluorescence generating chemistries have been developed some appearing useful 
for only a single, new real-time PCR platform while others have broad applicability to 
multiple platforms. 

'The first real-time PCR assays simply added intercalating dyes to primers used in 
previously established conventional PCR (Higuchi et aL, 1993) reactions but soon the 
introduction of specific probes required the definition of additional design rules for these 
oligonucleotides. Besides giving a significant sequence-specific fluorescence signal the 
probes have to be designed to work in combination with the primer pair used, The primers 
are also designed to meet special criteria for real-time PCR applications, 

Nowadays there are three ways to add a real-time PCR assay to the laboratory meth- 
ods panel. You buy one as a kit, you copy one from the relevant literature or you design 
one by yourself, 

For prominent nucleic acid targets well-evaluated, commercially available kits can be 
used and these perform well when applied according to the manufacturer's instructions, 
Applied Biosystems (Foster City, USA), Roche Applied Science (Penzberg, Germany) and 
Qiagen (Hilden, Germany) are among the most popular vendors of ready-to-use real-time 
PCR kits, Real-time PCR kits are purchased for diagnosis of infectious diseases, oncology, 
metabolic diseases, gene expression analysis and many more applications. For licensing 
reasons, the sequences of the primers and detection probes are typically not provided in 
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most kits, Similar to a kit, Applied Biosystems offers pre-developed "assay-on-demand 
reagents that are MGB hydrolysis probe-based and designed for the detection of numer- 
ous human, rat and mouse genes. In addition, Applied Biosystems designs real-time PCR 
assays for individual customers who can afford this expensive option. Moreover, these 
assays use also always hydrolysis probes and detailed sequence information is not provided 
to the customer. Other companies like TIB MOLBIOL (Berlin, Germany) offer excellent 
free custom-design services and support for several real-time PCR chemistries as long as 
the designed oligonucleotides are purchased from this company. 

One important issue that has arisen from the use of kits by clinical microbiology 
laboratories is whether the scope of the evaluation has been sufficient to permit detection 
and/or discrimination of all strains of the target microorganism. Recent years have seen 
kits redesigned or recalled due to poor performance on this front, 

Alternatively, various real-time PCR assays for numerous targets can be taken from 
the literature (Espy et al., 2006; Mackay, 2004; Mackay et al., 2002), or public databases 
(Pattyn et al., 2003; Pattyn et al., 2006). The number of publications dealing with real-time 
PCR is still exponentially increasing and in general the sequences of the oligonucleotides 
used as well as the reaction conditions employed are well-described by the better publica- 
tions, Readiness to invest a little work in the adaptation of the reaction conditions nearly 
always permits successful transfer of a published real-time PCR assay to one's own real- 
time PCR platform (Nitsche et al., 1999). 

If no assay for the desired target exists or special demands must be met for the 
individual application, a new assay has to be set up from scratch, Each real-time PCR 
run for the evaluation of a self-designed assay incurs costs by consumption of enzymes, 
oligonucleotides and probably most of all due to personnel. These efforts can be minimized 
by a good working knowledge of several design rules which are specific for the intention of 
the PCR application, 'The main applications of real-time PCR include: 

detection (diagnostics) 
quantification (microbial load) 
genotyping (microbial characterization). 

In certain situations real-time PCR may only be required for the detection of a target, 
In addition to speed, the minimized risk of carry-over contamination, the option of on- 
line analysis (available on some real-time PCR instruments) and the additional specificity 
brought about by the binding of a third oligonucleotide probe makes a real-time PCR 
diagnostic assay much more reliable than a conventional PCR assay without probes 
(Mackay et al., 2002; Watzinger et al., 2006). For example, in diagnosing an infection, the 
detection of a pathogen of interest is commonly of higher importance than its quantifica- 
tion. Therefore, the detection probe has to be located in a target region justifying specific 
identification of the target of interest which may require compromises with the design 
rules we will describe below. 

Quantification can be relevant for several purposes. For example, gene expression 
analysis is nearly always a question of quantification (Bustin, 2000; Bustin, 2002; Klein, 
2002). Since the sequence of the gene of interest is usually precisely known, the detec- 
tion probe can be designed according to existing design rules. However, some real-time 



PCR assays intend to detect exclusively expressed RNA and not genomic D N A  and again, 

special assay design rules may apply+ 
The third classical application of real-time PCR in microbiology is genotyping (Gibson, 

2006). For microbial genotyping assays the variable sequence position must necessarily be 
well defined and not be subject to ''drift'' over time or across distance. Moreover, not every 
real-time PCR chemistry is suitable for genotyping, which may restrict the assay's applica- 
tion to certain real-time PCR platforms (Bustin, 2004; Bustin, 2004), 

However, in the real-life clinical laboratory most assays have to meet more than one of 
the listed criteria and a combination of numerous design rules is required. A complex ex- 
ample comes from the need to quantify the viral concentration or "viral l oad  of particular 
strains when a patient is undergoing antiviral treatment. Such a real-time PCR assay needs 
a very low detection limit to prove the total clearance of the virus after antiviral treatment, 
The analytical sensitivity, allowing the quantitative demonstration of very small changes in 
viral load, must be of sufficient accuracy to verify any desired response to the drug early 
on during treatment. Finally, if individual virus variants are of interest, a subsequent virus 
genotyping using the same assay can be applied to confirm the drugs efficacy against the 
right virus strain. This example demonstrates just how challenging today's real-time PCR 
design requirements can be. 

Beside the basic experimental conditions which predefine certain design strategies, 
individual technical rules have to be followed according to the real-time platform available. 
These technical rules are implemented in various software packages that either come with 
the PCR instrument, can be purchased separately or are available as freeware, A selection 
of the available software is given in the web resources section although it is not exhaustive. 
However, there is no software that considers all requirements for a robust assay design and 
even if such software is developed, it will always make sense to check if the results are in 
accordance with the basic rules. 

During recent years the number of real-time PCR chemistries as well as the number 
of real-time PCR applications has increased significantly (Bustin, 2004; Bustin, 2004). 
Some are just modifications of existing chemistries; others are completely new construc- 
tions that afford specific signal production however, all recent chemistries are based on the 
production of a fluorescent signal. Interestingly, as can be followed in the literature, not 
every published real-time PCR chemistry finds reasonable application, because of complex 
design requirements or complex and therefore expensive synthesis. It is not the intention 
of this chapter to cite every single sophisticated real-time PCR chemistry precisely 'This 
chapter will give a brief review of the design of the most popular real-time PCR chemis- 
tries, which are sufficient to establish assays for common real-time PCR applications in 
microbiology. The design rules are presented as an instructional list that can be applied to 
design and subsequently judge well-performing PCR oligonucleotides. By using these lists, 
the reader should be able to design basic real-time PCR assays for themselves. 

Selecting the best real-time PCR chemistry 
Several different real-time PCR chemistries can be applied for most applications in micro- 
biology (Mackay, 2004) and the choice of which chemistry to use depends on only a few 
criteria. The first consideration should be the purpose of the designed real-time PCR assay 
as outlined above. 
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Nearly all known chemistries can be applied for precise quantification and even 
SYBR" Green I can produce accurate quantification results so long as the target amount is 
not close to the detection limit of the assay (Queipo-Ortuno et al., 2005; Shu et a!., 2003). 
For genotyping purposes hybridization probes (HybProbes) and molecular beacons have 
proven useful (Nitsche et al., 2004; Nitsche et al., 2005; Olson et al., 2004; Lindler et al., 
2001; Vet et al,, 1999; Szuhai et al., 2001). Minor grove-binding (MGB) hydrolysis probes 
and MGB-Eclipse" probes can also be used for genotyping (Belousov et al., 2004), but it 
may be harder to obtain a reliably differentiating assay compared to HybProbes where 
considerable design experience has accumulated over time, 

The available real-time PCR instrument is also a crucial factor when deciding on 
which is the best chemistry. Special features or quirks occur for the excitation or detection 
of different fluorophores and these must be considered, For example, fluorescein deriva- 
tives that are usually used as reporter fluorophores for hydrolysis probes can be excited 
and their emission can be detected with every real-time PCR instrument on the market. 
Therefore fluorescein-coupled hydrolysis probes can be applied universally. On  the other 
hand, classical fluorophores coupled to HybProbes include Lightcycler'" Red 640 and Red 
705. These can be detected best with Roche Lightcycler instruments while other instru- 
ments may fail to detect these long wavelength dyes, 

Finally the costs can contribute to reaching a decision on which real-time PCR chem- 
istry to use (Speers, 2006). While SYBR Green is definitely the cheapest way to perform 
quantitative real-time PCR, it has its drawbacks in terms of specificity. Any additional 
hybridizing oligonucleotide contributes to a higher degree of specificity and also to in- 
creased costs (Yeung et al., 2004). Costs for hydrolysis probes are generally comparable 
to HybProbes, although the synthesis of HybProbes is restricted to Roche-licensed com- 
panies while the production of universally available hydrolysis probes is affected by com- 
mercial competition which reduces pricing. However, some special chemistries, like MGB 
or LNA are restricted to selected manufacturers and therefore pricing and synthesis times 
for oligonucleotides modified with these items may be predetermined and considerable. 

Oligonucleotide design 

General considerations 
For the design of a real-time PCR assay several constituent parts have to be coordinated. 
Elements that are of highest importance are 

the DNA fragment that is flanked by the two primers and subsequently ampli- 
fied, here referred to as "amplicon" 
the two primers 
the detection probes. 

All of these elements contribute to the PCR efficiency, which describes the idealized 
property of a PCR assay to double the amount of PCR product with each cycle (Kubista 
et al., 2006). When establishing a new real-time PCR it is of highest importance to include 
controls in every run. Samples that contain the targets be they genomic DNA, cDNA, 
plasmids or just artificially synthesized DNA, can be good positive controls. In addition, 
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negative controls should exclude the possibility for interactions between primers and/or 
probes that may result in an product that resembles the desired amplicon size in agarose 
gel analysis. 

The amplicon 
The arnplicon is a fragment of the larger DNA or cDNA strand that is flanked by and 
incorporates two primers and is exponentially amplified by duplication during each PCR 
cycle. The length and structure of the amplicon are fundamental to a good PCR, The 
length is defined as the distance between the two flanking primers, although it should 
also be noted that an amplicon includes the primer sequences at each end and not neces- 
sarily the original sequence of the target nucleic acid template. Sequence representing the 
original template is only found between the primers. The optimal length of the amplicon 
depends on the real-time PCR chemistry; in general, real-time PCR amplicons are very 
short compared to conventional PCR products. Shorter amplicons result in more efficient 
PCR reactions; however, highly efficient PCR reactions with exceptionally long amplicons 
are also described. A smaller amplicon will particularly lead to more efficient detection 
when the nucleic acid template may be fragmented during the preparation step, for ex- 
ample when extracted from parafin-embedded tissue. 

'The three-dimensional structure of the amplicon depends on the sequence, environ- 
mental temperature and ionic conditions of the solvent and describes the possible folding 
an amplicon may adopt. Currently our best estimate of amplicon configuration (although 
still only predictive) is of secondary structure. The critical DNA region is not only the 
amplicon itself, but also the template sequences immediately adjacent to the amplicon. 
Because in the first PCR cycles these surrounding sequence stretches may fold back into 
the primer or probe-binding regions, they could inhibit efficient oligonucleotide binding 
and subsequent DNA amplification, In later PCR cycles only the folding of the amplicon 
is critical. However, all possible structures should be checked for the actual reaction condi- 
tions including the likely annealing temperature (TA) and the concentration of salt ions and 
magnesium ions. Under the chosen reaction conditions, the binding regions for primers 
and probes should be completely accessible to or else the oligonucleotides must be moved 
to an unstructured target region. An appropriate tool to evaluate the folding of relatively 
short nucleic acid fragments can be found at www.bioinfo,rpi.edu/applications/mfold/. 

If possible, GC rich sequences which melt at high temperature should be excluded 
from the amplicon, since they may hamper strand dissociation at the PCR denaturation 
step making primer elongation by the Taq DNA polymerase difficult and reducing the 

PCR efficiency+ 
Further aspects of amplicon selection relate to special applications including gene 

expression analysis or the generic or specific detection of microbial variants. 

?he role ofamplicon i n  transcript anahsis 
For gene expression analysis the amplicon can be located according to the method of RNA 
preparation. RNA preparations may contain total RNA or polyA mRNA that is free of 
ribosomal RNA or tRNA molecules. If polyA RNA is used as the template for reverse- 
transcription PCR (RT-PCR), amplicons located near to the polyA (3') end of the RNA 
promise a higher sensitivity because fragments near the 5' end may be lost during the 



46 1 Nitsche 

preparation step+ Examples of this issue can be found among the single-stranded RNA 
genomes of viruses belonging to the family Picornaviridae or Coronaviridae. 

Another aspect to consider during design is whether the assay is intending to exclu- 
sively detect mRNA but not contaminating genomic DNA (Bustin, 2002; Bustin and 
Mueller, 2005; Bustin, 2005; Bustin et al., 2005). ?he determination of cellular gene ex- 
pression in response to virus or bacterial infection is one relevant example, where genomic 
DNA must be clearly differentiated from mRNA. In this scenario primers are selected 
to span an intron (that intervening sequences excised during the transcription process) 
therefore enabling primer binding only to spliced mRNA and not to the genomic DNA 
(Moore et al., 1990). This approach can be employed for one primer, both primers or even 
for a detection probe, Intron-spanning primers should extend from the upstream exon 
with at least four to five nucleotides into the adjacent downstream exon, Usually an intron 
starts with G U  and ends with AG nucleotides. Additionally, the first nucleotides of the 
spanned intron should be taken into account and similarities to the adjacent downstream 
exon should be excluded to avoid the 3' terminus of the primer also binding to genomic 
DNA, On the other hand, including too many nucleotides from the adjacent downstream 
exon will encourage binding to genomic DNA despite incomplete hybridization of the 
oligonucleotide to the template. However, if the detection probe alone spans the intron, 
the primers will also amplify genomic DNA, but the detection probe will exclusively bind 
to cDNA. Amplification of genomic DNA in parallel with the mRNA will reduce PCR 
efficiency. 

Alternatively, very large introns can be included in the amplicon, flanking primers will 
discriminate genomic DNA from cDNA by out-competing the amplification of the much 
larger DNA amplicon under the selected reaction conditions. In cases when introns are 
not present, incompletely characterized or the gene consists of only one exon, an additional 
DNA digestion step before PCR is essential to eliminate contaminating traces of genomic 
DNA that could bias the results, ?he mRNA expression analysis of DNA viruses is one 
example that needs additional DNA digests especially when high titers of virus have been 
used for infection and huge amounts of viral genomic DNA are present, Also the detection 
of HIV RNA and not HIV DNA integrated within the human genome requires special 
primer selection (Kollmann et al., 1992). 

Because either very specific or generic "catch-all" assays may also be a design require- 
ment, the positioning of the amplicon will obviously also depend on the suitability of the 
target sequence required to fulfill the assay's specificity requirements. 

Oligonucleotide primers 
Good primers have to do only one job: amplify the desired amplicon. But this can be 
achieved in very different ways. It can be in a highly specific PCR assay that exclusively 
detects the target of interest and omits amplification of close relatives, or it can be a broadly 
specific or generic PCR assay that detects a group of targets and catches as many variants 
as possible in a single amplification reaction (Nadkarni et al., 2002), The specificity of a 
primer is defined by its complete sequence, but mostly by the 3' end; the region elongated 
by the Taq DNA polymerase (Rychlik, 1995). The 3' end should contain at least five to 
seven unique nucleotides not found anywhere in the target sequence, thereby reducing 
false-priming and the creation of side-products. Usually "T" should be avoided as the 



terminal 3' nucleotide due to an increased risk of mispriming. Realistically it is extremely 
difficult to find a sequence of five to seven nucleotides that do not also hybridize with 
ha2 man genomic DNA. 

For variant-specific amplification the differentiating nucleotide should be located at 
the 3' end. 'This will not completely stop amplification when the unintended base is present 
at this position, but it will severely impair amplification efficiency. Sometimes it is also 
recommended to use the second-last nucleotide in this fashion. The best solution must be 
proven by amplification of both genotypes with each primer. 

In any case, the specificity of a selected primer should first be evaluated in silico which 
should be done during the design. Most commonly used is the "Basic Local Alignment 
Search Tool" (BLAST) found at www.ncbi.nlm.nih.gov. A primer that displays homol- 
ogy to undesired pathogen variants or to human genomic D N A  already in silico should 
not be considered further for use. However, when designing assays to detect, quantify 
or characterize microorganisms, it quickly becomes clear that these ideal rules can only 
rarely be strictly adhered to and compromises have to be made. For example, as long as the 
primers are definitely specific for the desired target, then the detection system may display 
some in silico cross-reactivity with unexpected organisms, since a detection probe will only 
hybridize with the amplicon which was produced from the specific template the primers 
were designed for. To carry these considerations to extremes, a real-time PCR assay can be 
highly specific due to the specificity of only one primer that prevents amplification of target 
sequences displaying homology to the second primer and/or the detection probe. In any 
case, the design of a new real-time PCR assay should always aim for the desired specificity 
of each applied oligonucleotide. At the end this "theoretically" evaluated specificity must 
always be confirmed by application to as many targets as possible. 

Finally, there are a few more technical considerations that define a good primer. First 
of' all, primers should "play well" with each other (Rychlik, 1995). They should not be 
complementary to themselves (forming homodimers) or to each other (forming heterodi- 
mers) and if this is achieved you will avoid dimerization (Brownie et al., 1997). In certain 
chemistries dimerization causes trouble for the detection of weak positives (see below), but 
the efficiency of any PCR reaction is significantly reduced when primer-dimers are formed 
due to irrelevant consumption of oligonucleotides. 'The formation of hairpins occurs when 
self-complementary regions in a primer molecule are present, and the conditions are right. 
In the worst case, the 3' end of the primer folds back on its 5' end and elongation at the 
3' end is hampered. As a rule of thumb primer-dimers and secondary structures should 
remain below a binding energy of 5 kcal/mol which can be calculated by appropriate 
sofiware. 'The "Integrated D N A  Technologies" homepage offers a package of useful tools 
including the calculation of primer-dimer binding energies (www.idtdna.com). 

Both primers should also bind with similar or identical efficiency to the target. This 
can be achieved by the adjustment of the annealing temperature (TA) or the concentration 
of the primer, As a rule of thumb, doubling the concentration of one primer increases its 
TA by 1-2°C. The primer melting temperature (TM) is that temperature at which half 
of the primer-target duplex is dissociated and becomes single stranded, indicating the 
duplex stability. The TA is usually 5 to 10°C below the TM. 'The TM of a primer can be 
calculated by several different methods but depends on the primer length, the number of 
tight-binding G and C nucleotides compared to weaker binding A and T nucleotides, the 
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distribution of the nucleotides and the reaction conditions, The easiest way to estimate 
the TM is provided by the "G+C-rule" which adds 4°C for each G or C nucleotide and 
2°C for each A or T nucleotide* A primer of 20 nucleotides consisting of 5 As, Cs, Gs and 
Ts each would have a TM of roughly 60°C. It seems obvious that the distribution of the 
nucleotides will influence the TM value significantly. 'Therefore, one of the best TM calcula- 
tion methods for short oligonucleotides is the "nearest neighborT' method that considers 
not only the number of each nucleotide, but also the su;rounding nucleotides (Breslauer et 
al., 1986). Numerous tools are available that calculate the TM value based on this method, 
however, as long as the result of any method can be interpreted and transferred to the 
cycling conditions any calculation method is suitable, For example, a primer that has a TM 
value of approximately 57°C according to the nearest neighbor calculation method, will 
perform well with a PCR TA of 60°C on most real-time PCR platforms. Nevertheless, 
as long as the same calculation method is applied for all oligos and all designs from one 
laboratory, the results will always be comparable. The pure value is not that important. 
More important is how we use it. Nonetheless, the average length of good primers should 
be 18-22 nucleotides which is long enough for adequate specificity and short enough for 
efficient binding. These annealing temperature considerations also apply to any kind of 
oligonucleotide detection probes. 

For generic PCR applications, the sequence of the primers cannot be unique. To catch 
more than one possible variant of the target microorganism, primers with mixed nucleo- 
tides at one primer position can be used. 'These primers are called degenerate primers. 
The degenerate positions of the primer should not be located directly at the 3' end, but 
can be anywhere else in the primer, Efficiently binding primers are described that contain 
a degeneracy in up to 25% of nucleotide positions (Aitichou et al., 2005). To describe 
degenerate nucleotides, which actually represent a mixture of oligonucleotide with the 
different nucleotides at the desired position, special acronyms were defined. For example, 
"S" (strong) describes either a G or a C, because these nucleotides form three Hydrogen- 
bonds in Watson-Crick base pairs which are strong compared to the two H-bonds of an 
A-T base pair, Therefore, having an A or a T at a position is described by a" W" (weak). In 
contrast tod'N" (any), which means the equimolar incorporation of all four regular nucleo- 
tides A, C, G and T, at one position, Inosine is a nucleotide that is able to pair well with C 
and A, less strongly with T and a little with G. A complete summary of the acronyms used 
for the description of degenerate primers is given in Table 2.1. 

To shorten the establishment of a PCR assay, it is recommended to design four or 
six primers that can be used in four or nine different combinations, respectively. Testing 
all possible combinations will lead rapidly to a functional PCR assay and saves time and 
money compared to the laborious optimization of one primer pair. 

But what if the newly designed primer(s) does not work as expected? The worst case 
can be that a primer or primers does not amplify the target at all. Agarose gel analysis 
should always be applied to prove the presence of a single distinct PCR product band 
even for real-time PCR assays. If no amplicon is formed the primers should be checked for 
orientation (the reverse primer should be synthesized as the reverse-complement of the 
strand the forward primer is designed from), for TM and for production quality. Low-melt- 
ing primers will not bind to the target strand at high annealing temperatures. 
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Table 2.1 Nucleotide acronyms 

Acronym Nucleotide(s) Explanation 

A Adenosine 

C Cytosine 

G Guanine 

T Thymine 

U Uracil 

N ACGT ~ N Y  

Y CT pyrimidine 

R A G  puRine 

W AT Weak 

S C G Strong 

M AC aMino 

K GT Keto 

B CGT not A 

D AGT not C 

H ACT not G 

V ACG not T 

If several product bands or a product of unexpected size are shown by gel analysis, 
the specificity of the primers should be checked. Most important is to check if the last five 
to seven 3' nucleotides are unique to the target sequence. Sometimes moving the primer a 
few nucleotides can be helpful. However, a distinct band is a pre-requisite for an e6cient 
PCR assay and real-time PCR should always be based on that. Basic primer-design rules 
to obtain good assay results are summarized in Table 2.2. 

Oligonucleotide detection probes 
Detection probes can add specificity to an assay or they can be used for genotyping or 
for quantification. Common detection probes are hydrolysis probes (also known as Taq- 
Man" probes, 5' nuclease probes or dual-labeled probes) (Livak et al., 1995; Holland et al., 
1991; Lie and Petropoulos, 1998), hybridization probes (Wittwer et al., 1997), molecular 
beacons (Tyagi and Kramer, 1996) and in the broadest sense also Scorpion" primers 
(Scorpions) (Whitcombe et al., 1999) which combine primer and detection probe in one 
molecule, Several more chemistries exist but their benefit compared to those listed above 
is unclear to date, The design of each probe can vary with the intention of the PCR assay. 
In any case the detection probe(s) has to be compatible with the primers, i,e. primers and 
probes should not bind to each other due to complementarities or compete for the same 
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Table 2.2 Basic primer design rules 

Design rule Reason 

Avoid secondary structures Enhances primer binding 

Avoid primer-dimers Increases PCR efficiency 

Use balanced sequences Increases specificity 

Avoid >4 identical nucleotides (G,C>A,T) Increases likelihood of specific binding 

Avoid repetitive sequences Prevents primer from slipping 

Avoid G-rich primers Avoids formation of undesired complexes 
through non-Watson-Crick interactions 

Adapt GC-content to the target sequence Increases specificity 

Incorporate at least 5 unique 3' nucleotides Determines primer specificity 

Adjust annealing temperatures Allows simultaneous binding of both primers 

stretch of target sequence. Usually detection probes are designed to have a higher TM 
than the primers to enable efficient signal production. The increased TM of the detection 
probe guarantees that the oligonucleotide has bound before the primers are elongated by 
the polymerase. Concomitant binding of primers and detection probe due to similar TM 
values could lead to blockage of the probe binding site by the rapidly elongated primer. 
However, special rules for individual detection probe chemistries have to be applied for 
successful assay design. 

Because detection probes are crucial for the outcome of a real-time PCR assay, a new 
design always creates the detection probes first and then adds suitable primers latter. 

Specific oligonucleotide design rules 

SYBR" Green I and other intercalating dyes 
Intercalating dyes emit a strong fluorescence signal due to interaction with double stranded 
DNA, such as PCR amplicons. However, these dyes cannot discriminate between ampli- 
cons; they will recognize primer-dimers or larger non-specific side-products of the PCR 
reaction. Consequently, this chemistry is not more specific than conventional PCR but it 
is less specific than chemistries that rely on binding of additional sequence specific probes, 
Beside SYBR Green I (Morrison et al., 1998; Karlsen et al., 1995), fluorescent dyes includ- 
ing the more stable SYBR Gold" (Tuma et al., 1999), ethidiurn bromide (Higuchi et al., 
1993), BEBO" (Bengtsson et al*, 2003), YOYO" (Srinivasan et al., 1993; Ogura et al., 
1994) YO-PRO@ or BOXTO" (Lind et al., 2006) have been introduced. However, SYBR 
Green I is the dye most frequently applied, Many SYBR Green I or intercalating dye based 
real-time PCR assays give weak signals in negative controls because of binding to single 
stranded D N A  and primer-dimers. Reliable differentiation of signal due to primer-di- 
mers from that due to weak positive samples is impossible without post-PCR dissociation 
curve analysis. Most software tools for oligonucleotide analysis permit a primer-dimer 
check, e,g, Oligo 6.0 (Molecular Biology Insights). 
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On the other hand, SYBR Green I is less expensive than any detection probe and can 
be detected by every real-time PCR instrument, making this chemistry highly flexible, 
Numerous publications describe the use of intercalating dyes for the detection of viral 
(Aldea et al,, 2002; Komurian-Pradel et al., 2001; Manaresi et al., 2002; Drosten et al,, 
2002; Escutenaire et al+, 2006) and bacterial pathogens (Aarts et al., 2001);(Lee et a!., 
1999) (Bystrom et al., 2005; Debeaumont et al., 2005; Brennan and Samuel, 2003) 

After a SYBR Green I PCR run the amplicons can be subjected to a melting curve 
analysis (Ririe et al., 1997). If only one specific amplicon was produced a distinct melt- 
ing peak is observed. This peak denaturation temperature (To) depends on the am- 
plicon length, sequence and ionic environment and is usually between 75°C and 90°C. 
Primer-dimers are generally of lower length and display a lower TD. A PCR that produces 
primer-dimers, and almost every PCR does, will show up two distinct peaks, one for the 
amplicon and one for the primer-dimers; the latter peak will be at a lower temperature, To 
circumvent the detection of primer-dimers, an additional measuring step can be added at 
a temperature for which the primers are already molten and the amplicon is still fluoresc- 
ing. If primer-dimers and amplicon display similar melting temperatures, finding the right 
measuring temperature which does not also reduce the intensity of the specific signal, and 
therefore the sensitivity of amplicon detection, may be difFicult. A first practical approach 
is to reduce the annealing incubation to the shortest time that will still produce sensitive 
results. General rules for the design of SYBR" Green I assays are described in Table 2.3. 

Hydrolysis, TaqMan or 5' nuclease probes 
Hydrolysis probes were the first convenient and sequence-specific real-time PCR chemistry 
(Holland et al,, 1991). An hydrolysis probe assay consists of two primers and one detec- 
tion probe that binds to the amplified target strand and is dually labeled with different 
rnolecules. When excited by a LASER or other light source, one molecule, a fluorophore 
at the 5' end, reports signal accumulation after degradation of the probe by the DNA 
polymerase, while the other molecule, near or at the 3' end, quenches the reporter dye 

Table 2.3 Assay design rules when using SYBRB Green I 

Design rule Reason 

Amplicon 

Create amplicon length of 200-300 bp Generally facilitates differentiation from 
primer-dimers by melting analysis and 
produces high fluorescence signals due to 
incorporation of more SYBR Green 
Shorter amplicons can give better PCR 
efficiency 

Primers 

Avoid primer-dimers!!! Helps reliability of negative results 

Detection 

Always perform melting analysis Generally permits estimation of primer-dimer 
formation 
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as long as the two molecules are in close spatial proximity, e.g, the hydrolysis probe is 
intact. The DNA polymerase used must therefore have a 5' exonuclease activity which is 
essential for hydrolysis of the probe (Kreuzer et al., 2000). 'The distance between reporter 
and quencher should not exceed 25-30 nucleotides which is about 100 A in length. If 
longer hydrolysis probes are designed, the quencher should be placed somewhere in the 
middle of the hydrolysis probe to enable proper quenching. To keep the fluorophores in 
the same spatial plane, 22 nucleotides are an ideal distance between reporter and quencher 
fluorophore. Commonly suitable reporter fluorophores are fluorescein derivatives like 
6-carboxy-fluorescein (FAM) which emit strong fluorescence signals at a wavelength of 
518 nm when excited at 494 nm. Several other fluorophores have been reported including 
TET (6-carboxy-2',4,7,7'-tetrachlorofluorescein), JOE (6-carboxy-4',5'-dichloro#2',7'- 
dimeth~x~fluorescein), HEX (6-carboxy-2',4,4',5',7,7'-hexachlorofluorescein), VIC and 
Yakima Yellow which display longer emission wavelengths. Although they yield good 
detectable signals, fluorescein derivatives are the first choice, for uniplex assays as well 
as for one of the assays in a multiplex format. The first quencher fluorophore used was 
TAMRA (6-carboxy-tetramethyl-rhodamine), but recently dark cpenchers have been 
introduced including DABCYL (4-((4-(dimethylamino)phenyl)azo)benzoic acid) that 
has an absorption range that overlaps hardly with fluorescent dyes emitting above 500 nm 
and must be in closer proximity to the reporter fluorophore, and the Black hole quenchers 
(BHQ, Biosearch Technology, USA), which emit energy as heat instead of visible light. 
For multiplexing purposes the selected reporter dyes should be spectrally separated as 
much as possible and dark quenchers should be used. However, the outcome of a multiplex 
detection depends strongly on the excitation source employed and the detection capacity 
of the real-time PCR instrument. 'These considerations are addressed in more detail in 
chapter 6. 

Hydrolysis probes can be used for sequence-specific detection or for quantification 
(Mackay et al., 2002) but are only rarely described for genotyping (Livak, 1999). Depending 
on the reporter dye, which is in most applications FAM, hydrolysis probes are able to be 
used on many different real-time PCR instruments. For a well designed and functioning 
assay, one hydrolysis probe molecule is degraded per amplicon, each cycle. Continuous 
excitation by light allows the online monitoring of the fluorescence signal in "real" time. 
Since a hydrolyzed probe molecule remains in pieces for the remainder of the reaction, the 
signal produced can be read at any time point during the amplification process, 

Although it is possible to plan hydrolysis probes to fit between an existing primer pair, 
the design of completely new assays is usually more beneficial although this will depend on 
the situation. Amplicons for sensitive detection are usually as short as possible. Between 
the 3' end of the primer and the hydrolysis probe binding to the same strand a gap of one 
nucleotide is satisfactory. The primer on the other strand can be placed at any position be- 
hind the hydrolysis probe; however, a one or two base overlap with the hydrolysis probe is 
fine. Additional overlapping nucleotides will lead to complementary binding which could 
produce an artificial signal and should be avoided. For longer amplicons place the hydro- 
lysis probe close to the primer on the same strand to allow maximal signal generation. A 
" G a t  the first 5' position of the probe should be avoided, since unpaired"G9' quenches the 
fluorescence of fluorescein derivatives (Crockett and Wittwer, 2001). In general, whenever 
possible the strand with the fewest "Gd' should be selected for the hydrolysis probe target 
to reduce secondary structures formed by non-Watson-Crick base pairing. 
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If a hydrolysis   robe does not give a signal, the first step is to verify generation of 
a PCR product by agarose gel analysis. No PCR product indicates problems with the 
primers. A PCR product of the expected size points to a problem with the hydrolysis 
 robe. There are two possible explanations: 'The hydrolysis probe has not bound to the 
target strand and could not be hydrolyzed by the polymerase, or the signal is too weak to 
be detected. To bind to the target strand tightly, the 5' nucleotides should match the target 
strand perfectly, an issue that is much less important for the middle position nucleotides, 
However, too many mismatches, wherever they are located, can impede probe binding at 
the annealing temperature resulting in incomplete hydrolysis. Possible formation of stable 
secondary structures within the probe must also be avoided since they will compete with 
binding to the target. Finally, the quality of the hydrolysis probe should be considered, 
Poor quality production can be controlled by nuclease digestion of the probe in a fluo- 
rimeter that should result in a clear fluorescence increase over time. It is recommended to 
digest a good performing hydrolysis probe in parallel as standard, Basic rules for successful 
hydrolysis probe design are given in Table 2.4. 

MGB probes have proven to be a helpful modification of regular hydrolysis probes. 
These have a tricyclic organic molecule attached to the 3' end that can fold back into the 
minor groove of the perfectly matching probe-target duplex (Afonina et al., 2002). This 
results in an increase of the TA by 10 to 15"C, allowing the design of hydrolysis probes 
that are only between 13 and 18 nucleotides in length. A temperature calculation tool 
is incorporated into the "Primer Express" software included with all real-time PCR in- 
struments sold by Applied Biosystems. This can be used to estimate the final TM of an 
MGB hydrolysis probe which is still usually designed according to regular design rules for 
hydrolysis probes but can also be designed using this software. 

Very short hydrolysis probes can be useful tools for the generic detection of sequences 
of low homology such as different virus species. Originally, a pair of differently reporter 
labeled MGB probes was designed for allelic discrimination (Kutyavin et al., 2000) but 
this application has also been useful for genotyping microorganisms (Campsall et al., 
2004). Longer regular hydrolysis probes tolerate mismatches located in the middle of the 
molecule but not mismatches in the first two or three 5' terminal nucleotides; these lead 
to reduced signal production. In contrast, shorter probes need to match perfectly for stable 
binding at common PCR temperatures and a single mismatch may lead to destabilization 
and poor signal generation. Since the MGB moiety can only function with perfectly match- 
ing probes, one mismatch in the MGB binding region results in a significant decrease of 
the annealing temperature. The actual TA of such a mismatched probe will be close to that 
of the probe without an MGB modification, which is usually below 40°C Consequently 
the probe cannot be degraded by the polymerase and no signal is generated. The use of two 
differently labeled MGB probes, each perfectly matching one of the two genotypes, allows 
differentiation of single nucleotide polymorphisms. However, background signal produc- 
tion for the non-matching genotype can be observed creating difficulties when interpreting 
the data in certain cases when genotypes have to be excluded definitively. 

HybProbes, adjacent hybridization probes or Lightcycler probes 
HybProbes were first described for use with the Roche Lightcycler instrument but can 
be used on other instruments depending on the available emission detection channels 
(Wittwer et al., 1997). This real-time PCR detection chemistry consists of two primers 
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Table 2.4 Assay design rules for hydrolysis probes 

Design rule Reason 

Amplicon 

Create amplicon as short as possible Higher efficiency and sensitivity 

Primers 

Avoid complementarities to hydrolysis Minimizes poor signal generation due to primer- 
probe probe binding 

Hydrolysis probe 

Place probe close to the primer on the Maximal degradation of probes molecules per 
same strand cycle, equating to maximum signal generation 

Choose the purine-poor strand Improves hybridization stability 

Avoid complementarity to primers Minimizes poor signal generation by primer- 
probe binding 

Length 20-30 nucleotides (up to 35) Permits efficient probe binding 

TM 5 to1 0°C above primer TM Permits efficient signal generation while avoiding 
blocking of target region by elongated primer 

TM should not be higher than Ensures probe does not block primer elongation 
elongation temperature 

No G at the 5' end (for FAM reporters) Prevents unpaired Gs from quenching 
fluorescence leading to poor signal generation 

Block 3' end by phosphate or quencher Prevents elongation of the probe 
fluorophore 

Do not introduce mismatches at 5' end When probe and target match perfectly optimal 
degradation can occur 

Avoid GC-rich stretches 

Avoid G-rich probes 

Avoid sequence palindromes 

Detection 

Performed at annealing or 
polymerization step 

Minimizes the non-specific binding of the probe 
to GC-rich target islands 

Excessive Gs can form undesired complexes 
through non-Watson-Crick interactions 

Prevents the formation of self-complementary 
stem-loop structures 

Signal is permanent 

and two additional oligonucleotides that are designed to bind specifically to the same target 

strand. Both probes are selected to bind adjacently within a distance o f  only a few nucleo- 

tides. One o f  the probes, the donor, i s  labeled with a fluorescein at its 3' end, preventing 

elongation o f  the molecule by the DNA polymerase. T h e  downstream probe, or acceptor, 

i s  5' end-labeled with a fluorophore and the 3' terminus i s  blocked by a phosphate moiety 

(Nitsche et al., 1999; Landt 0 and Nitsche A, 1999). Common acceptor fluorophores are 

LC Red 640, LC Red 705 and Cy5, but more recent Lightcycler instruments can detect 
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additional LC Red fluorophores that are also clearly distinguished when employed for 
multiplex detection assays. If both probes have bound to the target strand, the donor and 
the acceptor dye come in close proximity. While the donor fluorophore can be excited by 
the light source, the acceptor cannot. However, following excitation the donor emits energy 
that is of an appropriate wavelength for excitation of the acceptor dye, a process called fluo- 
rescence resonance energy transfer (FRET). FRET can only happen if both fluorophores 
are in close proximity which occurs exclusively during the annealing phase of the PCR 
reaction, The probes do not require degradation for signal generation, so this chemistry can 
be regarded as non-destructive, in contrast to the hydrolysis probe chemistry. However, the 
DNA polymerase cannot differentiate between the different real-time PCR chemistries 
and will therefore also degrade HybProbes that are annealed to the target strand during 
primer elongation and signal production is aborted. Therefore, HybProbes should always 
be detected during the annealing phase of the PCR reaction, since most of the probes 
are already bound to the target strand and primers are not significantly elongated at this 
stage. 'This chemistry requires special considerations for assay design (see Table 2.5). If 
all these criteria are met, each single amplicon is displayed by the FRET signal and the 
accumulation of PCR product can be precisely followed. HybProbes can therefore be used 
for sequence-specific detection and quantification. 

Beside general considerations for successful probe design, an important criterion of 
HybProbe design is their positioning on the target strand. If the pair of probes is located 
too close to the primer on the same strand, the probes will be displaced by the DNA 
polymerase before a signal is detected. Agarose gel analysis will reveal PCR product gen- 
eration while subsequent fluorescent melting curve analysis should produce a clear signal, 
but the amplification cannot be monitored during the PCR run. Similar symptoms will 
be observed if the melting temperature of the probes is too low to bind eficiently at the 
annealing temperature. Poor complementarities with the target strand or poor production 
quality of either the oligonucleotides or the attachment of the fluorescence labels should 
also be considered as sources of poor fluorescence. Basic rules for the design of HybProbes 
are given in Table 2.5. 

Interestingly, since the HybProbe chemistry is non-destructive, the probes can be used 
for fluorescence melting curve analysis, a key feature of the HybProbes (Nitsche et al., 
2004; Nitsche et al., 2005; Olson et al,, 2004; Panning et al., 2004; Lindler et  al., 2001). 
Fluorescence curve melting analysis is a useful method for the typing of microbial muta- 
tions, polymorphisms or other sequence variants. Assuming that DNA polymerase-medi- 
ated probe degradation is not a feature of the chemistry, then the intact HybProbes remain 
after the PCR run is finished. A melting analysis includes a denaturation step at 95°C that 
dissociates the double-stranded DNA amplicon, an annealing step at approximately 40°C 
where the HybProbes can bind to perfect or mismatched target sequences and finally a 
controlled incremental increase in temperature to above 80°C which melts the HybProbes 
from their target. A perfectly matched HybProbe will melt off its target at a higher TM 
compared to a HybProbe partly annealed to a mismatched target which is destabilized. 
'The resulting characteristic TM for the binding of a HybProbe to a target can be used for 
genotyping. 'The probe covering the polymorphism is therefore called the "sensor" probe 
and should be selected first. One should aimed at placing the polymorphism in the middle 
of the sensor probe. Since the second HybProbe functions only for signal generation by 
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Table 2.5 Assay design rules for HybProbes used for detection and quantification 

Desian rule Reason 

Amplicon 

Amplicon should be between 150- Compromise between PCR efficiency and sufficient 
200 bp signal generation (also see below) 

Primers 

Avoid complementarities to Minimizes reduced signal due to primer to probe 
hydrolysis probe binding 

HybProbes 

Place probes far away from the Increase the time for signal detection (until the 
primer on the same strand polymerase displaces the probes) 

Choose the purine-poor strand Improves hybridization stability 

Avoid complementarity to primers -Minimizes reduced signal due to primer to probe 
binding 

Avoid complementarities of Prevents probe-to-probe hybridization which can 
HybProbes produce target-independent signal 

Length of 20 to 30 nucleotides (up Permits efficient probe binding 
to 35) 

TM 5 to 10°C above primer TM and Permits efficient signal generation while avoiding 
annealing blocking of target region by elongated primer 

TM should not be higher than Ensures probes do not block primer elongation 
elongation temperature 

TM of both probes within 2°C Permits concurrent binding of the probes 

Leave a gap of 1 to 5 nucleotides Ideal distance for reliable FRET 
between probes 

No Gs should be located in the Overcomes tendency for unpaired Gs to quench 
target strand between the annealed fluorescence reducing signal strength 
probes 

Label adjacent probe ends with 3' Avoids difficult synthesis of vice versa labeling, 
fluorescein and 5' LC red dye although still possible 

Block 3' end by phosphate or Prevents elongation by the polymerase 
fluorescein 

Avoid GC-rich stretches Minimizes the non-specific binding of the probe to 
GC-rich target islands 

Avoid G-rich probes Excessive Gs can form undesired complexes 
through non-Watson-Crick interactions 

Avoid sequence palindromes Prevents the formation of self-complementary stem- 
loop structures 

Detection 

At annealing step Adjacent probe hybridization is require for signal 
generation 
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FRET, its TM should be approximately 5°C higher so that the melting temperature is only 
dependent on the sensor probe. The second probe is therefore called the inchor" probe. 
Either the anchor or the sensor probe can be fluorescein labeled or LC Red labeled, 

For the ~erfect  match, the TM depends on the length and colnposition of the probe 
and this value determines the annealing temperature. The lowered duplex-stability of a 
mismatch is reflected by a decrease in the TA that cannot be predicted exactly. The TA 
will depend on the position and the type of the mismatch. While G:C and A:T binding 
is characterized by formation of three and two stabilizing hydrogen bonds, respectively, 
G:T still forms one H-bond leading to less destabilization and smaller differences of the 
melting temperature. O n  the other hand, any mismatch that includes a C leads to a bigger 
difference in the melting temperatures due to efficient destabilization of the probedtarget 
duplex (von et al., 2001). No H-bonds are formed, which applies to several mismatch 
situations, but sterical considerations lead to maximal duplex destabilization when C is 
included. Since the target region is defined by the position of the polymorphism to be 
detected, the location of the probes is clearly predetermined, 

If the discrimination of two genotypes is not significant, the reverse strand should be 
used to create a different mismatch situation. General rules for the design of genotyping 
HybProbes are given in Table 2.6, 

A modification of the HybProbe concept is called thed'internal Lightcycler" approach. 
This chemistry is based on the use of one regular primer, one primer that is fluorophore- 
labeled which additionally functions as a FRET probe, and a single dedicated HybProbe. 
The HybProbe binds to the strand that is produced by elongation of the labeled primer, 
and in close proximity to it permitting FRET from one strand to the other. Consequently, 
both quantification and melting curve analysis can be performed (Nitsche et al., 2004). 
The internal Lightcycler can be applied for very short amplicons or when the amplicon 
sequence offers no suitable stretches for the placement of a pair of HybProbes. The de- 
sign of an internal Lightcycler assay proceeds according to the above rules; however, the 
HybProbe must be close to the labeled primer. 

Other chemistries 
Beside hydrolysis probes and HybProbes there are many more chemistries published that 
are not listed here in detail. Among the useful alternative chemistries are molecular beacons 
(Tyagi and Kramer, 1996). A molecular beacon consists of a sequence specific loop and a 
stem (www.molecular-beacons.org). The stem is formed by complementary binding of an 
artificial sequence of approximately six nucleotides which is coupled to the 5' end and in 
the reverse orientation attached to the 3' end, The reporter fluorophore is attached to the 
5' end and the quencher fluorophore to the 3' end. By forming a duplex the stem brings 
both fluorophores close together and if excited by a light source the reporter is quenched. 
At higher temperatures the beacon opens by melting of the stem and the reporter fluo- 
rophore can emit light after excitation by a light source. Cooling down to the annealing 
temperature, the beacon has two options: it can either close again by forming the stem or 
it can bind to the target strand that is complementary to the loop region. As long as no 
matching target sequence is present, the beacon will close and the reporter fluorescence is 
quenched. Otherwise the beacon will bind to the target, remaining open and ~ermitt ing its 
fluorescence to be detected during the annealing phase of the PCR reaction. As mentioned 
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Table 2.6 Assay design rules for HybProbes used for genotyping 
-- - 

Design rule 

Amplicon 

Amplicon can be of any length 

Primers 

Avoid complementarities to 
hydrolysis probe 

HybProbes 

Place probes anywhere on the target 
strand 

Choose the purine-poor strand 

Avoid complementarity to primers 

Avoid complementarities of 
HybProbes 

Length of 20 to 30 nucleotides (up 
to 35) 

TM 5-1 0°C above primer TM and 
annealing 

Probe TM can be below primer TM 

TM should not be higher than 
elongation temperature 

TM of anchor probe is > 5°C higher 
than TM of sensor probe 

Leave a gap of 1 to 5 nucleotides 
between probes 

No Gs should be located in the target 
strand between the annealed probes 

Label adjacent probe ends with 3' 
fluorescein and 5' LC red dye 

Block 3' end by phosphate or 
fluorescein 

Create C:A mismatches instead of A: 
T mismatches 

The variable position can be 
anywhere in the sensor probe, but 
not closer than 3 nucleotides from 
either end 

Reason 

Because this application of HybProbes is about 
small sequence changes so length is not a concern 
so long as overly long amplicons do not form. 
secondary structures 

Minimizes reduced signal due to primer to probe 
binding 

The important signal is generated during melting 
analysis, not during PCR cycling 

Improves hybridization stability 

Minimizes reduced signal due to primer to probe 
binding 

Prevents probe-to-probe hybridization which can 
produce target-independent signal 

Permits efficient probe binding 

Permits efficient signal generation while avoiding 
blocking of target region by elongated primer 

Still retains the end-point analysis application if 
amplification does not need to be followed 

Ensures probes do not block primer elongation 

Ensures FRET can occur as soon the sensor probe 
hybridizes 

Ideal distance for reliable FRET 

Overcomes tendency for unpaired Gs to quench 
fluorescence reducing signal strength 

Avoids difficult synthesis of vice versa labeling, 
although still possible 

Prevents elongation by the polymerase 

Permits better discrimination between mismatches 
than G:T than C:A mismatches 

Avoids less destabilizing terminal positions 
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Table 2.6 continued 

Design rule Reason 

Avoid GC-rich stretches 

Avoid G-rich probes 

Minimizes the non-specific binding of the probe to 
GC-rich target islands 

Excessive Gs can form undesired complexes 
through non-Watson-Crick interactions 

Design fluorescein sensor probes . Produce a strong emission signal 

Avoid sequence palindromes Prevents the formation of self-complementary 
stem-loop structures 

Detection 

If amplification is to be followed, Depends on the intention of the assay 
detect in the annealing phase. If 
only genotyping results are required, 
detect signal during melting analysis 

Consider asymmetric PCR when May produce excess of the target strand binding 
signal is low the sensor probe and thus increase he signal 

above, the DNA polymerase can only degrade an oligonucleotide that perfectly matches the 
target strand at its 5' end. Since the stem of the beacon is not designed to hybridize with 
the target, the 5' end of the beacon is never hybridized to the target and the polymerase 
cannot degrade the beacon, which is instead pushed off the target strand. This chemistry 
is non-destructive and can therefore be used for quantification as well as for genotyping 
(Marras et al., 1999; Marras et af., 2003; Mhlanga and Malmberg, 2001; Tapp et af,, 2000). 
The design of a beacon can be difficult, because the right balance between opening of the 
beacon at relevant temperatures and optional closing or target-binding can be dependent 
on a single nucleotide in the stem (Monroe and Haselton, 2003). If the beacon closes 
before it gets the chance to bind to the target, signal will never be detected, O n  the other 
hand, the beacon must close if no matching target sequences are present, otherwise it will 
produce a false signal. However, apart from the design of the stem which must work in 
tandem with the target-specific loop, common rules for oligonucleotide design still apply. 

Vet et aL demonstrated the potential of molecular beacons presenting a real-time PCR 
assay that detected and discriminated four pathogenic retroviruses in a multiplex PCR 
(Vet et al., 1999). An advancement of molecular beacons that enables multiplexing with 
highly efficient excitation of other reporter dyes than FAM by a LASER is the wavelength- 
shifting beacon (Tyagi et af., 2000). This molecule contains beside a quencher a FAM 
fluorophore that harvests the excitation energy and transmits it to an emitter fluorophore 
in close proximity. Therefore, the excitation wavelength can be optimized for FAM and 
several different emitter fluorophores can be used as emitters permitting the use of multiple 
beacons on older instruments. 

Similar to MGB hydrolysis probes, Eclipse probes utilize an MGB moiety, but in con- 
trast to hydrolysis probes the labeling orientation is changed, The MGB moiety and the 
quencher are coupled to the 5' end and the reporter fluorophore is coupled to the 3' end 
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(Afonina et al,, 2002). Spatial proximity of reporter and quencher in the free probe leads 
to signal suppression after excitation as already described. Signal production happens by 
stretching the probe during its binding to the target strand increasing the distance between 
reporter and quencher fluorophore. Due to the MGB at the 5' end, the detection probe 
cannot be degraded by the DNA polymerase so signal production is reversible, 'This implies 
that Eclipse probes can be used for melting analysis. A recent application in microbiology 
describes the detection of Yersinia yestis using M G B  Eclipse probes (Chase et al,, 2005). 

Additional real-time PCR chemistries often resemble combinations of previously 
established chemistries. For example Scorpion primers are a combination of a primer and 
a beacon in one molecule that primes elongation and detects the generated sequence using 
a single molecule (Whitcombe et al., 1999). Scorpions are ideally suited for genotyping as 
shown for the typing of human papillomaviruses (Hart et al., 2001). Resonsense" probes 
consist of a Cy5 labeled hybridization probe that is excited by SYBR Green, emitting 
fluorescence after binding to the probe and target (Lee et al., 2002), 

A clever combination of two different chemistries is the use of a hydrolysis probe (or 
MGB hydrolysis probe) to function as a donor for a single HybProbe that is labeled with a 
LC Red fluorophore. 'The hydrolysis probe is usually labeled with a 5' fluorescein reporter 
and 3' quencher. The HybProbe is located upstream of the hydrolysis probe, requiring the 
LC Red fluorophore label to be coupled to its 3' end, a modification which can be synthe- 
sized at higher expense. This combination allows the detection of the hydrolysis probe like 
a regular hydrolysis probe in the fluorescein channel of most real-time instruments, giving 
information about amplification. The LC Red fluorophore can be monitored additionally 
to follow amplification, but, most importantly, it can be used for melting analysis in suit- 
able instruments (Olson et al., 2004). 

Several more chemistries and modifications are published (see Chapter I), but most 
of them lack actual applications in microbiology. Finally, none of these chemistries of- 
fers crucial features that cannot be accomplished by the design of hydrolysis probes or 
HybProbes. 

Oligonucleotide modifiers 

LNA 
A further promising approach to create tightly binding oligonucleotides is the introduc- 
tion of locked nucleic acid (LNA) nucleotides into primers or probes (Kumar et al., 1998). 
LNA are modifications of DNA nucleotides that are characterized by an altered ring 
structure in the sugar moiety (a 2'-0, 4'-C-methylene bridge) which induces a confor- 
mational change in the regular B-DNA double helix to an A-DNA double helix structure 
(Nielsen et al., 1999). Thereby, the duplex stability is significantly increased. Introduction 
of one single LNA base into an oligonucleotide leads to an increase in TM of 2 to 6°C. 
Recently, LNA nucleotides were used to improve oligonucleotide binding in terms of a 
better discrimination in melting analyses (Simeonov and Nikiforov, 2002). However, apart 
from the knowledge that LNA nucleotides should not be introduced to the 3' end of a 
primer since this leads to poor elongation, additional critical factors for the application of 
LNA in detection probes are lacking. 
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Superbases 
Additional modifications, the SO ca1led''superbases AT", GTM and TTM" increase binding stabil- 
ity, mismatch discrimination and reduce self-annealing. While super A and super T stabi- 
lize AT-bonds, super G is modified to reduce secondary structures by non-Watson-Crick 
binding and does not quench adjacent fluorescein when unpaired. However, only a few 
applications of Eclipse probes containing superbases have been described to date. 

Oligonucleotide quality 
Whatever the chosen real-time PCR chemistry, the oligonucleotides must be manufac- 
tured to a high quality as a prerequisite for a reproducible real-time PCR, Unlabeled 
oligonucleotides of high quality are provided by several companies today. Most companies 
offer various purification grades and these may be important for special applications, how- 
ever for most PCR assays a gel filtration of the synthesized oligonucleotide is satisfactory. 
Fluorescently labeled oligonucleotides are usually purified by High Performance Liquid 
Chromatography (HPLC) to remove uncoupled fluorophore molecules and provide a ho- 
mogenous molecule population. A uniform length is crucial for genotyping assays employ- 
ing HybProbes since a probe population of mixed length would lead to a broad shoulder in 
the peak fluorescence melting curve and mean data were extremely difficult or impossible 
to interpret. For any fluorophore-labeled oligonucleotide, the yield of fluorophore coupled 
to the oligonucleotide is a very important quality criterion. Unlabeled probe molecules 
compete with labeled probe molecules for target binding and consequently reduce the 
maximum possible fluorescence signal. For hydrolysis probes, quantitative labeling is 
essential to reduce the background originating from insufficiently quenched hydrolysis 
probes. 

However, the oligonucleotide manufacturing quality of most vendors is at least accept- 
able and one should be able to find a compromise between price, quality and delivery time 
to choose a reliable provider. A certain level of quality can easily be maintained by staying 
with a company for all oligonucleotides of the same type, Beside these more technical con- 
siderations, the support provided by a vendor can be a decisive factor. Several companies 
offer online or telephone support for PCR-related questions; however, competent special- 
ists are rare. 

Troubleshooting 
Presuming that the oligonucleotides are of high quality, there are still manifold possibilities 
for a real-time PCR assay to fail, The following table (Table 2.7) may be understood as a 
flow-chart for basic troubleshooting of newly established real-time PCR assays. 

Future trends 
Well designed assays based on hydrolysis probes or HybProbes provide reliable sensitiv- 
ity and reproducibility. 'The introduction of further chemistries does not seem to have 
improved the outcome of basic applications in the microbiology laboratory and the most 
recently presented complex chemistries have not found their way into the diagnostic 
laboratory yet. 



62 1 Nitsche 

Table 2.7 Basic real-time PCR troubleshooting 

No amplification occurs as shown by agarose gel analysis 

check for because 

Reaction mixture Buffer All ingredients are essential for 
dNTPs enzymatic elongation 
Mg2+ ions 
Taq DNA polymerase 
Two primers 
Template DNA 

Primer orientation Reverse complementation Each primer needs to bind to 
of one primer complementary DNA strands 

Amplicon Length, and use longer Extremely long amplicons may not 
annealing/extension steps be amplified under common real-time 
or shorten the amplicon PCR conditions 

The relationship to the With too high TA high primers cannot 
primer TM and adjust TA bind efficiently and with too low 
to TM TA primers bind non-specifically 

producing several side products that 
hide the correct amplicon 

Incorrect amplification occurs as shown by agarose gel analysis 

check for because 

Primer Specificity by BLAST Primer specificity is determined by the 
search and the position of 3' end 
the specific nucleotide 

Maximum possible TA Specificity requires high stringency 

Five to seven 3' Redundancy in the target Primers may bind falsely 
nucleotides of the sequence 
primers 

Amplification occurs as shown by agarose gel analysis but no florescent signal is detectable 

check for because 

Amplicon Secondary structures in Hairpins reduce binding efficiency of 
the probe binding region the probe(s) 

Detection probe (s) Correct sequence Probes with mismatches may show 
extremely reduced binding efficiency 

Detection probe (s) G content and G G quenches fluorescein 
positions 

Detection probe (s) Placement in the Hydrolysis probes work best close to 
amplicon the primer on the same strand and 

HybProbes when placed far away from 
the primer on the same strand 
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fable 2,7 continued 

The fluorescence signal is also. present in negative controls 

check for because 

Laboratory facilities Precautions against DNA and PCR products are very 
contamination stable and easily cause contamination 

Wrong positives Amplification by agarose Signals may occur from interactions 
gel analysis of complementary primers and/or 

detection probes 

The real-time PCR assay is insensitive 

check 

Amplicon 

Primers 

for 

length 

because 

Short amplicon promises higher PCR 
efficiency and lower detection limits 

Tendency to form dimers Primer-dimers compete with primer 
binding to low target amounts 

Reaction conditions Primer binding efficiency Improper TA or Mg2+-concentration 
reduce primer binding 

Genotyping temperature shift is not significant 

check for because 

Polymorphism Nucleotides in Different mismatches evoke different 
mismatching duplex duplex destabilization 

Differentiating probe Location of the HybProbes work best when the 
polymorphic nucleotide polymorphic nucleotide is in the 

middle of the probe and MGB probe 
when it is close to the 3' end were the 
MGB moiety resides 

Today a lot of experience has developed for the design hydrolysis probes and HybProbes 
and relevant software has been developed and delivered with certain PCR instruments to 
facilitate the straight forward design of individual real-time PCR assays, However, these 
software solutions are usually restricted to the supported real-time PCR chemistry and 
may fail to solve complex problems. Numerous freely available software packages also exist, 
which aid the design of oligonucleotides by calculating melting temperatures, predicting 
secondary structures or proposing primer or probe sequences. A complete package that 
combines the design of primers and detection probes for various chemistries that also 
consider different sequence variants for the creation of highly specific assays would be 
ideal, Such an ideal design tool would also propose reaction conditions for the selected 
oligonucleotides that lead to accurate PCR results from the first run. However, such an 
idealized tool does not exist yet. 

- - 

Conclusions 
'There are various ways to establish good real-time PCR assays, For prominent targets, 
like pathogens or diagnostic markers of clinical chemistry or oncology, ready-to-use kits 
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can be purchased. These kits make guarantees for successful real-time PCR and do not 
require specialist knowledge for assay design, O n  the other hand, troubleshooting is often 
hampered by the absence of detailed information about the oligonucleotides employed. 

A second option is to order a complete assay design from a company. Numerous com- 
panies offer the design of real-time PCR assays according to individual requirements. The 
companies apply either software solutions or very rarely make use of specialists that do the 
design manually, employing various computer-based tools for the control of temperatures 
and secondary structures etc. These customized designs can be expensive but sometimes a 
complete evaluation has been performed and ready-to-use reaction conditions are supplied 
with the oligonucleotides sequences. In the case of unexpected results, troubleshooting 
in cooperation with the support division of the company is desirable. Nonetheless. if the 
oligonucleotide sequences are known, the easiest approach is to ensure that they meet the 
general design guidelines outlined in this chapter+ 

The third option is to design a real-time PCR assay by oneself using tried and tested, 
popular, robust and relatively inexpensive chemistries such as the hydrolysis probes or the 
HybProbes. This can be facilitated by the help of several online sofiware tools or complete 
software packages that come either with a real-time PCR machine or can be purchased 
individually. Some tools are public domain and freely available on the internet. A selec- 
tion of oligonucleotide design-related software is listed below. For simple real-time assays 
that detect microbial DNA or RNA, most of these tools will generate acceptable results. 
However, knowledge of the basic design rules is pivotal to improve a sub-optimal assay. 
For more complex assays, the highly specific detection of minority target variants or for 
the design of generic real-time PCR assays, most of the programs will fail to create robust 
results. In these cases "hand-made" real-time PCR assays will usually be superior to "ma- 
chine-made" ones. 

When looking at the literature it is interesting to note that sometimes there are real- 
time PCR assays that reportedly perform well despite offending several of the design 
guidelines presented here. In other cases, a design accommodates all the established guide- 
lines but results in an unacceptable assay. This indicates that there are factors influencing 
the real-time PCR assay performance that we still do not understand. 

The listed guidelines do not guarantee an easy path to success when designing real-time 
PCR assays. Instead, they should be understood as helpful guidelines to judge primers and 
detection probes used for real-time PCR. 

Web resources 

Ready-to-use real-time PCR assays 
A useful real-time PCR oligonucleotide database (Pattyn et al., 2006): 
Center for Medical Genetics, Ghent University Hospital, Belgium http://medgen.ugent. 
belrtprimerdbl 
Companies that offer real-time PCR kits or customer designs 
Roche Applied Science: www.roche-applied-science.com 
Applied Bios~stems: www.appliedbiosystems.com 
Qiagen: wwwl.qiagen.com 
TIB Molbiol: www.tib-molbiol.com 
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PrJrner/probe design tools 
A list of oligo design software at Bioinformatics.Net: 
www.bioinformatics.vg/biolinks/bioinforma~ics 

Commercial design tools 
Oligo 6.0 www.oligo+net 
Vector NTI www+invitrogen.com 
DNAStar www.dnastar+com 
ProbeITy www.celadonlabs.com/StoreFront/default.aspx 
Primer Premier www.premierbiosoft.com/primerdesign 

Scorpio www.dnasoftware.com 

Freeware 
Primer Quest www.idtdna~com/SciTools/SciTools.aspx 
Primer 3.0 www.frodo.wi.mit.edu/cgi-bin/primer3/primer3~www.cgi 
FastPCR www.biocenter.helsinki.fi/bi/Programs/fastpcr+htm 
PrimerD www.genes.cs.wustl.edu/cgi-bin/license.cgi?software = primerD 
Oligo Explorer www.genelink.com/tools/gl-oe.asp 

Autoprime www.autoprime.de 
Oligo Factory www.ueg.ulb.ac.be/oligofaktory/index,jsp 
PerlPrimer perlprimer.sourceforge.net/ 
PrimerX http://bioinformatics.org/primerx/ 

Additional useful design tools 
BLAST www.ncbi,n1m.nih.gov 
BioEdit www,mbio.ncsu.edu/BioEdit/bioedit.html 

M fold www,bioinfo.rpi.edu 
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QPCR: Target Preparation 
Tania Nolan, Reinhold Mueller, and Stephen Bustin 

Abstract 
Application of modern molecular biology techniques, for the detection of pathogens has 
resulted in a radical change in the methodology adopted by many diagnostic microbiology 
laboratories. Use of real-time quantitative PCR technology has resulted in much more 
sensitive and specific detection. It is becoming apparent that the most vulnerable stages of 
the quantitative PCR (qPCR) and reverse transcription (RT)-qPCR protocols are those 
concerned with target preparation. Each specimen, organism and nucleic acid combina- 
tion requires a different set of considerations for collection, transport and nucleic acid 
purification and the most appropriate combination should be ascertained for each project 
and laboratory. 

In order to ensure that the data collected are reliable the relevant controls should also 
be included. In this way a set of standard operating procedures can be defined that ensure 
reliable, reproducible and robust data+ 

Introduction 
When detecting microorganisms for research or diagnostic purposes, the goal is quite clear: 
Determine accurately, reproducibly and with high specificity the presence and, in some 
cases, also the quantity or activity of the organism(s) of interest. It is becoming apparent 
that many conventional approaches lack sensitivity and specificity, are labor intensive and in 
some cases expensive to perform. Molecular techniques are becoming adopted as potential 
alternatives. A recent addition to the molecular analysis portfolio is quantification using 
real-time PCR (real-time qPCR). This is a technology that utilizes the amplification of a 
specific DNA (qPCR) or cDNA (RNA) sequence (RT-qPCR) and concurrently detects 
the amplified product via the generation of an associated fluorescent signal. Specialized 
qPCR instruments detect changes in target-associated~fluorescence and plot these as a 
function of PCR cycle number. Various algorithms are now used to determine the cycle at 
which the fluorescence signal is most closely associated with the initial copy number and 
these are reported as threshold cycle, C, (Higuchi 1992, although derived using different 
algorithms, for the purposes of this discussion, the Ct can be considered to be synonymous 
to theUTake off point" andUCrossing point," Cp used by the software of some instruments). 
Under optimal conditions the fluorescent signal changes are directly proportional to the 
initial target input, and therefore the C, values are logarithmically distributed, over a range 
of 5 to 10 orders of magnitude, 
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Conventional techniques for detection of the common food borne pathogen 
Campylobacter jejuni rely upon culture of the organism however, this is difficult because 
it requires special growth conditions and it appears that the bacterium can enter a phase 
where it remains viable but cannot be cultured. Nogva (2000) demonstrated the power of 
a real-time qPCR assay for quantitation of C. jejuni that could even be used to distinguish 
between living and dead bacteria in food samples. Although this is an exciting new tech- 
nology, an important step in the evaluation of any new technique is a comparison to the 
established procedures. Uhl (2003) clearly demonstrated the use of qPCR as a suitable 
diagnostic technique for the detection of group A streptococci isolated from throat swabs 
and established that the data were comparable to those determined after use of established 
rapid antigen immunoassay and culture. Application of real-time qPCR technology to 
detection of pathogens has resulted in a radical change in the diagnostic methodology 
adopted by many microbiology laboratories for the diagnosis of pathogens (Cockerill, 
2002,2003; Bankowski 2004; Mackay 2004; Smith 2004; Espy, 2006). 

Real-time qPCR can be very sensitive because the target is amplified permitting the 
detection of a single genome (Raghunathan, 2005). The high sensitivity of qPCR assays 
may be compromised at one or more of the following steps: 

1 sampling 
2 sample preparation and storage 
3 nucleic acid isolation 
4 conversion of RNA into cDNA, when the target is RNA 
5 PCR (target amplification) 
6 detection of amplicon, and 
9 data analysis and reporting. 

In this review we are mainly concerned with the preanalytical steps, also known as pre- 
PCR processing (Radstrom 2004; Bustin, 2004), for qPCR assays, which are the processes 
performed during the first three steps described above; sampling, preparing the sample and 
purifying the target nucleic acid. These general considerations apply regardless of the source 
of the target material and the downstream application of the experiment, encompassing 
all experimental aims from relatively straightforward genomic sequence analysis to more 
challenging transcript quantification in single cells. However, specific examples will also be 
provided since some extraction methods work very well for isolation of a specific organism 
from a given sample but do not work for different organisms or specimen material (Espy, 
2006). It is pertinent to note that the effect on the final data and interpretation of each of 
these influencing factors must be considered in the context of the required application. For 
example, when the aim of the test is to genotype the target material, the specificity of the 
assay is paramount whereas sensitivity is of less importance than when a diagnostic assay 
detecting the presence or absence of a pathogenic organism is being developed, and visa 
versa. 

Initially let us consider a Utopian qPCR experiment: The presence and quantity of a 
specific pathogen is to be determined in a number of samples of a defined type, e.g. blood, 
a swab or bronchoalveolar lavage, biopsy, laser dissection, food or environmental sample. 
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These samples would be acquired from all sources under standard conditions and the 
number of host cells (or the sample volume) would be determined immediately. If an RNA 
pathogen is to be identified the target RNA of the pathogen would remain perfec Jy intact 
and be reverse transcribed with 100% efficiency into cDNA with no sequence bias+ The 
target DNA could be amplified without purification or would be purified from the sample 
with 100% efficiency. 'The subsequent PCR amplification would also occur at maximum 

be absolutely reproducible within and between tests and all amplicons would be 
accurately detected. This perfect, standardized analysis would also include a reproducible 
and representative standard curve for target quantification consisting of template material 
that amplifies in exactly the same way as the sample material (Rosenstraus 1998; Luebeck 

2003; Malorny, 2004). 
The everyday challenge in the real world is that the scientific method is never perfect. 

All stages of our Utopian assay are vulnerable to variation. These variables introduce a 
degree of uncertainly to the interpretation of the final data. It is for these reasons that 
experimental controls and defined reference standards and calibrators are required. It is 
appropriate to define the standard and control elements that are required for each stage of 
the process and incorporate this into a Standard Operating Procedure (SOP) specific for 
each sample type and organism. Examples of these are described below as each process of 
the workflow is defined. 

Sample collection methods 
Pathogens are diverse in origin and belonging to all phylogenetic groups: virus, bacteria, 
fungi and protozoa and are found in and on host animal bodies, in air, soil, foodstuffs and 
water. Each of these require specific consideration of the diversity of the biological system 
including variation in the cell wall (presence, absence and composition), membrane bio- 
chemistry, DNA and RNA binding proteins and cytoplasmic biology. As a fundamental 
example; extraction of nucleic acid from fungi or Gram-positive bacteria requires inclusion 
of procedures to disrupt the cell wall that are relatively more severe than those required 
when working with Gram negative bacteria. For some pathogens the stage of growth has 
an effect on microbial cell morphology and physiology, e,g. Plasmodium sp. 

Therefore, sampling protocols are diverse and are adapted to the biology of the organ- 
ism, the environment of origin and the nucleic acid to be analyzed. The main goal is to 
establish consistency in the sampling procedure and to maintain the integrity of the sample 
material until the nucleic acid is examined. 'This requires inactivation of nucleic acid hy- 
drolyzing enzymes as soon as possible. Often samples are acquired from clinical settings 
where the major focus of the medical team is to preserve the life or health of a patient. 
Under these circumstances the integrity of the sample in the time between acquisition 
and transfer to the waiting scientist is not a priority consideration so a simple procedure 
must already be implemented and adhered to in order for the laboratory to derive reli- 
able data, n e  results from recent studies indicate that the treatment of samples during 
this period (i.e. from sampling to nucleic acid preparation) can be critical, especially if the 
target nucleic acid is RNA. The target organisms are often pathogenic and the stages of 
nucleic acid preparation at which the sample can be considered non-pathogenic have not 
been defined. Until these recommendations have been reported conclusively it should be 
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assumed that all specimens are infectious and the required precaution adopted into the 
SOP (Espy 2006, CDC, 1999). 

The FTA" range of products (Whatman) have been developed to collect, store and 
extract nucleic acid from a range of sample types, including blood and buccal smears, plant 
material and solid tissue. All procedures are optimized for room temperature operation 
and the stability of sample is exemplified by the claim that human genomic DNA (gDNA) 
has been amplified in a PCR after 14 years storage on a FTA card. After application of the 
sample to the FTA card, microorganisms are inactivated, cell membranes lysed and nucleic 
acids are entrapped onto the FTA matrix. Similarly, many companies have developed kits 
to address the specific challenges of the target specimen, although an optimal extraction 
procedure would be highly efficient over a wide range of specimen types, require a simple 
protocol and be cost effective. Fahle (2000) compared the extraction of Cytomegalovirus sp. 
(CMV) DNA that had been spiked into human specimens using six commercially avail- 
able DNA extraction klts. 'They selected specimens presenting different challenges; bron- 
choalveolar lavage, cerebral spinal fluid, plasma and whole blood. The tested extraction kits 
were; Puregene DNA isolation kit, Generation Capture Column kit (both Gentra Systems 
Inc,), Masterpure DNA purification lut (Epicentre Technologies) IsoQuick nucleic acid 
extraction kit (Microprobe Corp), QIAamp blood kit (Qiagen) and NucliSens isolation 
kit (Organon Teknika Corp). Extraction using the NucliSens isolation kit resulted in the 
most sensitive and also the most expensive detection from all sample types when all kits 
were used according to recommendations. It is clear that it is important to validate an 
extraction procedure for the specific specimen and pathogen type of interest (Petrich, 
2006) 

Sampling from blood 
For identification of blood borne parasites and viruses, the usual sample material is either 
whole blood, plasma or peripheral blood mononuclear cells (PBMCs). The key to the 
successful isolation of high quality RNA and to the reliable and meaningful comparison 
of RT-qPCR data is to ensure that neither endogenous nor exogenous RNAses are intro- 
duced during the extraction procedure. Two related problems are that different mRNAs 
display differential stability and that mRNA expression profiles can change rapidly after 
cells or tissue samples have been collected, but before they have been frozen. This implies 
that quantification of a single transcript or determination of relative transcript levels could 
be seriously affected by the sampling procedure adopted. 'This is a particular problem with 
cells extracted from whole blood (Keilholz, 1998) and mRNA profiles can change over 
several orders of magnitude even in the short time it can take from collecting the blood to 
processing it in the laboratory. Causes are RNA degradation, the induction of genes, as well 
as the method of RNA preparation. Cox-:! is a very unstable protein and its transcripts have 
been implicated in inflammation as well as pathogenic processes. 'This serves as an example 
of a target which is particularly sensitive to sampling and it has been demonstrated that 
ex vivo analyses are dependent on the time between tissue extraction and analysis (Learn 
2000, Lukiw, 1997). In addition, blood is notorious for containing numerous inhibitors of 
the PCR reaction (Akane 1994; A1 Soud 2001; Fredricks, 1998). Therefore, appropriate 
sample acquisition has a major influence on the quality of the RNA and subsequently on 
any result of RT-qPCR assays (Vlems, 2002). Once a biological sample has been obtained, 
immediate stabilization of RNA is the most important consideration (Madejon, 2000). 
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Whole blood is commonly collected in either EDTA treated tubes (BD, New Jersey) 
or  PAXgeneTM tubes (PreAnalytiX, GmbH). EDTA is a metal complexing agent that has 
been widely used commercially since the 1950s (Bersworth Chemical Company, 1954), 
the disodium salt being commonly used as an anticoagulant which prevents the forma- 
tion of fibrin by calcium chelation (Seegers, 1967). Tubes contain either K2EDTA that 
is sprayed dried onto the side of a plastic tube or K3EDTA as a solution in a glass tube. 
The International Council for Standardization in Haematology Expert Panel on Cytology 
(1993) recommended the preferential use of K2EDTA collection tubes because these allow 
more accurate white blood cell counts and reduce both the shrinkage effect of red blood 
cells and the increase in cellular volume observed when using K3EDTA. Interestingly the 
concentration and source of EDTA in forensic blood samples was pertinent to the inter- 
pretation of data in the murder case of the State of California vs. Orenthal James Simpson 
(Sheppard and Henion, 1997). 

The PAXgene system is a combined approach to sample collection and nucleic acid 
extraction. Blood is drawn directly into specialized VacutainerTM tubes that contain a pro- 
prietary buffer designed to stabilize the sample during storage and subsequent cell lysis and 
nucleic acid purification. Blood samples in PAXgene tubes are stable for 14 days at room 
iernperature or for 28 days at 2 4 ° C .  For long-term storage the samples can be frozen at 
-70°C. 'The PAXgene system incorporates a nucleic acid purification procedure to then ex- 
tract either RNA or D N A  from whole blood. After storage of specimen blood in PAXgene 
tubes, nucleic acids are isolated using specific preparation columns to isolate either RNA 
or DNA. Chai (2005) compared the use of PAXgene tubes and columns to the standard 
erythrocyte lysis method for the extraction of RNA to be used for downstream RT-PCR 
quantification of the relative levels of ribonuclease reductase R1 and R2 subunits. They 
showed conclusively that the PAXgene approach resulted in intact RNA of high quality 
whereas conventional lysis approaches resulted in seriously degraded RNA, However, 
they also observed a high level of gDNA contamination in the PAXgene isolated RNA 
that could cause erroneous results. In this report the authors suggested a modification of 
the standard protocol to include an off column DNase digestion step for further gDNA 
removal. Coyne (2004) compared the isolation of Bacillus anthracis Sterne vegetative cells 
and spores (Gram positive) and Yersinia pestis (Gram negative) from spiked samples of 
whole blood, serum and buffer using either the IsoCode Stix or QIAamp DNA minikit 
DNA extraction procedures. Overall the conclusion was that both approaches provide 
comparable detection limit but that the IsoCode Stix method of template preparation was 
faster with a simpler protocol making this amenable to higher throughput requirements. 
Although these recommendations are generally accepted and this system is regarded as 
the method of choice for handling blood samples it is important to report some caution* 
Kagedal (2005) were studying malignant melanoma and inflammatory bowel disease in a 
multicenter study, Blood samples were stored for several days at room temperature, accord- 
ing to manufacturer's recommendation and the authors report that some target transcripts 
were not stable in the PAXgene storage system and therefore, advise that the stability 
of a given target should be established prior to incorporating any storage and extraction 
procedure into an SOP. 

While these methods of collection are simple for those of us fortunate enough to 
work in well-equipped laboratories, in some areas of the world even the basic protocols 
for processing of blood and plasma prior to shipping to a central diagnostic laboratory are 
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unavailable, Dried blood spots on filter paper have been used for screening of metabolic 
disorders and Fiscus (1998) demonstrated the use of dried blood spots on filter paper 
(Schleicher and Schuell 903 and IsoCode filter paper) for quantification of H I V  RNA 
load in plasma* 'Their preliminary results demonstrated that they could reliably use filter 
paper blood samples to quantify HIV, although they experienced stability issues which 
require addressing before this approach could be adapted for field use. However, the FTA 
card (see above) and IsoCode Stix system (Schleicher and Schuell, Keene, NH) have 
been developed to be used to preserve and stabilize blood samples when long periods of 
transportation are required. The IsoCode Stix system has been shown to be effective for 
downstream malarial diagnosis using qPCR (Zhong, 2001). 

Sampling from solid tissue 
Generally, solid tissue biopsies are snap-frozen in liquid nitrogen and can be subsequently 
processed to extract either RNA or DNA. When sampling for RNA organisms it is 
particularly important to pre-chill sample tubes on dry icelethano1 and collect tissue im- 
mediately into the cold tubes. When multiple samples of the same tissue are available 
they should be processed into individual tubes of similar sample sizes. 'This is to avoid 
attempting to break sections from a solid frozen lump for subsequent extractions. It also 
helps to prevent the sample from defrosting during homogenization. The tubes are then 
snap frozen and stored in liquid nitrogen or at -80°C. Labeling and cataloguing of frozen 
samples must be rigorous to ensure rapid and accurate retrieval and that tube markings are 
not removed during freezing! 

An alternative approach is to immerse tissues into aqueous sulfate salt solutions (such 
as ammonium sulfate) at controlled p H  and room temperature. This treatment results in 
precipitation of RNAses and other solubilized proteins and protects tissue RNA. Tissues 
can be stored at -80°C prior to processing using standard RNA preparation techniques 
(Lader, 2001). This forms the basis of the commercially available RNAlaterB solution 
(Ambion, Inc). RNA, DNA or even denatured proteins can be isolated from samples of 
fresh tissues, cultured cells, bacteria or yeast after storage in RNAlater. Tissue samples 
should be   re pared as slices less than 0.5 cm, preferably 2 mm (Mutter, 2004). A larger 
relative surface area facilitates diffusion of the solution into the tissue. Ideally ten volumes 
of RNAlater solution are added to one volume of tissue section. Since the RNA would be 
degrading while the sample size was being determined the recommendation to use a stan- 
dard protocol of 1.5 ml for samples up to 150 mg and 5 ml for samples between 1.5 mg 
and 500 mg is a very useful practical tip (Qiagen RNAlater handbook). Samples can be 
stored in RNAlater at room temperature for up to 1 week. For longer term storage, store 
overnight and for up to 4 weeks at 4°C and then transfer to -20°C or -80°C. RNAlater 
is not suitable for use with some cells or tissues such as those that cannot be penetrated 
by the solution, e.g. waxy plant tissue or bone and so it is wise to check suitability with the 
manufacturer before use. RNAlater-ICE has been developed to aid tissue processing of 
previously frozen material, 

Mutter et al. (2004) compared the RNA profiles of identical uterine myornetrial 
samples after immediate extraction from fresh tissue. Samples were either snap frozen in 
liquid nitrogen or stored in RNAlater for 24 hours or 72 hours at room temperature. They 
concluded that identical profiles were produced when analyzed using microarray analysis 
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and determined that the storage conditions did not influence the RNA profile of 14,639 
gene targets* However, they noted that tissue sections stored in RNAlater should be a 
maximum of 2 mm thick to allow passive diffusion of salt solution and that agitation is rec- 
ommended to prevent tissue pieces from forming clumps. Storage of tissues in RNAlater 
at temperature above or below 25°C was not examined. 

Sampling from stool, swab, aspirate, and lavage samples 
Pathogens are often isolated from samples collected using apparently less invasive tech- 
niques; stool, urine, swab, aspirate and lavage samples. Extractions from stool samples are 
nororiously challenging but this process is facilitated by the STAR system (Stool Trans- 
port and Recovery ~uffe;; Roche Diagnostics Corporation, Indianapolis, IN). STAR has 
been formulated to render infectious organisms non-pathogenic and prevent nucleic acid 
degradation during magnetic bead extraction. 

Gouvea (1990) developed a protocol for the extraction, amplification and equivalent 
serotype identification of the dsRNA rotavirus molecule from stool samples, In this re- 
port they describe a relatively crude SDSIproteinase K disruption procedure followed by 
phenol chloroform extraction. The essential step to optimize was that of the first round 
of PCR to accommodate reverse transcription of dsRNA and the process was shown to 
be highly dependent on DMSO, MgC12 and viral template concentration, The data from 
this study clearly illustrate that the reaction component balance required for these reac- 
tions is much more critical than when relatively pure, conventional samples are processed. 
Petrich (2006) conducted a multicenter comparison of nucleic acid extraction methods 
to identify coronavirus from stool samples in order to facilitate the development of a mo- 
lecular diagnostic test for Severe Acute Respiratory Syndrome (SARS), They observed 
a discrepancy in the recorded rates of infection detected in stool samples from different. 
centers and hypothesized that this was due to differences in RNA extraction procedures, 
In order to determine the most effective extraction procedure they conducted an inter- 
national, multicenter comparison of manual and automated purification methods. When 
RNA was extracted using manual techniques the sensitivity of detection ranged from 50% 
to 100% when using the magnetic bead systems, Cortex Biochem Magnazorb being the 
most sensitive of the protocols tested. The range of sensitivities of detection after auto- 
mated extraction was 57% to 100% with both the bioMerieux NucliSens and miniMag 
systems achieving maximum sensitivity. 'The study revealed that a number of the protocols 
used resulted in retention of inhibitory substances that reduced subsequent amplification 
efficiency. In this way they confirmed that the observed differences in apparent infection 
were as a result of sample processing in some part attributable to the yield of RNA and in 
some part to the efficiency of amplification of the extracted material. 

Microorganisms collected on swabs are typically immersed in a transport solution, 
shipped and processed in a reference laboratory or lysed immediately (Bustin, 2004). 
Surface sampling is routinely done by use of a swipe (Speci-sponge; Nasco, Fort Atkinson, 
WI), Heavy Wipe (Handy Wipes Heavy Wipes; First Branch Gorp+ Danbury, CT) or 
swab sample processing kit (ASD; Fort Lauderdale, FL). Pathogens trapped on the sam- 
pling device are then subjected to elution into extraction buffer (Buttner, 2004). 

The SETS kit (Swab Extraction Tube System; Roche Diagnostics Corporation, 
Indianapolis, IN) is a simple alternative swab processing system, specifically designed for 
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recovery of organisms collected on swab fibers. The SETS method consists of a specialized 
swab collection spin tube. The process simply requires 1 min to break the shaft of the speci- 
men collection swab leaving the head in the collection tube, a 2 min centrifugation step 
and a 2 min heating step (to 100°C). Issa (2005) used this system to isolate HSV DNA 
from dermal and genital swabs and demonstrate that it is faster and less expensive than 
comparable sample preparation using the MagNA Pure system. Importantly application 
of the SETS provided a more sensitive assay, possibly because the sample handling allowed 
for a 10 fold lower extraction buffer to be used with the SETS and so a corresponding 
increase in sample DNA concentration. 

Identification of respiratory pathogens has rapidly improved due to development of 
techniques for both sampling and organism identification, Traditionally causative agents 
of lung and associated infections have been identified after lengthy culture or by highly 
invasive lung tissue examination either of biopsy or postmortem samples, Most respiratory 
pathogens are RNA virus but there are also many which are fungal and cause pneumonia 
resulting in serious health issues in humans and economic losses when livestock are infected. 
Culture of the infectious organism can be challenging. Mycoplasma hyopneumoniae causes 
pneumonia in pigs but attempts to culture often result in growth of other Mycoplasma sp. 
present in the pig lung preventing accurate diagnosis. Immunological detection methods 
cross react with other Mycoplasma sp. resulting in reduced specificity. PCR techniques were 
developed for detection of M. hyopneumoniae in nasal swabs (Mattson, 1995) and tracheo- 
broncheolar washes (Verdin, 1996) but one of the challenges when using bronchoalveolar 
washes in PCR is that these samples contain high concentrations of compounds that 
inhibit the reaction. Baumeister (1998) compared sampling methods for the detection of 
M. hyopneumoniae in pig bronchoalveolar lavage fluid in order to select an approach that 
minimized the presence of PCR inhibitors. The bronchoalveolar lavage washes were in 
0.15 M phosphate buffered saline and collected after immediate instillation and aspiration 
from the bronchus trachealis. Various methods for removal of inhibitors were tested and 
found to be ineffective; these included boiling and centrifugation, proteinase K and deter- 
gent treatment. The highest sensitivity was reported after DNA was extracted using either 
the Nucleon I1 DNA extraction kit (Scotlab) or the CTAB (cetyltrimethylammonium 
bromide) method (Maass and Dalhoff, 1994). 

Pneumocystis carinii is a causative agent of pneumonia in humans and is associated with 
infection of immunocompromised patients. As HIV infection and AIDS have become 
more prevalent the incidence of I? carinii pneumonia has also increased. I? carinii had been 
alternatively described as a protozoan until its classification as a fungus in 1988 (Edman). 
The diagnosis of I? carinii pneumonia was originally dependent upon clinical observation 
and histological examination of open lung biopsy specimen or autopsy tissue. Collection 
of bronchoalveolar lavage fluid or induced sputa has replaced these invasive techniques and 
has assumed a major role in diagnosis protocols for this and other respiratory infections. 
Ribes (1996) analyzed the sensitivity and specificity of PCR techniques for detection of 
I? carinii and compared these to conventional immunological detection methods used 
to detect cysts or trophozoites. Current staining techniques were inefficient because the 
samples were dilute and so microscopic detection was difficult and different stains were 
required to detect cysts or trophozoites. 
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Samples were collected into sterile saline and DNA was purified using the IsoQuick 
extraction ~rocedure (Orca Research Inc). The extraction of pathogen nucleic acid was 
estimated to be equivalent to concentrating the sample by 100 fold. PCR was sensitive 
enough to detect single cysts and both cysts and trophozoites simultaneously and was 
around 100 fold more sensitive than direct examination. An improvement in the DNA 
extraction procedure of samples from bronchoalveolar lavage fluid and a nested PCR assay 
were developed for detection of Aspergillus sp. (Hayette, 2001). The assay was used to 
confirm the presence of fungus but could not be used to discriminate between infection 

and colonization. 

Sampling from environmental samples 
When attempting to sample microorganisms from water, sensitivity is a major issue, Al- 
though the microorganisms are present at very low concentration, often around 1 organ- 
ism per liter, this is still sufficient to present a health hazard. Prior to nucleic acid extract 
a concentration step is usually required. These include; hollow fiber filtration that is used 
to capture microorganisms based on molecular weight, immunological techniques such 
as afinity chromatographic separation approaches using carbohydrate or hydroxyapatite 
columns for extraction of a broad range of organisms while immumomagnetic separation 
using specific antibodies is used for capture of target microorganisms. 

Extraction of nucleic acid from soil and sediment presents particular challenges since 
these samples usually contain high concentrations of compounds that are dificult to 
separate from nucleic acids due to similar chemistry but will inhibit downstream enzyme 
mediated reactions (Schreiner and Laptrop, 1912; Bottomley 1917). A number of publi- 
cations address improvements to specific stages of the nucleic acid purification procedure 
to enhance the DNA yield. One approach has been to lyse all cells directly by bead beat- 
ing (Miller, 1999), or heating and freezing (Bruns and Buckley, 2002)+ The alternatives 
target enhanced purification by addition of hexadecyltrimethylammonium (CTAB) or 
polyvinylpolypyrrolidone PVPP (Zhou, 1996), or by chemical flocculation using multi- 
valent cations such as AINH4(S04)2 (Braid, 2003). Chandler (1996) demonstrated that 
electroelution could be used to remove inhibitory compounds and that the sensitivity of 
detection of organisms from surface soils and sediments using PCR was increased by up 
to a factor of lo4 when detecting DNA targets and 10' when targeting RNA, relative to 
non-electroelution treated samples. 

'The SoilMaster D N A  Extraction Kit has been developed to address removal of or- 
ganic inhibitors such as fumic and fulvic acid while providing high quality intact DNA. 
This protocol uses a heating lysis procedure in the presence of detergent and employs 
chromatography to remove organic inhibitor compounds. TruRNA (Atom Sciences Inc) 
present a system for purification of RNA and DNA (independently or by ~o~urif icat ion) 
from soil samples and this has been used for recovery of nucleic acids from actinomycetes 
and Gram positive cocci including Rhodococcus sp. and Micrococcus sp. 

Felnagle (2003) compared the sensitivity bias and feasibility of use of commercial 
D N A  extraction kits (Isoquick, ORCA Research; Soil DNA extraction kit, Mo Bio 
Laboratories, Inc; Dneasy Tissue kit Qiagen Inc; Genomic Tip 20/G Qiagen and applica- 
tion of FTA filter, Whatman Bioscience). Samples of water and soil were spiked with 
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known quantities of E. coli, Bacillus megaterium (Gram positive), Haloarcula marismortui 
(archaean) and both PCR and real-time qPCR were used for detection. The results of this 
comparison indicated that the FTA card was suitable for use in planktonic environmental 
microbiology investigations and that the MoBio kit was efficient and sensitive for extrac- 
tion of nucleic acids from soil. 

Nucleic acid extraction 
When the pathogen of interest is associated with the host, varying amounts of host cells 
or inhibitory components can be combined with the pathogen sample, ~ o s s i b l ~  causing 
different degrees of amplification inhibition or a reduction in specificity. Commercially 
produced kits are available for purification of pathogenic sequences from the host DNA or 
RNA, In general, the pathogen is separated from the host before nucleic acid extraction, 
typically by magnetic beads coated with anti-pathogen antibody, 

Pathogen DNA and RNA need to be accessible for purification and analysis, and one 
goal is to recover 100% of the target nucleic acid without fragmentation. Initially, cells 
must be disrupted. This is achieved by various methods including mechanical shearing, 
homogenization, sonication and enzymatic disruption. When isolating RNA from frozen 
specimens, the samples must be maintained completely frozen until RNAses have been 
inactivated. Hence if disruption is carried out using mechanical procedures e.g. in a mortar 
and pestle, the processing should be carried out in the presence of liquid nitrogen to keep 
the specimen frozen. The alternative is to use the RNAlater-ICE solution described previ- 
ously* 

Bacterial cell disruption is often enzyme mediated using lysozyme or lysostaphin fol- 
lowed by passing the digest through a syringe with needle attached, or by sonication. Yeast 
cell walls are digested with lyticase or zymolyase and the resulting spheroplasts can be 
lyzed in lysis buffer containing proteinase K or disrupted with 0.5 mm glass beads in a 
bead mill. Plant tissue and cells are typically ground in a mortar and pestle or with 5 mm 
tungsten carbide beads again using a bead mill. Tissue culture cells can be broken open 
with common cell lysis buffer, with a Rotor-Stator (Omni International Inc, Marietta GA, 
PRO Scientific Inc., Oxford CT) or equivalent using disposable probes. Simple to use spin 
columns (included in some nucleic acid extraction kits e,g, Sigma Aldrich or purchased 
separately e.g+ the Qiashredder, Qiagen) can be added as a simple step prior to standard 
extraction protocols. Tissue biopsies can be disrupted by using an Omni Rotor, a mortar 
and pestle or in a bead mill with 5 mm steel beads, Mammalian red blood cells do not 
contain a nucleus and are often removed to help reduce PCR inhibition. Red blood cells 
are frequently removed by hypotonic lysis, Ficoll density centribgation or by plain cen- 
trihgation for 10 minutes at 3300 x g, thus forming a top plasma layer, a middle b u q  coat 
containing nucleated blood cells, and an erythrocyte pellet (Bustin, 2004). 

Radstrorn (2004) has listed four sample preparation methods: (1) biochemical (ad- 
sorption and DNA extraction), (2) immunological adsorption, (3) physical (two-phase 
systems, centrifugation systems, filtration and dilution), and (4) enrichment cultures. 'The 
latter is a way to increase the amount of target, rather than a technique to isolate microbial 
genomes. The biochemical sample preparation method was shown to remove more of 
the common inhibitors than the other three methods, but at a higher cost. Traditionally 
either DNA or RNA is extracted, although protocols and kits for the co-extraction of 
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D N A  and RNA are available and gaining popularity because of their flexibility. Phenol 
based protocols, including the phenol based compound alternatively marketed under the 
trade names of TriZol (Invitrogen) and TriReagent (Sigma-Aldrich) are extensively and 
successfully used to extract nucleic acid. However care must be taken to perform the pro- 
cedure accurately since not only will residual phenol inhibit downstream enzyme mediated 
reactions but this is a hazardous reagent, both caustic and corrosive, causing both severe 
burns and damage to the human nervous system, It is prudent to sacrifice yield for purity 
when removing the nucleic acid aqueous phase from phenol and interface layers to avoid 
contaminating the nucleic acid sample with plasmid, 

Many commercial companies have developed cost effective kits using simple and rapid 
protocols incorporating less hazardous compounds (Table 3.1). 

Commercial systems aim to purify DNA, RNA or both (Espy, 2006), that are intact 
and free of inhibitors that would compromise downstream enzymatic reactions. Ideally 
the nucleic acids are delivered at high concentration (preferably eliminating final ethanol 
precipitation steps) in storage buffer this is compatible with subsequent qPCR. Kits can be 
divided into either specific target purification kits, usually used on fully automated or semi- 
automated purification platforms, conventional purification kits or laboratory developed 
protocols. A detailed laboratory developed protocol can be found in Bustin (2004), Several 
authors have performed and published side-by-side comparisons of a select number of 
nucleic acid purification kits where yield, quality hands-on time, ease-of-use and price 
per reaction have been analyzed. When setting up a new assay it is wise to perform an 
independent comparison of as many kits as possible before selecting the one to be adopted 
as the standard for the specific procedure. The nucleic acid yield, protocol details and ma- 
nipulation steps vary and the most appropriate kit for the experimental conditions (sample 
source and target organism) should be determined. While the protocols for these kits 
are relatively simple it is recognized that these extractions require technical competence 
and constant attention during template preparation (Clinical Laboratory Improvement 
Amendments, 1988) high variability in yield and nucleic acid quality have been observed, 
In a recent training course at EMBL, post doctoral scientists studying qPCR techniques 
were tasked with extraction of total cellular RNA from identical samples and provided 
with identical extraction kits and laboratory facilities. The resulting extraction ranged in 
yield from 0 to 450 ng (Figure 3.1) and clearly demonstrated that these extraction proce- 
dures can lead to variability until personnel are fully trained and competent. Many of the 
nucleic acid preparation kits use ethanol either to ensure specific binding of nucleic acid 
to column material or for precipitation of nucleic acid when eluted at low concentration. 
An additional and familiar phenomenon is the incomplete removal of ethanol leading to 
samples floating out of agarose gels when attempting to load, While this is irritating, a 
more significant consequence is that remaining ethanol contamination inhibits PCR. 

When processing a high volume of samples an automated extraction procedure is usu- 
ally adopted. The major advantage of automation is that hands on time and the potential 
opportunities for operator error are significantly reduced. Adoption of automated systems 
requires substantial financial investment but also laboratory space, initial set up time and 
effort. 'The development of automated systems and the procedures for extraction requires 
highly skilled personnel but it is clear that this is a valuable investment because once devel- 
oped, less skilled assistants can carry out subsequent operations. 
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100 20 mg Gram(-), 62 min 
6-1 3 mg Gram (+) 

Solution 
based method 

Maxwell 16 AS1 030 48 21 mg Gram(-), 16 samples in Solution 
Tissue kit 6-1 3 mg Gram (+) 30 minutes based 

Instrument 
system 

Maxwell 16 Cell AS1029 48 22 mg Gram(-), 17 samples in 
kit 6-13 mg Gram (+) 30 minutes 

Qbiogene GNOME DNA 2010-200 10 I 00  mg 
Kit 

Qiagen QlAamp DNA 51 304 50 
Mini Kit 

10 ml blood White blood cells, 
tissue culture 
cells, animal and 
plant tissues, 
yeast, Gram(-) and 
Gram(+) bacteria 

50-400yl of Requires Maxwell 
blood ' instrument 

up to Requires Maxwell 
1.2cm of instrument 
rodent tail 

< 1 hour Proprietary Varies Bacteria, yeast, 
animal cells and 
tissues 

< I hour Proprietary Varies Bacteria, yeast, 
animal cells and 
tissues 

< I hour Proprietary Varies Bacteria, yeast, 
animal cells and 
tissues 

20 min after Spin Column Varies For isolation 
lysis of genomic, 

mitochondrial, 
bacterial, parasite 
or viral DNA 





QIAGEN DNA/ 14162 10 500 mg gDNA, 
RNA Maxi Kit 1 mg RNA 

Roche Applied DNA Isolation 1 1814770001 10 
Science Kit for Cells and 

Tissues 

MagNA Pure LC 3264785001 192 
DNA Isolation 
Kit II (Bacteria, 
Fungi) 

Sigma GenElute NA2 1 00 10 20 Pg 
Bacterial 
Genomic DNA 
kit 

Takara Mirus Dr GenTLE TAK9081 200 
Bio 

2.5 hours plus Salting out I g  tissue Tissues, cultured 
resuspension proteins, DNA or 5 x 10A7 cells, Gram(-) 
time precipitation cultured bacteria, mouse 

cells, 101 1 tail, yeast 
Gram(-) 
bacteria 

95 min for 32 Magnetic 100 ml Requires use of 
samples glass particles MagNA Pure LC 

Instrument 

< 75 min Silica Bind 1.5 ml 
Gram(-), < 120 and elute culture 
min Gram(+) 

40 min Precipitation 100 ml Whole blood, 
blood bacteria 

Trevigen Genomic DNA 4850-20-GD 20 Biphasic 100 mg Tissue, cultured 
Isolation Kit Extract ion tissue, 105 cells 

to 107 cells 
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OAgilent 
~i UV spec 

Figure 3.1 Groups of students extracted RNA from identical cell pellets and the yield measured 
using RiboGreen, Agilent, UV spectrophotometry and NanoDrop. Measurements of yield varied 
from zero (group I )  to 450 ng (group 9) and measurement values were also highly variable and 
dependent on the technique used. 

When automated and manual procedures are directly compared, the automated ap- 
proach may not always give the highest yield but it invariably results in higher consistency 
when identical procedures are repeated. 

Beuselinck (2005) compared the performance of an automated system (m1000, 
Abbott Laboratories, IL) with a manual extraction system for purification of viral R N A  
and DNA. The mlOOO can simultaneously extract nucleic acid from up to 48 samples 
using guanidinium isothiocyanate for lysis and enzyme deactivation and uncoated iron 
particles for capture of RNA and silica-coated magnetic particles for capturing DNA. The 
report describes the extraction of hepatitis C virus (HCV)  RNA, hepatitis B virus DNA, 
CMV and Epstein-Barr virus DNA. When purifying nucleic acid from 24 samples the 
total time for manual and automated plasmalserum extraction is approximately equivalent 
(between 120 and 132 min.) but the operator hands-on time required for the automated 
system is reduced by about 65%. Accuracy was determined by comparison of automated 
extraction of the HCV 2004 QCMD proficiency program panel and detection with the 
laboratory developed HCV-PCR. No  significant differences were revealed with almost all 
results within 0,5 loglo HCV IU/ml. 

In order to compare the reliability of each extraction procedure, Beuselinck extracted 
nucleic acids from forty clinical samples using both automated and manual protocols 
and assayed these for HBV O f  the 40 samples, 25 samples were found positive in both 
extractions but nine samples assayed for HBV gave different results after automated and 
manual extraction; six samples that were negative with manual extraction were positive 
in automated extraction. Three weakly positive manually extracted samples were negative 
when extracted on the m1000. For four of these samples enough material was available for 
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the extraction to be repeated; the second time samples that had been positive (automated) 
and negative (manual) in the first round, were all positive in the second round of extrac- 
tions indicating that the manual extraction would have lead to a false negative result after 
the first extraction. While this report focused on the comparison between manual and 
automated extraction procedures, these data reveal the absolute requirement for technical 
replicates or extraction controls to be included in any diagnostic SOP. 

Aldous and coworkers (2005) described a comparison of six ways of extracting 
Mycobacterium tuberculosis D N A  from respiratory specimens. Digested and decontami- 
nated sputum was spiked with M. tuberculosis (ATCC 27294) and adjusted to the stan- 
dard concentration of 1.0 McFarland, divided into aliquots and stored at -70°C. Each of 
the six D N A  purification protocols were repeated eight times. 'The thawed samples were 
centrifuged at 6000 x g for 1 min and the pellet was saved for extraction, 

The first procedure relied upon boiling of the pellet in T E  (10 m M  Tris-HC1 p H  7.5, 
0.1 mm EDTA) Kocagoz, 1993) for 15 min and analysis of the subsequent supernatant, 
The second technique used was the PrepMan Ultra sample preparation reagent (Applied 
Biosystems, Foster City, CA), which is a commercial reagent that also uses a boiling proce- 
dure. The ID1 extraction protocol (Infectio Diagnostics, Inc,, Quebec, Canada) uses a lysis 
system employing a proprietary lysis tube containing glass beads used for cell disruption 
in conjunction with a boiling step. The Qiagen QIAamp D N A  mini kit tissue protocol 
(Qiagen, Valencia, CA) was also used with the following modifications; an enzymatic lysis 
step using 30 mglml lysozyme added to the tissue lysis buffer was followed by boiling for 
15  min, and a proteinase K incubation at 560C for 1 hour. An SDS-Triton X extraction 
(Khan, 2004) was performed in which non-ionic detergent mix (2% SDS, 10% Triton 
X-100) replaced the T E  in a standard boiling protocol. The final protocol consisted of re- 
suspension of the bacterial pellet was in the non-ionic detergent mix followed by sonicated 
for 15 min and then a boil extraction protocol. 

Each extract was analyzed on two platforms, the Smartcycler@ I1 (Cepheid, Sunnyvale, 
CA) and the Rotor-Gene 3000 (Corbett Research, Sydney, Australia). After optimiz- 
ing the assay conditions on each instrument, 25 pl reactions were run using the same 
cycling conditions for both platforms. Ten-fold dilutions of M. tuberculosis D N A  (2.5 fg 
to 25 pg) were run in triplicate on both platforms and standard curves were generated. 
For each assay the standard curve was included in the run or imported for calculation 
of Mycobacterium D N A  concentration. In presence of internal control D N A  the limit of 
detection for Mycobacterium standard D N A  was 0.5 fg for both platforms. The utility of 
the incorporated internal control was clearly evident when D N A  was extracted using non- 
ionic detergents (protocols 5 and 6) because the no template controls (NTCs) showed 
amplification of internal controls while there was no template detected in the samples 
As expected, 2% SDS strongly inhibited the PCR. There was a difference in the D N A  
extractions (as determined by C,) with the ID1 extracted sample amplifying around three 
C,s earlier than the other techniques indicating either a higher yield or lower inhibitor 
concentration. Interestingly, the authors report that the differences in C, between the 
recorded C, for samples amplified after extraction using each technique (ID1 and TE, 
QIAGEN and T E  and PrepMan and T E )  are significant (P = 0.05) when determined 
on the Smart-Cycler but not on the Rotor-Gene leading to the suggestion that statistical 
analysis on differences in Ct with differing standard deviations should be performed with 
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caution! These differences are most likely due to higher standard deviation recorded on 
the Rotor-Gene than on the SmartCycler"+ The DNA yield was calculated from the mean 
Ct for each successful extraction and ranged from 51.7 pg when using the ID1 approach 
to 7.4 pg after using T E  boil extraction protocol. These extractions were performed in less 
than 1 hour when using the IDI, PrepMan and T E  approaches, but 2.5 to 3 hours using 
the Qiagen kit, The ID1 approach is the most expensive, and, predictably the T E  the least 
(Aldous, 2005). 

Pre-analytical nucleic acid quantification and quality 
assessment 
Once the nucleic acid has been purified and is in a suitable storage buffer, usually in T E  or 
equivalent, the concentration needs to be determined, One common method for estima- 
tion of concentration is UV absorbance at 260 nm (A260). This is most accurate when the 
nucleic acid is at a concentration of greater than 250 nglml in the absence of nucleotides 
and proteins and at neutral pH. Conventionally the conversion factors for A260 = 1 are: 
50 pg/ml (double stranded DNA), 33 pg/ml (single stranded DNA), 40 pglml (single 
stranded RNA) and 20-30 pglml (oligonucleotides). As proteins and phenol absorb at 
a wavelength of 280 nm, the ratio A260/A280 is an indicator of the purity of the sample 
and should be greater than 1.8. The NanoDrop" spectrophotometer (NanoDrop Tech- 
nologies, Wilmington, DE) is the preferred instrument for spectrophotometric measure- 
ments when a relatively small number of samples is being analyzed, This is because it can 
measure across a remarkably large dynamic range of concentrations (from 2 to 3700 nglpl) 
with surprising accuracy and simply requires a microliter of sample to be applied to the 
detector. More recently, fluorescent dyes such as PicoGreen (Invitrogen, Carlsbad, CA) 
and OliGreen (Invitrogen, Carlsbad, CA) have been used for determination of DNA 
concentration and Ribogreen for RNA concentration, PicoGreen binds preferentially to 
double stranded DNA and an increase of fluorescence at 535 nm is observed. The linear 
range of response when using PicoGreen is greater and sensitivity is higher with respect 
to UV spectrometry. The method of choice for analysis of total RNA is either the Aglent 
2100 Analyzer (Agilent, Santa Clara, CA) with an RNA 6000 LabChip or the BioRad 
Experion System (BioRad Hercules, CA). Using these systems an estimate of RNA integ- 
rity and quantity can be determined. As little as 1 pl of RNA is loaded into the cartridge 
that includes a capillary electrophoresis system, an RNA binding fluorescent dye and a 
fluorescent detector. After an 18s rRNA and 28s rRNA (16s rRNA and 23s  rRNA for 
bacteria, resp.) electropherogram has been established the area below the ribosomal RNAs 
peaks is calculated (BioRad). 'The ratio between the two areas is calculated by the instru- 
ment's software and is an indicator of the integrity of the RNA preparation. Alternatively 
an RNA Integrity Number (RIN) is calculated using the Agilent algorithm (Schroeder, 
2006). The RIN may also be used cautiously to estimate RNA integrity (Fleige, 2006). 

More recently a real-time qPCR based approach to determine RNA integrity was 
reported (Nolan, 2006a). This method relies on quantifying the relative degradation of one 
or more transcripts of interest. It is prudent to select the targets that are to be investigated 
as well as a reference gene. The system can be adapted to determine the degradation of 
any target transcript, although the internal reference gene, Glyceraldehyde 3 phosphate 
dehydrogenase is used as an example. If the targets of interest are poly A tailed, representa- 
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tive cDNA is prepared using oligo d T  priming. This approach is used for this procedure 
regardless of reverse transcription protocol to be adopted for subsequent experimental 
analysis. For analysis of transcripts lacking a polyA tail, a target specific RT primer can 
be designed that is positioned at the extreme 3' of the RNA sequence. TWO (or more) 
real-time q ~ C R  assays are designed for each target such that these are spatially separated 
along the length of the RNA molecule. In the example given three assays were used and 
referred to as the 5', centre and 3' assays. 'The quantity of the target detected using each 
assay was compared. If the RNA is intact an equal quantity should be detected using either 
assay whereas, if the RNA is degraded a higher quantity would be recorded when using 
the 3' assay than when using the 5' assay. This provides a rapid, cost effective system to 
interrogate RNA integrity that also uses little of the sample RNA. 

Sample storage 
Purified DNA and RNA are stored as aliquots in TE buffer at -20°C or at -80°C, respec- 
tively. For long term storage, nucleic acids should be stored in 70% ethanol at -80°C. 

Contamination of template and inhibition of amplification 
Since it is possible to amplify genomic DNA from a single bacterium and use the ampli- 
con for speciation (Raghunathan, 2005) it is also clear that it is possible to contaminate 
samples and detect these targets as false positive signals. Because of the high sensitivity of 
qPCR, great care must be taken to avoid contamination of the reaction. In amplification 
laboratories basic rules must be obeyed. These include control of air flow, separation of 
set-up, amplification and analysis locales, and the use of dedicated micropipettes with bar- 
rier tips, The micropipettes need to be calibrated at least twice yearly to ensure accuracy. 
When working with RNA targets, contaminating reactions with RNase results in variable 
or erroneous results as much as contaminating with unwanted target would do. Working 
with aliquots of buffer, enzyme, primers and probe stock solutions helps to reduce the 
loss of expensive ingredients and aids troubleshooting. For a detailed p i d e  to successful 
amplification results consult Bustin and Nolan (2004). 

Assay in hi bitors 
Real-time qPCR and RT-qPCR efficiency can be determined by reference to a serial dilu- 
tion of specific target or by measurement of the amplification efficiency in a single tube. In 
order to estimate amplification in a single tube, fluorescent changes are measured during 
subsequent cycles and these changes fitted to one of a number of curve fitting algorithms. 
These methods are generally more effective when using DNA binding dyes for detection of 
the amplicon because they give a larger dynamic range of signal detection. The serial dilu- 
tion or standard curve method is still the most common: A standard curve is constructed 
from a serial dilution of a representative target material. The specific target is amplified 
and the product detected with a characteristic Cr  Subsequent dilutions are detected with 
higher C, values because more cycles are required to reach the same DNA (and detection 
chemistry) concentration. Typically a target dilution series is run, and the loglo of target 
concentration is plotted against the C,. Using linear regression analysis of the standard 
curve the slope and the Y-intercept of the curve are calculated. The slope of the best-fit line 
is a measure of PCR efficiency. Since the C, measurements are logarithmically distributed, 
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in theory 3.323 cycles are required to amplify a target by ten fold. Hence when an assay is 
100% efficient it results in a plot of log target concentration against C, with a gradient of 
-3.32, The Y-intercept is a measure of the sensitivity of the assay, indicating the number 
of cycles required to detect a single unit of target, where the unit corresponds to the units 
specified for the standard curve. In addition the R2-value is calculated, which is a measure 
of the closeness of the replicate data points to the best-fit line and is indicative of the 
reproducibility of the assay. A value below 0.98 indicates that the assay is highly variable 
and probably requires optimization. For reliable quantification it is important to use only 
the linear range of the standard curve (Muller, 2004). 

Factors affecting the PCR efficiency include PCR inhibitors, PCR enhancers (fa- 
cilitators), tissue decay, target and background DNAIRNA concentration, DNAIRNA 
degradation, reverse transcription (if applicable), the source and batch variability of PCR 
enzymes and buffer components, non-specific PCR products, detection chemistry, qPCR 
platforms, reaction platesltubes, cycling conditions, and differences between operators. 

Inhibition may act upon one or more steps of the PCR assays including the cell 
lysis, nucleic acid purification, DNA polymerase and reverse transcriptase. Nucleic acid 
is mainly degraded by hydrolysis, non-enzymatic methylation, oxidative damage and en- 
zymatic cleavage. If the template is fragmented, PCR will not be efficient, especially when 
the nick in the target occurs between the primers. DNA polymerase will not be able to 
function in PCR if an inhibitor is bound directly to the polymerase and inactivates the 
5'- to 3' exonuclease function (for TaqMan" assays), or interferes with the DNA binding 
domain or the polymerization site of the enzyme. This is a common phenomenon with 
many reverse transcriptase enzymes. DNA polymerase can also be inhibited indirectly 
when the inhibitor(s) compete with or totally block the polymerase binding sites on the 
target or the primers (Wilson, 1997). Two sources of PCR inhibitors are known: (1) The 
original sample or (2) the nucleic acid extraction reagents, A few inhibitory agents have 
been identified including bile salts and complex polysaccharides (feces), heme, hemoglobin, 
lactoferrin and immunoglobulin G (blood), urea (urine), melanin and myoglobin (tissue), 
proteinases and calcium ions (milk), collagen (food), p~l~saccharides (plants), and humic 
acid (soil; Radstrom, 2004). 

One method to detect PCR inefficiency is to include an internal positive control into 
the reaction. These can be included at the specimen processing stage and be monitored 
throughout nucleic acid extraction to identify the efficiency of the entire extraction and 
amplification procedure, Alternatively a control molecule may be included with the 
extracted sample to control for PCR and RT inhibitors. Some controls are designed to 
be amplified with the same primers as the target molecule and are differentiated on the 
basis of size when using gel visualization or qPCR using DNA binding dyes or alterna- 
tive probe binding sites (Roche Amplicor). Carefully quantified internal amplification 
controls (IACs), or internal controls (ICs) are added to the reaction to detect the presence 
of inhibitors. The IAC can be a synthetic oligonucleotide, a purified amplicon, in vitro 
transcribed RNA, purified viral nucleic acid or a cloned fragment. A distinct number of 
IAC molecules are added to an assay tube before the purification. 'The controlled reac- 
tion consists of two assay tubes, both containing an identical number of external control 
molecules (e.g 100 000 copies) and the identical amount of material to be purified (e.g. 
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10 ~1 of whole blood). The purification procedure is carried out on one of the samples 
but not the other. The number of external control copies is determined in both reactions. 
The difference in external control copy number between the non-purified and the purified 

control is equal to the loss that has occurred. 
These approaches require the design of specific controls for each assay. n e  SPUD 

assay was developed as an alternative, universal and rapid protocol for detection of inhibi- 
tors (Nolan, 2006). This assay consisted of an artificial target amplicon, specific primers 
and target probe. In the absence of template, a characteristic C, was recorded which de- 
pended on the concentration of the universal (SPUD) amplicon included (water control). 
In the presence of template that did not contain inhibitors, an identical C, was recorded 
to the water control. However, in the presence of inhibitors, a shift to higher C, value 
was observed. Detection of inhibition was sensitive when 20 000 copies were included in 
reactions containing EDTA, phenol or ethanol. 

The preferred approach is to relieve inhibition by removal of the offending agent during 
target extraction. However the alternative is the addition of PCR enhancers or facilitators. 
PCR enhancers can be grouped into proteins (bovine serum albumin, T4 gene protein 32, 
E. coli single stranded binding protein), organic solvents (formamide, Dimethylsulphoxide, 
TEAC, TMAC),  non-ionic detergents (Tween-20 and Triton X), biologically active sol- 
utes (glycerol and betaine) and polymers (Polyethyleneglycol and dextran), 

Unfortunately it is impossible to predict which of these will be effective in relieving a 
specific case of inhibition and most protocols are determined after a process of trial and 
error. The final approach to overcoming the effects of inhibitors is to perform limiting dilu- 
tion of the sample. This is commonly used when samples contain inhibitors with similar 
biochemical makeup to nucleic acid, such as fumic acid in samples extracted from soil but 
this is only useful when the target nucleic acid is present at a sufficiently high concentration 
to tolerate at least 100 or 1000-fold dilutions. 

Nucleic acid amplification 
One of the major challenges for extraction of microbial nucleic acid is preparing suffi- 
cient material to perform downstream tests. 'This has been addressed by optimization of 
the sampling and extraction procedures as well as by enhancing the detection systems. 
When as little as a single cell is available for analysis, but it is desirable to perform mul- 
tiple analyses there is now the further option of performing a procedure that amplifies 
the total nucleic acid in the sample such that sufficient material is prepared to be used in 
numerous downstream reactions, including qPCR analysis; gDNA can be amplified using 
a variety of applications of the Phi29 enzyme used for plasmid amplification in bacteria 
and adapted to continuous, large molecule replication (Qiagen). Alternatively a library of 
representative fragments can be generated using random priming and consensus oligo- 
nucleotides (Rubicon Genomplex). This approach has been developed for amplification 
of all sample DNA from many specimens including clinical samples, environmental, plant 
and tissue material, Kits and protocols are also available for amplification of single cells 
and for formalin fixed p a r f i n  embedded material (Rubicon, Sigma Aldrich), A similar, 
random-primed approach is also used for amplification of the entire RNA complement of 
a sample (Rubicon). 
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Conclusion 
The entire process of specimen acquisition through to nucleic acid amplification is vulner- 
able to experimental variation. It is essential to include control samples to monitor each 
stage of the real-time qPCR or RT-qPCR in order to easily identify aberrant samples. It 
is clear that different specimen types, pathogens and target nucleic acid samples require 
different extraction procedures and it is essential to determine the most appropriate ex- 
traction procedure for the desired outcome. Target specific IACs can be used to moriitor 
the sample extraction RT procedures; alternatively inhibitors can be identified using the 
SPUD assay. RNA integrity can be determined using the Agilent BioAnalyser algorithm 
and the 3'/5' assay can be used to ensure that the specific targets of interest are not de- 
graded. When the target is to be determined from microbial mRNA, complex procedures 
for accurate normalization of host cell and pathogen quantity are required, When possible 
this should include quantification of both the microorganism and a host reference gene 
target. In addition a reverse transcription control, such as an accurately quantified, stable 
RNA is included when assaying RNA targets. When virulence plasmids are assayed, a 
chromosomal gene target from the same microorganism needs to be included for the pur- 
pose of calculating the number of virulent and the number of non-virulent bacteria, as well 
as for control of successful DNA extraction. Positive and negative reverse transcriptase 
and PCR controls allow a rapid check to ensure that these steps have performed correctly. 
In this ideal assay set-up the template preparation, the reverse transcription, the target 
amplification and detection, as well as the data analysis are controlled, allowing for a true 
comparison of results from day-to-day (e.g. residual disease assays) and lab-to-lab (e+g. 
pandemic outbreaks). 

Without the appropriate standard operating procedure, controls and validation assays, 
quantitative assay results are not reproducible at best and at worst are totally meaning- 
less. 
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Conce~ts for Preparation 4 
and Use in Real-time PCR 
Applications 
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Abstract 
The use of real-time PCR for molecular diagnostic applications requires a high degree of 
assurance that the analytic result reflects accurately the true concentration of the target 
nucleic acid and is not affected by inhibitors of the reaction. A variety of strategies have 
been developed to ensure confidence in the resulting assay information: Well-character- 
ized reference standards, established by extensive collaborative studies using a variety of 
amplification methodologies can provide a basis for accurate calibration and a means for 
preparation of secondary and tertiary standards while co-amplification of internal controls 
provides assurance the PCR has functioned without inhibition. When considering the 
increasing complexity of reagent composition for multiplexed real-time PCR and the 
associated hardware for kinetic fluorescent signal acquisition, such measures would ap- 
pear not only desirable but necessary. The preparation methods for reference standards, 
calibration standards and internal controls often present unique challenges. Consistent, 
stable formulation of low copy number targets requires stringent control of the laboratory 
environment to prevent contamination by exogenous RNAse or DNAse and a reliable 
means of measuring the target at such low concentrations. Depending upon the intended 
application for the real-time PCR, linkage of the assay calibration to a reference standard 
may also be desirable. The quantity of information yielded by a single multiplex real-time 
PCR can now readily discriminate the signal output from four or more individual target 
probes. This output of enhanced information content from a single reaction will continue to 
rapidly increase with advances in detection chemistries and hardware capabilities. This has 
particularly beneficial implications for molecular diagnostics. However, further challenges 
will be posed for the development of standards and controls that monitor and assure the 
accuracy of large numbers of potentially related target sequences. In the present chapter, 
we discuss concepts for the application of standards to assay calibration and discuss the 
development, preparation and use of reference standards and controls in real-time PCR 
assays. 

Introduction 
The use of quantitative molecular methods has seen wide application to the detection and 
study of microorganisms in the diagnostic laboratory. Included in these methods are a 
series of related reaction technologies that are collectively referred to as real-time PCR 
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(also known as "homogeneous PCR" or "kinetic PCR") (Higuchi e t  al., 1992). The advent 
of real-time PCR methods, in all of its variants, allows the simultaneous amplification and 
detection of increasing amplicon concentrations by a number of general reaction mecha- 
nisms that links target amplification to increasing fluorescent signal. 

The major variations for real-time PCR methods that have found routine use in the 
clinical laboratory include the 5' nuclease PCR assay, fluorescence resonance energy trans- 
fer (FRET) and double-stranded DNA dye-binding. In the case of the 5' nuclease PCR 
reaction, the accumulation of specific target nucleic acid is detected by incorporation of 
a synthetic, dual-labeled fluorescent oligonucleotide probe complementary to sequences 
downstream from a primer-binding site (Livak e t  al., 1995). As the 5' nuclease assay 
proceeds, the reporter and quencher dye molecules present on the dual-labeled probe are 
separated by the cleavage of the probe by the 5' nuclease activity of the Taq polymerase, re- 
leasing the reporter molecule and resulting in an increase in detectable fluorescence signal, 
FRET-based signal generation relies upon the hybridization of two different dye-labeled 
oligonucleotide probes to an accumulating, specific amplicon; the close proximity of the 
two fluorescent dyes on the amplicon allows for fluorescent energy transfer from the donor 
dye to the acceptor which can be measured (Wittwer e t  al,, 1997). Lastly, the method of 
double-stranded DNA dye-binding using ethidium bromide or SYBR Green I is a useful 
but less specific method of detecting PCR products continuously during amplification 
where the direct binding of the dye to DNA increases the fluorescent signal (Morrison 
e t  al., 1998). The absence of a target sequence-specific detection probe makes the double- 
stranded DNA dye-binding method subject to errant results when non-specific PCR 
~roducts  are generated. 

The complexity of real-time PCR methods has increased with the optimization of 
multitarget amplification strategies in single tube reactions (Tettelin e t  al,, 1999) and the 
application of these to challenging homogeneous or kinetic assays (Du e t  al., 2006). In 
order to achieve the level of accurate and reliable results expected in diagnostic settings, 
such real-time PCR methods often require precise and controlled formulation of reagents, 
well-defined and controlled sample-processing methods and sophisticated laboratory 
equipment. While the reliability of such complex test systems remains high, the need to 
ensure consistency in the quantitative detection of a target microorganism on a run-to- 
run, lab-to-lab and sample-to-sample basis poses some interesting challenges (National 
Committee for Clinical Laboratory Standards, 2003). These challenges have led many in 
the field to develop a variety of approaches to standardize the measurements of real-time 
PCR products and to incorporate a variety of external and internal controls which assure 
the integrity of the results (Ullmannova and Haskovec, 2003; Brey e t  al., 2006). Some 
factors to be considered in assuring the quality of results and, ultimately, the utility of the 
information rendered by any real-time PCR method include sample integrity, interfering 
substances, 'trueness" or accuracy of value, specificity and measurement range. Standards, 
calibrators and controls are crucial components in the reliable use of real-time PCR as- 
says. 

The use of standards and controls in real-time PCR assays is both wide-spread and 
variable in design and application strategy. Therefore, it is not unexpected that the termi- 
nology in the literature accompanying the technical descriptions of assay formats is equally 
wide-spread and variable. For the purposes of the present discussion, the terminology used 
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herein centers on the generally accepted use derived from consensus references (NCCLS, 
2003). The term "Standard or "Reference Standard will be used to describe a material 
suitable for real-time PCR applications which is a specimen derived from a known bi0- 
logical source and whose value has been established by consensus means. Standards and 
Reference Standards are typically procured from independent sources (e.g. World Health 
Organization or the UK National Institute of Biological Standards and Control) and are 
intended to provide means for researchers or others in the field to adhere to a common 
measurement. This terminology usage is in alignmenr with the International Organization 
for Standardization (ISO), definition on the topic. The term "Calibrator" will be used 
to describe a synthetic or natural analytic standard whose concentration value has been 
established by a defined method which may or may not include comparison to a reference 
standard, Calibrators are tested externally to the specimen, typically in the same assay run 
(external calibrator), and are used to calculate the concentration of target nucleic acid in 
the sample. "Internal Controls" are typically synthetic nucleic acid constructs of naked or 
encapsidated RNA or DNA which are added to the sample either before specimen prepa- 
ration (full process internal controls) or just prior to amplification (direct amplification 
internal controls), The term "Quantitation Standard" will be used interchangeably with 
"Internal Control" although in true context, it is more properly an "Internal Calibrator." 
The term "Control': "Run Control" or "Positive Control" will be used to describe natural 
biologic specimens (e.g. viral or bacterial agents) or synthetic RNA or DNA constructs 
with nucleic acid sequences which mimic the target of interest and are analyzed as speci- 
mens independent of test samples. Controls are typically included in all test method runs 
to monitor assay variation; this is determined by deviations from the known control con- 
centration), The control samples may also have internal controls added to the reaction to 

assure extraction or amplification consistency. 

Reference standards 
A variety of strategies have been developed in recent years to enhance the analytic ac- 
curacy of a particular method by relating the assay response of the real-time PCR (Ct) 
to a series of external calibrator concentrations prepared by serial dilution which are then 
used to generate the quite familiar standard curve. Provided that one has an accurate or 
"true" measure of the starting concentration of the highest level of calibration solution or 
its parent material, highly accurate volumetric or gravimetric dilutions can be prepared. 
Preparation of a calibration panel by volumetric or gravimetric means firmly establishes 
the quantitative relationship between the panel members and eliminates variability that 
may be imparted when using real-time PCR methods. In general, direct comparisons of 
the fluorescent signal (measured at the threshold or Ct point) for the highest calibrator 
level may be made directly to the Ct of an external standard and from that ratio, accurate 
assignment of each calibrator panel member's concentration may be made on the basis of 
the dilution relationship. An inherent prerequisite of this approach is the availability of a 
recognized reference standard for the initial comparison, 

Since the first description of an international reference standard for Hepatitis C virus 
(HCV) by the World Health Organization (WHO) in 1999 (Saldanha e t  al., 1999)~ 
several well-characterized, quantified standards have become available for use in molecular 
diagnostics including HIV and Parvovirus B19 (Saldanha et al. 2000, Saldanha et al. 2003, 
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Holmes et al., 2003). As recognized international reference standards, the available inven- 
tory of such materials is often quite limited. It is therefore common practice for commer- 
cial manufacturers, reference labs and "home brew" users to create secondary or tertiary 
standards using biologically sourced materials that are related to the available reference 
standard in their assay response. Such materials have concentration values which are as- 
signed by the real-time PCR method being employed and are traceable to the reference 
standard concentration in the specific test system. For the purpose of routine use, external 
calibrators in real-time PCR applications are typically referenced to these secondary or 
tertiary standards. The approach of preparing such assay calibrators which are linked to 
defined standards has been utilized in a number of real-time PCR applications, including 
quantitative assays for Hepatitis B virus (Sum et al., 2004), Respiratory Syncytial virus 
(Achenbach et al., 2004), Hepatitis C virus (Kim et al., 2005) and Japanese Encephalitis 
virus (Kim et al., 2004). 

The existence of viral or microbial variants creates a number of additional consid- 
erations that must be taken into account for the preparation and use of well-character- 
ized, cpantitated reference standards that are suitable for broad application. The ability 
to discriminate between serovars, serotypes, genotypes, clades and other variant types in 
multiplex real-time PCR applications is limited by a combination of suitably stable genetic 
variation as well as the availability of fluorescent dye chemistries and instrumentation to 
perform the required multiplex reactions. 'The selected reference standards may respond 
differently relative to the sample target sequence as a result of primer or probe sequence 
mismatches. As a result of such variants, absolute quantification based simply on the rela- 
tion of assay response to an input copy number of a reference standard to the assay response 
of a synthetic calibrator may be somewhat elusive, In some circumstances, secondary 
analyses of real-time PCR amplification products based on fluorescent probe:amplicon or 
amplicon melting temperatures (Tm or Td) may allow discrimination between exact and 
inexact sequence matches (Nicolas et al., 2002). In such a situation, the assay response of 
a potential reference standard will be expected to differ from the non-homologous target, 
but may be at least partially compensated for in secondary analyses. It will become increas- 
ingly important to consider the complexity introduced by variants when attempting to 
measure assay response of reference standards and test specimens using real-time PCR 
methods. Such considerations have been recognized as being important for commercial 
assay developers by regulatory agencies (Food and Drug Administration, 2005). 

Internal controls 
The integrity of nucleic acid in samples of biologic origin is highly dependent upon the 
methods and conditions of sample acquisition, transport and storage (NCCLS, 2003). 
Defined procedures for sample handling prior to arrival at the laboratory are key steps to 
assuring that the nucleic acid in the sample is representative of the original biological ma- 
ter. While important in clinical settings, exacting procedures and use of internal controls 
are particularly important with field samples that may be collected from more remote, out 
door or "field" locations (Holman et al., 2004). Such internal controls are pseudo-targets 
where the  re-defined base sequence utilizes the same primer binding regions as the assay 
target nucleic acid sequence but differs in the probe hybridization region. These are also 
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known as "competitive" internal controls since there is a true competition between target 
and internal control for the same primer. 'The addition of a known quantity of such an 
internal control to a sample that may be subsequently co-extracted, handled or stored in 
the normal chain of processing, has been a useful method of compensating for incomplete 
recovery, sample deterioration, or the presence of PCR inhibitors (Brightwell et al., 1998, 
Zimmerman et al., 2000). The strategies for optimization of these pseudo-targets for 
use as internal controls in heterogeneous and RT-PCR formats have been well described 
in the literature (Henley et al., 1996) and are readily applicable to real-time PCR for- 
mats, Similar, but alternative non-competitive internal control strategies have also been 
described (Dingle et al., 2004)+ In this approach, two separate primer pairs are directed 
towards the internal control and the target sequence. The non-competitive internal control 
sequence may be endogenous RNA or DNA sequences present in the sample or they may 
be synthetic constructs spiked into the specimen, 

Positive reactions in real-time PCR analyses are defined by the cycle (Ct) during 
amplification for which the target of interest is first detected rather than the measurement 
of the amount of the PCR product of interest which is accumulated at the end of a PCR 
reaction, Real-time PCR does this by monitoring the amount of fluorescence emitted dur- 
ing the PCR reaction and this acts as an indicator of the amount of PCR amplification 
that occurs during each PCR cycle, As such, the kinetics of amplification for both internal 
control molecule and target molecule must be closely matched in order for the internal 
control to perform as a true molecular mimic (Lee et a[., 2004). The use of a competitive 
internal control which shares primer sequences with the target of interest simplifies the 
composition of the PCR reaction mix and allows for a more straightforward assay optimi- 
zation* An example of this approach to internal control design include the recent report of 
the use of a Mycobacterium avium subspecies paratuberculosis synthetic plasmid construct 
in which a specific deletion of the target sequence created a near-mimic sequence that still 
allowed discrimination between target and internal control (Brey et al. 2006). Despite its 
simplicity, one has to keep in mind the potential for limiting the overall sensitivity in a 
competitive internal control-based assay, especially in situations where an infectious agent 
may be present in very low concentrations such as in donor blood screening. At low con- 
centrations of target nucleic acid (e.g. -10' to lo2 copies per mL range) the potential for 
competition for primer binding to the same sequences of an assay internal control cannot 
be readily eliminated. Therefore, the impact on assay sensitivity should be assessed (e.g. 
by performing parallel real-time PCR reactions on low copy number specimens both with 
and without added internal controls). 

An alternative means of measuring a target sequence that may require normalization 
for inefficient target nucleic acid recovery or direct inhibition of the PCR reaction is to 
identify and utilize an endogenous sequence of known concentration that is co-extracted 
and co-measured with the target sequence (Ullmanovnova and Haskovec, 2003). In this 
non-competitive approach, the reaction is a true real-time PCR duplex reaction that con- 
tains separate primer sequences for the internal control sequence and the target under 
study. 'This may only be possible with the required degree of confidence in samples where 
the amount of the control sequence is sufficiently constant to serve as a reference level 
(e.g+ blood samples, cervical or buccal scrapings). Control gene sequences of this type are 
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usually "housekeeping genes in defined biological systems and often include examples such 
as P2-microglobin, glyceraldehyde-3-phosphate dehydrogenase, 18s ribosomal RNA and 
dihydrofolate reductase (Watzinger and Lion, 1998). Expression of different housekeeping 
genes yields RNA that serves as a control template in RT-PCR applications and therefore 
knowledge of the stability of RNA (e.g. rRNA vs. mRNA) may be a prerequisite for us- 
ing a particular control template in any particular situation. Applications of this approach 
for PCR internal controls in the detection and monitoring of infectious agents includes 
real-time RT-PCR assays for tick borne encephalitis virus using 16s rRNA (Schwaiger 
and Cassinotti, 2002), DNA viral load testing in high-risk human papillomavirus type 16 
using endogenous P-globin DNA (Lefevre et al,, 2003) and RT-PCR detection of severe 
acute respiratory syndrome (SARS) coronavirus RNA using 18s rRNA (Poon et al., 
2004). Real-time PCR assays developed with either the competitive or non-competitive 
internal control formats, provide a suitable means for determining the validity of a nega- 
tive or positive result. 'This is a crucial factor for proper evaluation of the information for 
diagnostic purposes. 

Calibrators 
The dynamic range of an assay determines by how much a target sequence concentration 
can vary and still be readily measured. Real-time PCR assays generally have a much wider 
dynamic range compared to conventional RT-PCR. Heterogeneous RT-PCR formats 
routinely achieve dynamic ranges of lo5 to lo6 while an overall dynamic range of lo8 or 
more for real-time PCR formats is not atypical. A wide dynamic range permits a more 
accurate quantitation provided there is available a reliable reference sample or standard 
of known concentration for reference to the assay range. It also reduces the necessity of 
diluting out-of-range specimens which, aside from the expenditure of laboratory time and 
effort, is a potential source of error. The selection and characterization of a suitable as- 
say standard is a key determinant in the accuracy of the resulting diagnostic information 
(NCCLS, 2003, Kim et al., 2004). Accurate quantitation over a broad dynamic range is 
often a primary consideration for nucleic acid targets of microbial origin where extremely 
low levels of individual bacteria or viruses are the normal occurrence in vivo but can often 
be propagated to high levels in vitro [e.g. in clinical laboratory settings for blood screen- 
ing (Kleinman et al., 2005)]. 'The concentration range of external calibrators should be 
developed keeping in mind the nucleic acid levels expected to be encountered in diagnostic 
and experimental samples. 

The preparation and quantitation of an external calibrator for real-time PCR may 
be achieved by direct measurement of nucleic acid concentration independent of avail- 
able reference standards. For example, synthetically transcribed HIV-1 RNA quantified 
spectrophotometrically at 260 nm (Palmer et al., 2003) and 18s rRNA quantified by 
RiboGreenTM (Hashimoto et al., 2004) have been used in their respective assay systems as 
calibration standards. In these applications, the high concentration parent solutions for 
the calibrators are analyzed due to the limited sensitivity of the methods. Once reliable 
concentration values are obtained, the parent solutions are diluted by accurate volumetric 
or gravimetric means to the final concentration range for the external calibrator set. An 
alternative approach to preparing an external calibrator series based on the measurement 
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of physical/chemical attributes is to measure the external calibrator by the Poisson statisti- 
cal analysis (Wang and Spadoro, 1998). In this approach, multiple, limiting dilutions of 
calibrator are analyzed for a positive or negative response by PCR and applying a statistical 
distribution analysis to the results. The Poisson analysis is also considered a reference- 
independent approach to quantifying external calibrator concentrations, Once established, 
the external calibrator set is then run along with the test specimens and the standard curve 
generated by the assay response for the external calibrators may be used to measure the 
concentration of specimen. 

The choice for the investigator to either prepare external calibrators using physi- 
cal/chemical methods (e.g. spectrophotometrically at 260 nm or &boGreenTM binding) or 
a direct PCR-based method (e.g. Poisson analysis) requires a number of factors for the 
test system and target be considered. For example, the availability of a reference standard 
of known concentration and the expected range of target concentration (e.g. lo5 copies 
per mL or higher versus lo2 copies per mL or lower) are particularly relevant. Exotic 
microbial specimens such as those derived from environmental sources (soil, marine, etc.) 
are less likely than important medical pathogenic agents to have previously established and 
cpantified reference standards to use for external calibrator assignment. As such, it may be 
necessary to first attempt to establish a measurement standard for the exotic specimen by 
propagating the organism and measuring target nucleic acid physically. Once established, 
that material is used for both optimization of the real-time PCR assay for dynamic range 
and sensitivity, but also for preparing direct dilution series for use as external calibrators. 

External calibrators can also be used in combination with internal controls. By 
comparing the assay response (concentration) for both external calibrators and internal 
controls co-amplified with the target nucleic acid, one establishes the quantitative relation- 
ship between the calibrators and internal controls. Once this relationship is defined, the 
internal control can serve the dual purpose of assay validation and single-point reference 
calibrator for quantitation of the target nucleic acid. By defining the concentration of the 
internal control, a comparison of Ct values may be made directly (e.g, sample to standard 
ratio) in order to estimate the target concentration. Standardization of the internal control 
concentration is particularly useful when comparing results across multiple laboratories 
(Malorny et al., 2003). This combined approach eliminates the need to run an external 
calibrator set with each run or series of samples. 

Whether the external calibrator is quantified in relation to an established reference 
standard or whether it is quantified using means that are independent of reference stan- 
dards, external calibrators should be tested in the assay system with defined frequency 
and the results compared to pre-defined (expected) assay response, For routine use in 
quantitative molecular diagnostic assays, the ability to validate the sustained accuracy of 
a method over time is directly linked to the standardization concept that one has chosen 
when engaged in assay design (Haberhausen e t  al., 1998). For such molecular diagnostic 
applications, this must also be complemented by rigorous adherence to established labora- 
tory procedures. 

In order to ensure ongoing accuracy of a laboratory$ quantitative molecular methods 
it is often desirable to participate in an external quality assurance (EQA) or quality control 
program. Such programs utilize blinded samples that are tested in parallel at participating 
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laboratories and the results analyzed by statistical means. The unblinded, tabulated results 
are shared amongst the participants so that determinations of accuracy between labs and 
between methods may be assessed. Recently, reports of such EQA programs have been 
emerging (Marubini et al., 2004; Raggi et al,, 2005). For a similar purpose, the College 
of American Pathologists offers a series of Nucleic Acid Test-based survey programs for 
HIV, HCV, HBV, West Nile virus and human papilloma virus (CAP, 2006). It is ex- 
pected that programs such as these will continue to expand the range of viral or microbial 
survey targets offered. While not exclusive for use with real-time PCR applications, such 
programs are essential to ensuring the continued accuracy of analytic results, Because 
they provide the enhanced ability to compare quantitative results amongst laboratories 
practicing real-time PCR for diagnostic purposes, the importance of assay standardization 
to common reference materials becomes heightened. It is expected that reduced operator 
manipulation associated with single-tube amplification and detection of real-time PCR 
assays may contribute to lower peer group variation for commercial products. 

Main body 

Internal controls 
For real-time PCR applications in life science and molecular diagnostics, the requirement 
for high confidence in the resultant data hinges on the correct design and use of internal 
controls for the detection of target loss during sample preparation or inhibition of the 
reaction during amplification and detection (Saunders et al., 2004). Both occurrences 
may lead to false negatives which might otherwise not be detected, Beyond the essential 
element of controlling for false negative results, the ability to multiplex PCR in real-time 
mode has expanded the role for internal controls to facilitate the quantitative detection 
of specific nucleic acid sequences (Madej et al., 2001). Internal controls also validate that 
the proper manipulations from specimen preparation through to detection have occurred. 
Both non-competitive and competitive internal control formats are most commonly used 
in qualitative applications. Whereas competitive, quantified internal controls (sometimes 
also referred to as quantitation standards or QS) find common use in applications where 
more precise measures of nucleic acid target may be necessary. In addition, the incorpo- 
ration of internal controls in the form of a quantitation standard is particularly useful 
for targets which vary over time, such as the levels of HIV RNA in response to antiviral 
therapy (Orito et al., 1995). 

In real-time PCR, the measurement of viral RNA, for example, may be accomplished 
by comparing the emerging Ct signal of the viral target probe hydrolysis to the Ct signal for 
the quantitation standard present in each specimen (Figure 4.1 and Figure 4.2). 

'The Ct curves depicted in Figures 4.1 and 4.2 for target or QS sequences are typical 
output data from real-time PCR reactions. Because the fluorescent signal increase with 
each cycle represents (approximately) a doubling of the target by amplification, the means 
of measuring concentration will be based on a logarithmic function. This contrasts with 
the quantitative function observed in heterogeneous PCR tests (e.g microwell plate-based 
assays) where the concentration of target nucleic acid is more linear and calculated from 
absorbance measurements (OD) that relate the concentration of the internal control or 
quantitation standard. The linear relationship for target and QS OD in heterogeneous 
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Figure 4.1 Depicts typical viral target growth curves (e.g. HCV) for a dilution series of virus 
spanning a 5-logl0 range. As the concentration of the virus increases, the growth curves shift 
to earlier cycles. Therefore, the leftmost growth curve corresponds to the highest viral titer level 
whereas the rightmost growth curve corresponds to the lowest viral titer level. 

30 40 

Cycle Number 

Figure 4.2 Depicts the Quantitation Standard signal growth curves for specimens from the 
Figure 4.1 viral dilution series. The amount of Quantitation Standard added to each specimen 
is constant for each reaction. The Ct value of the Quantitation Standard is similar regardless 
of the viral titer. 
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assays (expressed in copies per mL or copies per kL) is illustrated by the following calcula- 
tion: 

Target OD 
Target (Copies 1 pL) = + (Input QS copies 1 PCR) + (SVF) 

QS OD 

Where: 
Total Target OD is measured for Target Probe Hydrolysis 
Total QS OD is measured for QS Probe Hydrolysis 
Input CopieslPCR of QS is determined per batch of QS 
SVF (Sample Volume Factor) converts copiesIPCR to copies/uL 
Note: The sample volume factor is the amount of sample added to the reaction 

As applied to real-time PCR applications, the measurement of a target signal Ct is per- 
formed in relation to the signal for the quantitation standard Ct for each specimen by a 
non-linear (second-order polynomial) relationship: 

Where: 
T titer (copies or IU/mL) 
SVF Sample Volume Factor 

Q QS input (copies1PCR) 
R recovery (adjustment factor) 
A 2nd order polynomial constant 
B 1" order polynomial constant 
C oth order polynomial constant 
An elbow value of QS minus elbow value of target 

The reporter dye selections made during oligonucleotide probe design allow the emis- 
sion wavelength to be specified. Internal controls or quantitation standards are readily 
distinguished from the specimen target through the fluorescence emission monitoring of 
their probes at different wavelengths. Wavelength selection, and therefore dye choice, is 
further dependent upon the available hardware (including wavelength filter options, detec- 
tor discrimination and sensitivity capabilities and fluorescent channel'iross talk" reduction 
capabilities), 

In standard TaqManw probes, the actual "rep~rter:~uencher" dye combination chosen 
to be used for target detection and the dye choice for internal control detection must have 
emission spectra that are suitably distinct for the instrumentation to resolve the fluorescent 
signals. Since the threshold intensity of the florescent signal is related to the amount of tar- 
get the threshold intensity of the target will be seen to vary while the threshold intensity of 
the quantitation standard will be relatively constant (Figure 4.2). Other considerations for 
the choice of dyes for target signal or internal control signal reporting include fluorescent 
yield (or "brightness") and moieties for linking the dyes to nucleic acids. 
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Calibration and quantitation standards 
Beyond the simple and direct samp1e:standard ratio approach taken in heterogeneous 
PCR formats (Equation 4.1), it is desirable to use accurate means for ensuring reliability 
of the concentration measurements over the broad dynamic range of a particular real-time 
PCR method. Due to the inherent non-linear relationship of Ct value versus concentra- 
tion (Equation 4.2), it is important to make compensating adjustments across the dynamic 
range of the assay. When sample concentrations differ significantly from the concentra- 
tion of the quantitation standard, one cannot use a simple samp1e:standard ratio method 
(Equation 4.1) as there is a likelihood this calculation will not be adequate due to poten- 
tially large extrapolations. 'Therefore, one may use an alternative approach to establish a 
calibration range for the assay using samples of known concentration (natural or synthetic) 
and define the assay response for these samples (calibration standards). 'This will be based 
on the non-linear relationship described above (Equation 4.2). The plot of a calibration 
curve prepared in this manner would also be a second-order polynomial equation defined 
by the formula: 

In this relationship, the concentration is presented on the y-axis in appropriate units 
(e.g, copies/mL or copies/pL) and the difference between the Ct values (A Ct) of the 
calibration standards are plotted as values on the x-axis. Because this pre-defined relation- 
ship of assay response to concentration will vary in subtle ways with changes due to normal 
run-to-run variation or due to changes in the assay components (batches of reagents or 
raw materials), one can use the relationship to compensate for this variation by using a 
quantitation standard in each sample. By comparing the measured concentrations of the 
QS to the recovered target concentration, one can readily express the relationship in terms 
of concentration by transforming Equation 4.3 to the following: 

Where: 
T is Target Titer in copies/pL 
QS is QS Titer in copies1pL 
a,b,c are second order polynomial terms 

With this approach, the external reference calibration curve is generated when Ct val- 
ues from the calibration panel are plotted (Elbow valueQs - Elbow ~alue,,,~,,) vs. the Log 
of Target/QS, thus deriving the calibration coefficients using a second order polynomial 
fit. In practice, the variables a and b do not deviate significantly with the types of changes 
described above. However, c will be expected to show some variation. One can conceptual- 
ize this as the shape of the curve remaining constant, but exhibiting'bffset" due to changes 
in c. (Figure 4.3). 

Coefficient assignment is dependent upon the production and titer determination 
of calibration panels that are at known concentrations. Ideally, a multiple level panel of 
calibrators prepared in a processed human plasma matrix such as Normal Human Plasma 
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(NHP) can be constructed to cover the test dynamic ranges (approximately 7 loglo or 
more as shown in Figure 4.3) and may be referenced to a known primary standard. The 
dilution of the individual panel members themselves should be done in a manner which 
minimizes additive error of serial dilutions. Depending upon requirements for use of the 
calibration panel, one may select a starting target stock material which is naturally sourced 
or synthetic. A number of synthetic construct approaches have developed (Donia et al., 
2005) and can result in minimizing drift for calibration panels, 

Calibration accuracy 
Once an external calibration panel has been prepared, the concentration of the individual 
members can be linked to known concentrations of reference standards (primary and 
secondary) as a means of anchoring the test system. This may be done using a secondary 
standard, which itself may be concentration assigned relative to a primary standard such as 
a WHO International Standard. The multilevel calibrator panel is analyzed with the sec- 
ondary standard so titers can be reassigned (in either copies per ml or International Units 
(IU)). When the dose-response curve is generated, using the nominal titers of the series, 
replicate samples of the secondary standard are included, The nominal value of the second- 
ary standard, determined by the curve, is compared to the known titer for the standard. 
This comparison results in the calculation of a reassignment factor between nominal titer 
and known secondary standard titers (IU). The result is a factor to adjust or "normalize" 
the curve+ This reassignment factor is applied to each calibrator level in the series and the 

Figure 4.3 Calibration Coefficient (a,b,c) Determination. Variation in non-linear calibration 
curves for well-developed assay systems is observed to be most influenced by the c term of 
the polynomial equation (0 = +0.3c; 0 = c; A = -0 .3~) .  
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calibration curve is recalculated using the newly assigned titer for the calibrators+ Figure 

4,4 demonstrates this re-calculation. 

Positive controls 
Assay positive controls d d e r  from internal controls in that they are prepared, amplified 
and detected separately from specimens, They may be considered characterized specimens 
and are useful for assessing run-to-run quality control attributes of a particular assay's per- 
formance. Positive controls also differ from internal controls in that their sequences have 
the same primer and probe binding regions as the target virus or bacteria. Positive controls 
are designed to mimic the specimen and are most effective in monitoring continued assay 
performance when their concentration is set to a level that is approximately three times the 
standard deviation of the assay's limit of detection (NCCLS, 2004). This ensures that even 
at the lowest levels of sensitivity, the positive control will continue to validate the assay run 
with a high degree of confidence. The positive control also allows the analyst to assess the 

effects of  run-to-run differences in primer/probe binding or hydrolysis and dif- 
ferences in general amplification efficiency separate from the internal control. Under such 
circumstances, a 'positive" result for a control sample within an assay run, in combination 
with an appropriately measured internal control signal (i.e, within its expected range for 
Ct or concentration) for a specimen, provides strong indication that a negative specimen is 
truly negative and that there has been no interference of the PCR by the sample matrix. 

Nominal Calibrator Titer CAF (avg.) Assigned Calibrator Titer 
PM# (cp/mL) x ( I~/cP) - - (I U/m L) 

11 1.0 x lo2 x 0.3236 - - 3.236 x lo1 

10 3.0 x lo2 x 0.3236 - - 9.708 x lo1 

9 5.0 x lo2 x 0.3236 - - 1.618 x lo2 

8 1.0 x lo3 x 0.3236 - - 3.236 x lo2 

7 1.0 lo4 x 0.3236 - - 3.236 x 1 o3 
6 1.0 x lo5 x 0.3236 - - 3.236 x 1 o4 
5 1.0 x lo6 x 0.3236 - - 3.236 lo5 

4 1.0 lo7 x 0.3236 - - 3.236 x lo6 

3 5.0 x lo7 x 0.3236 - - 1.618 x lo7 

2 1.0 x lo8 x 0.3236 - - 3.236 x 1 o7 
1 1.0 lo9 x 0.3236 - - 3.236 x lo8 

Figure 4.4 Reassignment of External Calibration Series in International Units. From replicate 
measurements of known reference materials (e.g. Primary or Secondary Standards) in the test 
system, the difference between the measured and known values can be determined. This 
difference is then used as acalibrator assignment factor for adjusting the nominal concentrations 
of the external calibration series. Because the difference between the measured and known 
values is generally constant across a wide range of concentrations, each panel member is 
adjusted by the same factor. PM = Panel member (the sequential number of the calibrator). 
CAF = Calibration Assignment Factor (difference of Secondary Standard nominal titer vs. 
known titer). 
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In many real-time PCR applications, positive controls have also been constructed by 
synthetic means and have consisted of short segments of single-stranded RNA or double- 
stranded DNA (Dingle et al., 2004)+ Such positive controls may be constructed in plasmids 
containing non-infectious, conserved sequences of the target microorganism designed to 
permit linearization using restriction endo-nucleases such as EcoRI (Wu, 1978). The use 
of linearized DNA is preferred because super-coiled (and un-nicked) plasmid DNA is 
a poor template for PCR due to limited strand separation upon thermal denaturation 
and because linearization ensures consistency in preparation batch-to-batch. The resulting 
linearized recombinant DNA plasmid or fragment may be used directly (after appropri- 
ate dilution) in the PCR or may be the substrate for in  vitro run-off transcription if an 
RNA positive control template is desired (Beld et al., 2004 and Eisler et al., 2004). Direct 
dilution of linearized DNA or in  vitro transcribed RNA into a buffered aqueous solu- 
tion is a standard method for positive control preparation. However, such "naked nucleic 
acid is generally subject to digestion by RNAses or DNAses which are ubiquitous. These 
synthetic materials are also not fully representative of the composition of the specimens 
under test which, in molecular diagnostic applications, are likely to be obtained from a 
variety of sources including serum, sputum, synovial fluid, cervical or urethral scrapings, 
and fecal matter. To avoid the potential for differences in signal detection due to differences 
in target recovery during extraction and matrix differences between buffers and biological 
samples, it is typical practice that buffered aqueous solutions of positive control are added 
to human plasma (after inactivation of endogenous RNAses by a chaotropic agent). This 
is done at the beginning of the assay protocol so that sample preparation and PCR of the 
positive control more closely approximates that of a true specimen. In order to serve as 
an appropriate diluent for the positive control, the human plasma itself is screened to be 
absent of adventitious agents and processed (e.g. defibrinated and stabilized with preserva- 
tives such as sodium azide) to ensure stability. The development of more highly automated 
real-time PCR instrumentation has also driven the development of positive controls that 
do not require pre-addition to human plasma as part of the test procedure. They contain 
the synthetic target pre-set to the desired concentration range in human plasma. Such 
controls are more exact mimics of the test specimen. These are sometimes referred to as 
"full process controls" because they can undergo the full processing of an assay protocol 
just as a true specimen. 

Full process controls for use in real-time PCR present an interesting challenge: The 
synthetic RNA or DNA target must now be stable in human plasma where it normally 
would be subject to enzymatic degradation. One useful solution to this challenge was the 
development of viral encapsidated constructs which contain the target sequence of interest. 
The protein coat surrounding the target nucleic acid affords a suitable level of protection 
that permits preparation of stable, human plasma based positive controls. One such con- 
struct in wide use today is based on the single-stranded RNA bacteriophage MS2 which 
has been modified to include RNA sequences from infectious agents such as HIV-1 or 
HCV (Pasloske et al., 1998). This approach has been referred to as Armored@ RNA. The 
MS2 RNA coliphage has a very simple icosahedral structure with a mass of -3  M Dalton 
and diameter of 268 Angstrom (Verbraeken and Fiers, 1972; Stonehouse et al., 1996). 
The packaging system is plasmid-directed with assembly of the particles occurring in an 
E. coli host. The PCP-1 plasmid houses the target sequence and the MS2 package. The 
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packaging system gene organization carried on PCP-1 consists of the coat protein gene of 
bacteriophage MS2 downstream of an IPTG inducible lac promoter and restriction sites 
into which the target sequence of interest has been inserted (Figure 4.5). 

'This technology has found useful application for manufacturing stable, plasma-based 
controls that can be subjected to full sample preparation, extraction and amplification for 
RNA targets (Hietala., et al, 2006). 

For DNA controls that can be subjected to the full analytic process of extraction and 
amplification, a synthetic construct based on the bacteriophage Lambda packaging system 
may be used (Figure 4.6). The DNA bacteriophage vector is constructed by the insertion of 
a target sequence into Lambda GT11, which also encodes a temperature sensitive Lambda 
repressor (C1857) which is inactivated at 42°C. The recombinant Lambda genome is used 
to infect E. coli host cells at 30°C. In the presence of active repressor, the Lambda DNA 
is integrated into the host cell chromosome and replicates along with the host DNA as a 
prophage. Upon inactivation of the repressor by temperature shift to 42"C, the Lambda 
DNA is induced to enter a lytic cycle, and the Lambda packaging system produces Lambda 
bacteriophage containing the recombinant Lambda DNA encoding the inserted sequence. 
'The Lambda ~ h a g e  particles are released from the host cells by lysis and the phage particles 
are isolated using a series of conventional purification procedures (Yang et al., 2002). This 
technology has also found useful application for manufacturing stable, plasrna-based full 
process controls for DNA targets in real-time PCR applications (Sum et al., 2004). 

The desire to take advantage of the fully automated capabilities of real-time PCR has 
been a key motivator for the development and production of full process controls. The 
increased stability of these controls in solution and a virtually unlimited array of RNA and 
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Figure 4.5 Armored@ RNAProcessing and Assembly. The RNA bacteriophage MS2 construct, 
including the cloned RNA target sequence, is under the expression control of the IacZ gene 
promoter. Once induced by IPTG, the RNA is transcribed and, for the coat protein gene, 
translated. Target sequence RNA packaging occurs by the same mechanism for MS2. In 
practice, a substantial portion of the Art-r-mred@ RNA remains in the host, E. coli cell and must 
be released by mechanical or chemical disruption. 



116 1 Muskaetal. 

Lytic cycle continues at 
37°C and synthesis of 

proteins 

Replication and packaging of 
De-activation of Lambda the positive control sequences 

repressor at 42°C 

I 
Lambda DNA replicates 

along with the E. coli host 
at 37°C 

Cells lysis and release 

0 0 

Figure 4.6 Bacteriophage Lambda DNA Packaging. The DNA bacteriophage Lambda 
construct, including the cloned DNA target sequence, is under the expression control of a 
temperature sensitive repressor. Once induced by a slight shift in growth temperature (from 37 
to 42°C) the bacteriophage engages its lytic cycle and the target sequence DNA packaging 
occurs. In practice, this process results in substantial lysis of the of host, E. coli cell, minimizing 
the need for mechanical or chemical disruption. 

DNA sequence applications, position these reagents as indispensable tools for real-time 
PCR. 

Considerations for preparation of internal and positive controls and 
calibrators 

?he laboratory environment 
When preparing positive controls, internal and quantitation standards or calibration pan- 
els, it is important that the laboratory environment be exceptionally clean and have well- 
established procedures. Because the synthetic constructs used for preparing the standards 
and controls are usually highly concentrated (typically - lo8 copies/pL or higher) in their 
stock form, a very real potential exists for cross contamination in the laboratory should 
mishandling or spillage occur. Given the robust and stable nature of many of the materials 
described above (particularly the phage constructs), once contamination occurs, it would 
be expected to be quite difficult to eradicate fully. 

Basic laboratory design considerations should include control of work-flow, ventilation, 
and air conditioning through filtration devices and proper air pressure balance between ad- 
jacent areas. Where it is appropriate, preparation of controls should be conducted within 
environmentally controlled areas such as Bio-safety cabinets or hoods. If entire room areas 
are to be used for preparation of larger quantities of real-time PCR standards and controls, 
it may be useful to consider utilizing an area with HEPA-filtered air to control airborne 
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contamination. Typically, rooms designed to meet IS0 Class 8 (Federal Standard 209E 
Class 100,000) requirements ( I S 0  14644-1; 1999) will meet most formulation needs. 
m e r e  high concentrations of RNA/DNA stocks or phage constructs are to be processed 
or diluted, the handling of such materials within Class I1 Biological Safety Cabinets (BSC 
type II) may also provide added isolation from the laboratory environment and minimize 
the risks of contamination with 'positive" synthetic targets into either test samples or 
internal controls. 

Personnel access to areas used for preparation of standards and controls should be 
limited to minimize the risk of contamination to facilities, equipment and other reagents. 
Appropriate laboratory procedures should be in place to address personnel attire as well 
as the flow of staff, materials and waste through these areas, The use of disposable lab 
coats and gloves should be considered. Only properly attired, authorized personnel who 
are required for the formulation activity should have access to lab areas dedicated for the 
preparation of standards and controls. Lab personnel should also receive basic training on 
cleaning and sanitation concepts, gowning procedures, and equipment and instrumenta- 
tion operation. Finally, the lab should have a defined cleaning program including sanitizers 
for floors, walls, doors, and windows. The cleaning agents employed should be shown to be 
effective in removing or destroying the particular control material in use (e.g. RNA, DNA, 
Armored" RNA or Lambda targets). 

Work$ow and separation 
Laboratories which prepare their own internal and positive controls need to be very dili- 
gent in avoiding cross-contamination between these two materials. Competitive internal 
controls share the same primer binding regions as their intended target, Therefore, should 
a positive control, also sharing the intended target binding region accidentally be intro- 
duced into its corresponding internal control reagent, it could result in all test specimens 
appearing as true positive samples. This level of contamination may be obvious. However, 
if the contamination was to occur at a low level (i.e. approaching the assay limit of detec- 
tion), such positives may be sporadic and go unnoticed as being unusual unless appropriate 
negative controls are included in the assay protocols. There also exists the possibility that 
internal controls, positive controls and calibrators may contaminate other assay reagents 
such as specimen preparation reagents (diluents and extraction reagents) or amplification 
reagents (such asl'master mix"). Laboratories engaged in the development and use of their 
own "home brew" real-time PCR reagents need to be particularly alert to the possibilities 
of cross-contamination of this type. As a preventive measure against contamination, dif- 
ferent strategies may be employed. Table 4.1 and Table 4.2 summarize the risk accompany- 
ing each type of standard or control for contamination during preparation and potential 
counter-measures, 

Test strategies 
Laboratories engaged in preparing standards and controls for their own use must also 
consider the means by which they will characterize the concentration or copy number of 
the solution and validate the procedures for routine use. Early experiences with single- 
target quantitation standards or control formulations containing "naked transcript RNA 



Table 4.1 Control preparation risks and contamination mitigating measures 

Control Contaminated reagent Production risk Production risk mitigation 

Positive controls 

Quantitation 
standardslinternal 
control 

Full process 
positive controls 
(prepared in 
plasma) 

Sample prep reagent 
(i.e. PCR reaction mix) 
Internal controls and 
quantitation standards 
(QSIIC) 

Sample prep reagent 
(PCR reaction mix) 

sample prep reagent 
(PCR reaction mix) 
QSIIC 

False positive reaction 
False positive reaction (since 
QSIIC is added specimen) 

Integrity of assay validation 

False positive reaction 

False positive reaction (QSIIC 
is added specimen) 

RNAse degradation 

Significant potential for carry 
over contamination due to 
resistance of Armored RNA 
or Lambda to most cleaning 
aaents 

Positive control production should be in areas separate from 
other reagent preparation activities and should have defined 
flow procedures. 

Cleaning procedures should include substances known to 
degrade or neutralize nucleic acids, such as 10% bleach 
(Prince and Andrus, 1992). Subsequent wiping of areas and 
equipment with 70% isopropyl alcohol will remove bleach 
residue and helps control microbial growth. Additional 
disinfectant solutions should be considered as well for 
microbial control. 

Laboratory attire should be used only in positive control 
preparation areas and access to these areas should be 
limitedlrestricted. 

Same as above. 

Same as above. 

Same as above. 

Same as above, with additional staff awareness training for 
RNAse in plasma. 

Encapsidated full process positive control production should 
be distinctly separate. Use of substances known to degrade 
target (such as 10% bleach) should be used frequently, 
on all equipment and surfaces. Strict laboratory control 
~rocedures. 



Table 4.2 Control testing risks and contamination mitigating measures 

Control Contaminated reagent Test risk Risk mitigation 

Positive control Sample prep reagent False positive reaction During testing, positive controls should be handled and 
(i.e. PCR reaction mix) added to the sample prep reaction in separate, dedicated 

hoods or laboratory areas. 

QSIIC False positive reaction (QSIIC is Dedicated areas should be labeled as pre amplification 
added specimen) (only for preparation of PCR reaction mix and specimen), 

template addition (controls are addedlhandled), and 
amplification (area where PCR occurs). 

Dedicated pipettes, disposables, and equipment should 
also be used. Equipment and supplies used for reagent 
and specimen prep must not be used for pipetting or 
processing of amplified DNA or other sources of target. 

Particular attention and caution should be applied when 
working with highly concentrated materials. 

In the testing laboratory workflow, Positive control 
handling should occur only when all other reaction tubes 
are closed or complete. 

Use of 10% bleach or UV lighting (Sakar et a/, 1991) to 
decontaminate hood surfaces and pipettes exposed to 
PC should be considered. 

Quantitation Sample prep reagent Integrity of assay validation Same as above 
standards and (i.e. PCR reaction mix) 
internal controls 



Table 4.2 continued 

Control Contaminated reagent Test risk Risk mitigation 

Full process Sample prep reagent False positive reaction Same as above 
positive controls (i.e. PCR reaction mix) 
(prepared in 
plasma) 

False positive reaction (QSIIC is 
added specimen) 

RNAse Degradation 

Significant carry over 
contamination due to resistance 
of encapsidated RNA or DNA 
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or DNA target sequences in buffer have shown that the use of Poisson analysis is an ap- 
proach that can be quite useful to assign copy number to any dilute solution (Wang and 
Spadoro,1998). In this approach, a sample is subjected to amplification by PCR and the 
presence or absence of the target is scored as a simple positive or negative PCR reaction. 
This method assumes that a solution contains an average number of target molecules per 
unit volume that are present at small number, such as 1,2,3, etc. 'The method is limited by 
the sensitivity of the P C R  reaction employed. According to the Poisson statistics, the prob- 
ability of a given unit containing N target copies (PN) can be calculated as, PN = cN/(N! 
eC) (Wang and Spadoro, 1998). Where N represents the actual number of molecules in 
a given unit volume. Using this equation, the probability that a given volume can contain 
1,2, 3, etc. copies can be calculated. When diluted to a single copy and repeatedly tested, 
the probability that a given volume contains 0 copies is equal to the negativity rate. 'That 
is, the number of negative results is divided by the number of total tests, The average copy 
number of this solution can therefore be calculated as: 

Where, No = the number of negative results and NT = the total number of tests (Wang 
and Spadoro,l998). This approach is a reference-independent method and does not require 
the laboratory to pre-define a quantitative relationship between the dilute test sample and 
a known reference standard. Because of this important attribute, the Poisson method is 
quite versatile and may be applied to a wide range of situations, particularly where pre- 
defined reference standards have not been established. 

To use this approach in a practical manner, standard or control solutions are diluted 
to a level yielding approximately 1 copy when added to the final PCR reaction volume 
(e.g. to 0.02 copies/pL based on a sample volume of 50 pL sample input into a 100 pL 
PCR reaction). Following the PCR, the rate of positive and negative samples is analyzed as 
described above and the resulting copy number per PCR is then corrected for the dilution 
factor to express a final copieslpL result. In order to establish the proper confidence in 
the resultant copy number, a specific number of replicates is required to obtain the desired 
accuracy. 'The number of replicates driving accuracy and confidence should be within the 
set specifications for each control. Table 4.3 summarizes the confidence level of a particular 
result at several levels of accuracy based on the Poisson distribution. In a 96-well format 
(using higher throughput real-time systems based on "wells" in the thermocycler), it is 
most efficient to include 80 replicates per Poisson test with the remaining wells dedicated 
to appropriate positive and negative run controls. In this type of set-up, 1 Poisson "test" is 
equal to 80 replicates (wells or reactions), 2 Poisson tests are equal to 160 replicates and so 
on. If less replicates are run per test, the confidence in accuracy is proportionally decreased. 
As a result, one may balance accuracy and confidence (as well as cost and time) by select- 
ing a defined number of Poisson tests. Table 4.3 shows the Confidence Level at a desired 
Accuracy for a defined number of Poisson tests each with n = 80 replicate wells, 

Laboratories who may be considering the flexibility of preparing their own standards 
and controls, need also consider the time and potential reagent costs required for accurate 
assignment of concentration by the Poisson method, 
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Table 4.3 Calculated Poisson confidence levels. Each test incorporates a minimum of n = 80 
replicate wells, typically in microwell-plate format. The number of replicate plates used 
determines the true accuracy at different levels of desired accuracy. 

Desired accuracy (true value +%) 
Number of 
Poisson tests 5.0% 7.5% 10.0% 15.0% 20.0% 30.0% 

Two-point bracket method 
An alternative approach to the Poisson analysis for concentration determination for sam- 
ples, standards and controls is the6'Bracketing method. 'This is also known as a two-point 
interpolation method, 'This approach is a reference-dependent method that uses well-char- 
acterized and quantified secondary or tertiary standards that are placed at concentrations 
which are above and below the anticipated concentration of the test sample. Conceptually, 
the approach is quite similar to the two-point calibrations performed with basic laboratory 
p H  meters and two p H  reference solutions. The test sample concentration is determined 
by interpolation from the two known concentration points. As applied to real-time PCR 
reactions, for one to determine the concentration in this manner, the slope and y-intercept 
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of the line between calibrators is calculated and the concentration of the unknown sample 

is determined by interpolation+ 
When utilizing this method in real-time PCR, increased precision is obtained by run- 

ning several replicates for both the standard and the two points that bracket the standard. 
Often, visual inspection of the average of the growth curves, with staggered critical thresh- 
olds (Ct) at the AFI (average fluorescence intensity level), gives confidence in the expected 
parallel AFI/RFI (absolute or relative fluorescence increase) response. Since most real-time 
PCR analyzers allow for runs of fairly large numbers of samples, it is convenienr to run 
n = 24 for both the standard and the two bracket points (Figure 4.7). Because the cwo- 
point bracket methods also measures the slope of the line between the two bracket points, 
this slope value can be used to indicate unexpected Ct delays in both the sample and the 
bracket (standard) points which could result in an incorrect assessment of standard titer, 

To take advantage of this attribute, the linear regression of the two-point bracket line 
should be defined in advance and used to establish test validity criteria. Factors affecting 
the reaction growth curve would be expected to produce varying sample Ct values and, as 
a result, subsequent titer value determination as presented in Figure 4.8. In this example, 
an unexpected bracket slope value is driven by a delay in the Ct value for the low reference 
point. 'This has a subsequent effect on sample Ct determination, 

2 0 3 0 
C y c l e  N u m b e r  (Ct)  

Figure 4.7 Raw Data for Ct Values Measured for Test Sample and Bracketing Calibrators. 
The mean values of replicate measurements of high and low calibrators (high -, low .-.) 
which "bracket" the replicate measurements of the test sample (- -) are used to determine the 
unknown test sample concentration from the resulting two-point line (Figure 4.8). 
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Low and High Calibrator 

- - Linear (Calibratw I )  

--- Linear (Calibrabx 2) 

y=-1.1x+36.3 

34.0 
1 

33.0 = & . -  .I 

Figure 4.8 Relation of Slope Value and Sample Ct Determination. The selection of two 
reference points from which to interpolate an unknown sample can influence the accuracy 
of the measure. The greater slope for Calibrator Set #2 introduces greater variation in the 
interpolated value than Calibrator Set #I which has the bracketing calibrator concentrations 
set closer together. In this example, both test samples (0 and m) would be read off the Calibrator 
Set #2 (0).  

225 

Future trends 

- -  - - y=-0581% +33.615 
- b -  

R2=1 
* * .  - . -. - c 

The rapid advances in the use of real-time PCR applications that have taken place in the 
past few years have raised expectation as to what the future may bring for extending even 
further the capabilities of the technology, especially in the field of molecular diagnostics. 
As in other fields driven by innovation and technology, it is not unexpected that one will 
see smaller, faster, and more accurate/more sensitive products. Additionally, the quantity 
of information that is yielded from real-time PCR reactions will likely increase signifi- 
cantly. It is anticipated that the cost of these materials and products will also be reduced. 
Continued advances to be seen in the formulation, stabilization and quantitation of assay 
standards and controls will further contribute to their ability to perform even more reli- 
ably. As seen with the recent enhancements seen with encapsidated standards and controls 
such as Armoredm RNA or Lambda constructs, there will be continuing trends towards 
reagents that are more stable at room temperature for extended periods of time while 
preserving a high degree of accuracy in the assignment of concentration. 

The use of reference standards, calibrators and controls are critical to assuring that valid 
results are achieved when developing or running real-time PCR assays. Well-characterized 

- - -  
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reference standards can provide a basis for accurate calibration. With these materials, the 
analytic result may be relied upon to reflect the true concentration of the target nucleic 
acid. While up until this point in time, the availability of internationally recognized refer- 
ence standards has been somewhat limited to a small number of major human viruses (e.g. 
HCV, HIV and HBV), one should also expect (and demand) a wider diversity of such 
characterized reference standards will become more readily available. 

At present, many large laboratories and manufactures of diagnostic products produce 
their own reference standards, while the smaller labs tend to purchase reference materials 
from independent control manufactures (Madej, 2001). This is largely due to the technical 
complexity inherent in these activities. Many of the technical challenges that arise in pro- 
ducing standards, calibrators and controls which meet the requirements of real-time PCR 
applications will be addressed and resolved. One such challenge is to produce standard 
and control materials that perform in the real-time PCR reaction without "matrix effects." 
These effects, defined as the characteristics of manufactured control or calibrator materials 
that deviate significantly from the way patient specimens behave in specific procedures, 
with whatever response characteristics are used for measurement because the source of 
the difference has not been identified (Clinical and Laboratory Standards Institute, 2005), 
remain a common technical issue for assay developers, As human plasma is often used as 
the diluent for the formulation of standards, calibrators and controls, it should be expected 
to react in the test system in the same manner as the patient specimen reacts. 'This will pose 
continuing technical challenges due to the inherent problem of matrix effects often arising 
from unknown differences between the sample and the standard. In contrast, differences 
attributable to identifiable sources of interference from endogenous components (e,g. bili- 
rubin, protein etc.) will be continue to be addressed by diligent reagent development and 
novel formulations. Other aspects to be addressed in the further development of human 
plasma for use as a standard or control matrix is the extensive pre-screening required 
to demonstrate the absence of infectious agents required prior to use. The potential for 
occupational exposure and infection while working with these materials will continue to 
pose a concern and should continue to be minimized through the use of standard precau- 
tions (Centers for Disease Control and Prevention, 1996) and guidelines for prevention 
of infections in the work place (CLSI, 2005). Also, enhanced procedures for inactivating 
endogenous agents in human plasma will be beneficial. This will be particularly important 
with the development of new international reference materials which may contain novel 
infectious agents. 

A clear future trend that will be driven by the technical challenges and issues of using 
human-sourced materials as the dilution matrix for controls and calibrators will be the 
development of fully synthetic formulations. While such diluents would still be required 
to mimic the properties of normal human plasma in terms of nucleic acid target recovery 
efficiency, in concept, they would obviate the need for precautionary screening and would 
have the desirable benefit of being predictably consistent from batch to batch, This last 
attribute is presently lacking with the use of human plasma due to complexity (Anderson 
et al, 2002). With such synthetic diluents, it becomes a more viable option for smaller 
laboratories to produce their own standards and controls safely and accurately. 

As real-time PCR applications continue to expand in scope and complexity a broader 
range of laboratory guidelines and procedures will be needed to meet the demands of 
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increasingly more complex test applications and molecular diagnostic systems, Consensus 
guidelines for the use and evaluation of standards and controls have been previously pub- 
lished (CLSI, 2005), but these will require continuous updating to keep pace with the 
technology. Guidelines for applications relating to detection and analysis of genotypes, 
subtypes or serovars for viral or bacterial agents will be beneficial. Such guidelines, in 
combination with the availability of sequence-matched standards and controls for such 
applications may help reduce variability or differences in analytic results. As the choice of 
fluorescent dyes and real-time detection hardware capabilities move towards increasing the 
number of available signal channels, one can envision that the use of multiple controls with 
closely related target sequences (perhaps even to the level of single nucleotide polymor- 
ph i sm~ or SNPs) for single assays may become the new technology benchmark. 

Conclusions 
Recent advances in reagent development, hardware and software with multichannel dis- 
crimination capabilities have driven the wide adoption of real-time PCR in life-science and 
diagnostic laboratories. The ability to readily multiplex PCR applications affords the op- 
portunity to incorporate a variety of positive controls and internal controls into the design 
of an assay for simultaneous detection-enhancing the confidence in both the integrity of 
specimen transport and preparation as well as confirming the efficiency of the amplifica- 
tion reaction itself. By relating the internal control or quantitation standard fluorescent 
signal (Ct) to the fluorescent signal of a known primary or secondary reference standard, 
one can achieve high confidence in the accuracy of measured concentration, 

For life science research, diagnostic and microbiological applications, the ability to 
standardize real-time PCR applications between laboratories can facilitate broader col- 
laborative studies and limit data variation due simply to minor differences in assay perfor- 
mance between labs. This can facilitate data analysis between laboratories and potentially 
enhance the understanding of the system under study. In molecular diagnostic applications, 
the same holds true, but it has the added benefit of providing an analytic result that may 
be suitable for medical decision-making; therapeutic choices and, as a result, have a direct 
impact on a patient's well-being. 

Once developed, a real-time PCR assay should not be assumed to be a static tool. 
Changes in reagent lots, particularly for the fluorescent oligonucleotide probes, primers 
and enzymes may result in subtle changes in performance, which, if not corrected, may 
yield precise but somewhat inaccurate results. Assay calibration and, where available or 
applicable, participation in external quality assurance programs can monitor and correct 
for drifts in accuracy. In addition, attention to potential sources of contamination in the 
standards and controls themselves (e.g. cross-contamination) or contamination of the assay 
working reagents should be monitored. Adherence to established laboratory practices for 
segregation, work-flow and cleaning can minimize the potential impact. ?his is particularly 
necessary when utilizing some of the more recently developed encapsidated standards or 
controls (e.g. Armoreda RNA or cloned bacteriophage Lambda sequences) due to their 
greater resistance to RNAse or DNAse degradation, 

The future development of more complex multicontrols and standards will be fa- 
cilitated by a wider bandwidth afforded by future advances in hardware, software and dye 
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chemistry. Synthetic ~lasma-like formulations for diagnostic applications can be foreseen 
to improve lot-to-lot consistency as well as reduce the inherent risks associated with hu- 
man-sourced materials. The resulting increase in information content for single assays, 
validated by reliable and accurate standards and controls will drive changes in how real- 
time PCR itself is applied to basic questions in life science and molecular diagnostics. 
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Web resources 
http:/ /www.niaid.nih.gov 
Reference sites for funding of research. Subscribe to email alerts. Health and science topics 
and publications. 

http:/ /dorakmt.tripod.com/genetics/realtime.html 
The real-time PCR system overview with multiple references and web links. 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?DB = pubmed 
PubMed is a service of the US National Library of Medicine that includes over 16 million 
citations from MEDLINE and other life science journals, PubMed includes links to full 
text articles and other related resources. 

http://cyclers.gene-quantification.info/ 

A comparison of the most prominent real-time PCR cyclers is described. The specifica- 
tions and advantages of the various systems are shown and described. 

http://www.eurekalert.org/ 
EurekAlert is a global news service operated by AAAS. Universities, corporations, and 
other organizations engaged in research can bring their news to the media with this serv- 
ice* 

iowww.net http://b' 
Biowwwnet is a site with resources focusing on lab bench work related troubleshooting. 
Subjects covered include: methods and reagents, discussions in molecular biology cell biol- 
ogy, genetics, immunology, neuroscience, bioinformatics, and proteomics research. 

http://www.biocompare.com/ 
Biocompare, Inc. connects buyers and sellers of life science products on the internet. This 
is a media-based marketplace for life science information, 
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http:/ /www.clsi+org 
The Clinical and Laboratory Standards Institute's (CLSI) which was formally know as 
NCCLS, developments globally applicable voluntary consensus documents for healthcare 
testing. Numerous documents (standards and guidelines) are available at this site. TO 
search for documents of interest, from the home page, click on the "shop button. 

http://www.who.int/bloodproducts/ref~materials/en/ 

WHO provides International Biological Reference Preparations which serve as reference 
sources of defined biological activity expressed in an internationally agreed standard unit. 
These preparations are the basis for a uniform reporting system, helping physicians and 
scientists involved in patient care, regulatory authorities and manufacturers to communi- 
cate in a common language. 

http://~~~.drugdisc.com/section.asp 
This is the news service of the Drug Discovery Technology" & Development World Con- 
gress. Coverage on vital topics in drug discovery and development are presented. 

http:/ /www.cap.org 
This is a resource provided by the College of American Pathologists (CAP). Educational 
programs and a publication search program are available, Laboratory accreditation and 
improvement programs are addressed. 

http: //www.phppo.cdc.gov/CLIA/ 
This is a link to CDC's division of lab services. 'There are many hyperlinks to resources 
about lab quality and proficiency testing. CLIA regulations and links to the Federal Code 
are listed. 

http://www+nibsc.ac.uk/ 
The National Biological Standards Board (NBSB) run by the UK government is respon- 
sible for safeguarding and advancing public health by assuring the quality and safety of 
biologicals, through its management of the National Institute for Biological Standards and 
Control (NIBSC), 

http://www.virology.net/ 
This web site has a collection of other web sites all related to information on viruses and 
subjects of interest to virologists, for example, AIDS and HIV, tutorials, groups/organiza- 
tions, and emerging viruses. 

http://~ww.fda.~ov 
The US food and drug administration web site contains a search engine and reference 
documents on widespread topics of interest to people in health care related professions. 
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Abstract 
Most real-time PCR applications in microbiology are for qualitative (resulting in a yes or 
no answer) detection of a microorganism. In terms of disease relevance, the importance 
of qualitative PCR to microbiology has been proven, however it is less clear just how 
punctilious the clinical microbiology laboratory must be to produce relevant quantitative 
PCR (qPCR) results. Despite a decade of qPCR experience, commercial development of 
applications is limited and many of our approaches remain entrenched among the PCR 
techniques used to monitor human mRNA levels rather than addressing adequately the 
diverse needs of the microbiology field. Real-time PCR has permeated every aspect of 
microbiology, but its applications have particular value in the clinical microbiology labora- 
tory where the speed, sensitivity, reproducibility and accuracy of this tool help to produce 
robust data in a clinically relevant timeframe. Other areas within microbiology have also 
gained from the use of real-time PCR; e.g. gene therapy has found benefit from real-time 
qPCR applications that monitor the production, replication and administration of viral 
vectors used to transport therapeutic genes into host cells or tissues. Studies of the host's 
response to microbial replication suggest a vision of the future wherein patient specimens 
may be used to provide an indication not only of the type of microorganism present and 
its replicative status, but also the stage of disease and the type of immune response under- 
way. To make such vision reality we must first discuss and reach consensus on the best, 
microbiology-specific real-time qPCR approaches to permit the production of comparable 
microbial load data. This process must include the development of clear definitions associ- 
ating microbial load with clinical outcome, the production of more reference materials, the 
development of more quality assessment schemes and of commercial kits. It may be that 
we find the perfect estimate of microorganism numbers is not as important as reproducible 
and clinically relevant data. The increased identification of newly emergent or previously 
unknown endemic pathogens demands that we must strive harder than ever to expand 
our understanding of infectious diseases, and for that we need reliable results from reliable 
tools. 

Introduction 
The majority of real-time PCR applications in microbiology are for qualitative (result- 
ing in a yes or no answer) detection of a virus, bacterium, fungus or parasite. However 
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the technique also permits quantification of target nucleic acids for both pure research 
purposes and for a myriad of applications in the clinical microbiology laboratory. While 
much more user-friendly than earlier conventional competitive quantitative PCR (qPCR), 
quantification by real-time PCR retains many time-consuming requirements that must be 
addressed in the context of microbiology in order to produce valid data. A direct relation- 
ship is assumed to exist between the amount of microbial nucleic acid and the number of 
microorganisms in a patient's specimen; minimizing amplification variability while cor- 
recting for that which remains can strengthen this association (Ferrk, 1992). 

Real-time PCR has simplified our ability to visualize the impact of each assay vari- 
able, thus permitting improved optimization, standardization and normalization of qPCR 
assays. It is then disappointing that despite a decade of qPCR experience, commercial 
development of applications is limited and many of our approaches remain entrenched in 
the techniques used to monitor human mRNA levels, rather than adequately addressing 
the diverse needs of the microbiology field, 

Why is it important to quantify microorganisms? 
'The most clinically important reasons for quantifying an infecting microorganism are to 
permit the medical practitioner rapid insight into the efficacy of an ongoing antimicrobial 
therapy and to identify when treatment should commence. Should a treatment prove in- 
effective, as identified by stable or increasing microbial concentration or "load," then the 
clinician has rapid access to objective data which may aid the selection of an improved 
therapeutic course or the adaptation of the current approach, thus tailoring treatment to 
best suit the microbiological and clinical picture. 

Another application that benefits from quantifying microbial load data is the monitor- 
ing of patients undergoing organ transplantation who are subject to extensive immuno- 
suppression. Treatment of this group can be quickly deployed in response to change in 
the status of low-level latent or persistent infections, Quantification also has the potential 
to clarify the extent of virus-host interactions and to propose roles for pathogenicity 
(Clementi, 2000; Limaye et ul., 2000). In addition, the microbial load can frequently be 
related to disease progression in immune-competent subjects for example by detecting an 
increase in pathogen numbers preceding clinical symptoms. However, early doubts were 
cast upon the simplicity of the assumptions made about this relationship (Watzinger et al., 
2004). Relying solely upon qPCR has again been called into question for the quantification 
of HIV-1 because of discrepancies between results from nucleic acid and other diagnostic 
approaches (Rodriguez et al., 2006). - 

Collection and testing of serial patient samples has an important role for all of these 
qPCR applications because compared to testing a single sample, it allows the gathering 
of more robust data and can reveal clearly visible trends caused by changes in microbial 
load over time. In the research laboratory, qPCR is used to corroborate microarray data 
and can determine the successful in vitro propagation of virus during attempted isolation 
using cell culture. The latter role is especially important for discriminating between viral 
replication and residual inoculum when working with molecularly identified viruses that 
produce little or no cytopathic effect and/or for which serological reagents do not exist 
(Schildgen et al., 2006). 
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While the importance of qPCR seems apparent, the conditions required to produce 
relevant quantitative results in the clinical microbiology laboratory are less well defined. 
HOW ~edant ic  do we have to be? Historically in vitro culture has provided a clear-cut 
qualitative method indicating success or failure. Culture can be adapted to quantify the 
microbe but it is a time-consuming process that likely under-represents the number of 
microorganisms in the original specimen. The serological methods introduced the1'equivo- 
cal" result and made it commonplace, complicating the diagnosis of infectious disease. 
Serology is generally employed to quantify the host's antibody response to an invading 
microorganism. DNA techniques produce data that can be either clear-cut or equivocal, 
depending on the microorganisms and clinical situation. Perhaps the question of pedantry 
can be addressed by also asking whether the mere presence of an invading microorganism 
is suitably diagnostic or whether the amount of the putative pathogen is a better indication 
of clinical outcome. Consensus on the answer to this question for many microorganisms 
could go a long way toward simplifying the development of real-time qPCR techniques for 
microbiology. 

What's already on the shelf? 
Several benefits arise from employing commercial kits for qPCR in the clinical microbiol- 
ogy laboratory; principal among these is doing away with incompatible in-house methods 
and the resulting improvement in data comparability between laboratories around the 
world. The introduction of quantitative molecular testing was first commercialized for 
only a handful of microorganisms by providers including Roche Diagnostics, Bayer Di- 
agnostics and bioMtrieux (formerly Organon Teknika; listed in (Schutten and Niesters, 
2001; Niesters, 2002; Watzinger et al., 2006)). Targets included Chlamydia trachomatis, 
cytomegalovirus (CMV), hepatitis B and C viruses (HBV and HCV) and the human 
immunodeficiency virus-1 (HIV- 1). These analyte specific reagents (ASRs) have generally 
been upgraded alongside developments in laboratory systems and PCR detection formats. 
ASR kits are also available from artusTM (now produced by QIAGENTM) with additional 
targets including parvovirus B19, influenza A virus, influenza B virus, enteroviruses, West 
Nile virus, orthopoxviruses, dengue viruses, additional human herpesviruses (herpes 
simplex viruses (HSV) 1 and 2 and varicella zoster virus), the SARS coronavirus, Bacillus 
anthracis virulence plasmids, Borrelia burgdogeri sensu lato, Salmonella serovars, Listeria 
monocytogenes, Mycobacterium tuberculosis complex and the malaria parasites Plasmodium 
falciparum, I-! vivax, I-! ovale and I? malariae. However, despite a description to the contrary, 
not all of these kits include a quantitative capacity; some contain neither a quantification 
calibrator nor the protocol required to perform true quantification. 

Change the paradigm, change the field 
There are still some glaring omissions from the list of kits and from qPCR studies in the 
research literature, W h y  are many common microbial infectious agents not the subject of 
comprehensive investigation by real-time qPCR? The answers are manifold and include 
the real and perceived technical difficulties of developing these assays, the new costs, the 
lack of commercial support and the ingrained belief that quantification is only for "special" 
microorganisms. O n  this last point there is no question that the quantification of some 
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microorganisms is clinically unwarranted (although there are always reasons for research 
studies); the mere presence of Ebola virus or variola virus infection is sufficient to enact a 
clinical regimen of support and treatment because persistent or subclinical infections are 
not common features of infection, However for other targets, interpreting the qPCR data 
may be extremely difficult because of the often innocuous presence of the organism in the 
human host, e,g. Escherichia coli, Streptococcus pneumoniae, Neisseria spp+, HSV or CMV. 
Our understanding of the remaining microbial targets which have rarely if at all been the 
subject of qPCR studies could benefit from good quality quantitative research studies 
to better understand the role each pathogen plays, especially in illnesses not commonly 
associated with infection and whether they circulate among asymptomatic populations. 
Several respiratory viruses including the picornaviruses fall into this category since they 
are sometimes detected in patients lacking overt clinical signs of illness, Microorganisms 
causing treatable infections are generally acknowledged as the most worthy qPCR targets, 
leaving many of the most common (and frequent) viral pathogens that are serviced by 
relatively few therapeutic options, without any commercial alternative for quantification+ 
It will be important for future studies to challenge infectious disease paradigms using real- 
time qPCR to ensure our beliefs hold up to close scrutiny. 

How does real-time qPCR improve upon previous qPCR 
methods? 
Real-time PCR offers some immediate and significant improvements over previous con- 
ventional PCR methods for the quantification of microorganisms, Principally the closed 
tube or "homogeneous" nature of real-time PCR has been a boon to the clinical microbiol- 
ogy laboratory by dramatically reducing the risk that amplicon will contaminate subse- 
quent assays. ?he technique can also be used to amplify efficiently and representatively an 
enormous range of template concentrations without affecting assay efficiency, making it 
a dramatic improvement over earlier qPCR methods. This "dynamic range" extends to at 
least eight logla of template molecules (R~ncarz et al., 1999; Abe et al., 1999). 

The versatility of real-time qPCR is made possible because its fluorescence data are 
collected from the linear phase of the exponential PCR. In this region conditions of DNA 
duplication are optimal, rather than in the end-point or 'plateau" phase where the amount 
of amplicon present has little relationship with the original template concentration. End- 
point amplicon quantities are especially affected by conditions of saturation by inhibitory 
PCR by-products and specific double-stranded DNA (amplicon). The fractional cycle at 
which fluorescence crosses a defined y-axis value (see Chapter 1 for more detail) is known 
as the threshold cycle (CT). The CT values from amplification of an unknown specimen ex- 
tract can be compared to similar data generated by the amplification of a dilution series of 
standards or calibrators after such data are presented as a standard or calibration curve. 

Collecting data from the linear phase of the reaction also makes possible the detection 
of an equally broad dynamic range of amplicon; the lack of such scope was a significant 
cause for additional amplicon handling among methods predating real-time PCR (Figure 
5.1). Dilution of an amplicon is no longer required before detecting it nor is repetition 
of an assay using a diluted template required because a preliminary result fell above the 
upper limits of the detection assay. Both of these problems were common to conventional 
end-~oint  qPCR assays because the detection formats could not encompass amplicon 
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Figure 5.1 A simplified comparison of the complexities of conventional, competitive qPCR 
versus real-time qPCR methods. Competitive qPCR required the amplification of a fixed 
amount of target (filled circle) and a dilution series of a characterized competitive internal 
amplification control (IAC; filled square). The two molecules were then discriminated after 
the PCR was completed. Using a PCR-ELISA approach, the highest amplicon dilution that 
gave an optical density (OD) within a pre-established range provided the data for the equation 
shown. Antibody, Ab; digoxigenin, DIG; horse-radish peroxidise, HRPO; passive reference, PR; 
quantitative PCR, qPCR 
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from high template loads whilst maintaining an adequate template sensitivity (Kawai et 
al., 1999; Schaade et  al., 2000; Weinberger et al., 2000; Brechtbuehl et al,, 2001)- However, 
the reliance on CT data evokes one detrimental outcome: the impact from inhibition is 
enhanced when compared with an end-point quantification approach, Poorly optimized 
conditions or amplification inhibitors (other than those caused by the amplification pro- 
cess itself) delay amplification and this has a greater impact on the CT values than on the 
final amount of amplicon since final amounts often remain unchanged after 30 to 45 cycles 
of PCR. 

Real-time PCR can also exhibit low inter-assay and intra-assay variability and since 
it is a PCR method, it is also extremely sensitive (Abe et al,, 1999; Locatelli et al., 2000; 
Schutten et al., 2000). However, one could argue that only the latter is an innate feature of 
real-time PCR and that the remainder requires suitable reference materials, regular quality 
control and protocols that are well developed and strictly adhered to+ Nonetheless real- 
time PCR permits template quantification, of some sort, from a wide variety of sample 
types which contain a large yet unpredictable range of template concentrations, as is often 
the case in samples collected for microbiological investigations. It is a superior tool well 
suited to the quick decision making required in a clinical situation since time-to-result or 
"turnaround time" is reduced (Locatelli et al., 2000; Tanaka et al., 2OOO)+ 

Before real-time PCR, the most objective and accurate approach to quantification was 
the analysis, following co-amplification (two templates amplified in the same vessel; Figure 
5+1), of a competing nucleic acid template of known concentration along with the "wild- 
type" target nucleic acid of unknown concentration (Gilliland et al,, 1990; Siebert and 
Larrick, 1992; Clementi et al., 1995; Orlando et al., 1998). While the molecule of known 
concentration is not always employed as a competitor its amplification absolutely depends 
on the same reagents as the microbial template. Since there are generally more similarities 
than differences we employ a single title for these molecules which helps simplify further 
discussion. We refer to these molecules as internal amplification controls (IACs; discussed 
below); however, they have been used in several roles and known by many names (including 
internal control, internal standard, competitive standard, internal calibrator or a mimic) - 

indicating the distinguished history of an IAC in the PCR detection of microorganisms 
(Wang et al., 1989; Niesters, 2002). 

'The IAC was the driving force behind the development of competitive qPCR and 
worked most efficiently in this role when it was of almost identical sequence to the assay's 
main target (Pannetier et  al., 1993). When both the IAC and unknown target were 
amplified together for the purpose of qPCR, the amount of the unknown template was 
determined from a comparison of signals. This approach commonly required several reac- 
tions containing a range of IAC concentrations to accommodate the detrimental effects of 
excessive competition if one template was more abundant than the other. Each reaction 
contained a different amount of IAC but a constant volume of the unknown template. 
Alternatively one could perform a pre-qPCR reaction to obtain a crude estimate of the 
template load and use only one or two similar IAC concentrations. 

Despite similar results when comparing data generated either by absolute calibration 
curves, relative calibration curves or CT values (Johnson et al., 2000), competitive PCR has 
not been extensively examined for quantification using a real-time PCR format (Halford, 
1999; Halford et al., 1999). The absence of software with the ability to automatically 
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calculate the concentration of an unknown by comparing the signals generated during 
co-amplification makes the development of real-time competitive qPCR applications 
difficult (Kleiber et a!., 2000; Pfaffl et al., 2002). In the only application published to 
date, competitive amplification successfully defined the amount of nodavirus R N A  in 
cell culture samples (Grove et al., 2006). The method was reportedly less sensitive than 
a non-competitive version (presumably because of competitive inhibition), required the 
use of four aliquots of the sample extract and did not monitor reverse transcriptase (RT) 
or amplification efficiencies. An earlier experimental approach employed a wild-type and 
two co-extracted, co-amplified heterologous plasmid templates employing an algorithm 
to determine the number of target copies (Gruber et al,, 2001), While this study did not 
include a normalization step, the dual template amplification correlated over four loglo of 
template. The second IAC could not be simultaneously detected by the s o h a r e  of the 
time. 

While not surprising, the point must be reiterated that PCR data cannot be related to 
microbial viability unless preceded by a biological isolation or enrichment step (Josefsen 
et al., 2004; Nitsche et al+, 2006). While real-time qPCR is useful to monitor changes in 
the amount of a microorganism's genome or gene products, it must be used in concert 
with biological methods, at least during the developmental process, if one wants to assign 
biological relevance to the results. 

Optimization and consistency are critical for obtaining reproducible results yet real- 
time RT-PCR assays are capable of significantly less variation than conventional RT-PCR 
protocols which can be subject to significant error (Souazt et al., 1996). In principle, 
quantification of R N A  by real-time RT-qPCR is straightforward: the more copies of an 
RNA molecule there are at the beginning of the assay, the fewer cycles of amplification 
are required to generate a specific number of products (Figure 5.2). Therefore, the CT is 
inversely correlated to the amount of RNA in the original sample. 

The potential to quantify nucleic acids using PCR has proven most popular in the field 
of gene expression or transcriptome analysis (PhorTech, 2003) but it has also been em- 
ployed in microbiology since the 1990s (Zhang et al,, 1991). Because comprehensive lists 
of applications in microbiology have recently been published elsewhere (Espy et al., 2006; 
Watzinger et al,, 2006), the remainder of this chapter will instead seek to critically examine 
the impact of reverse transcription on real-time qPCR assay performance, describe the 
mathematical approaches employed to obtain quantitative data, discuss the role of quality 
control and assurance, identifjr some sources of reference material and review two uncom- 
mon uses of real-time PCR quantification in the multidisciplinary field of microbiology+ 

Calibrating the process of microbial quantification 
Although the terminology is often confused, real-time PCR does not inherently imply 
qPCR. 'Thus no discussion of nucleic acid quantification can ensue without first mention- 
ing the necessary inclusion of the correct positive and negative controls to determine assay 
function and the relevant reference standards (ideally of biological origin as per terminology 
employed by the International Organisation for Standardisation) or calibrators (derived 
from a standard and by far the more commonly used molecule for in-house qPCR) re- 
quired to generate accurate data. The externally amplified calibration curve (see Figure 5.1 
and 5.2) relies upon titration and amplification of an identical template, performed within 
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Figure 5.2 (a) Amplification plot for a standard or calibration curve. Sense-strand 
oligodeoxynucleotides were serially diluted from 1 x 1 O9 to 1 x 1 O2 molecules and subjected to 
real-time RT-PCR assays on a Stratagene MX3005R The software calculated the threshold cycle 
(CT), which is defined as the number of PCR cycles where the fluorescence generated from the 
amplification plot crosses a defined fluorescence threshold (bold horizontal line). It depends on 
the sensitivity of the detection system and can vary significantly depending on assay-specific 
background levels. This provides several orders of linear dynamic range, in this case seven 
loglos. The graph of normalized fluorescence vs. qycle number during PCR has three stages. 
Initially, the fluorescent signal is below the detection limit of the signal detector. In the second 
stage, the signal can be detected as it continues to increase in direct proportion to the increase 
in the products of PCR. As PCR product continues to increase, the ratio of polymerase to 
PCR product decreases, product ceases to grow exponentially and the signal is roughly linear 
and finally reaches a plateau. (b) A plot of CT against the log of initial oligonucleotide copy 
number results in a straight line that is linear over at least seven orders of magnitude and linear 
regression analysis permits the calculation of the copy number of any unknown target relative 
to that standard curve. The standard curve also reveals the amplification efficiency of the 
reaction (slope) and gives some indication of its sensitivity (y-intercept). 
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the same experimental run but in separate vessels to the unknown target. However, the 
calibration curve can itself serve as a source of error when inter-tube fluorescence variation 
is not controlled. This, as with similar omissions throughout the qPCR process, is usually 
a trade-off between two realities: (i) obtaining some form of quantitative data in a clinically 
useful timeframe (while under the stresses of a high throughput laboratory environment) 
and (ii) the need to address multiple sources of error to achieve suitable quantitative data. 
Suitability is usually guided by the laboratory or its clients and sometimes by participation 
in quality assessment programs. Clinical relevance may ultimately be a better guide. 

No matter what calibrators and controls are used to determine the presence of in- 
hibitors, monitor successful amplification or generate quantitative data, it is imperative 
to accurately determine their concentration to ensure that they are used at suitable levels, 
A ~~ectrophotometer alone is inadequate for quantifying these molecules; however in 
combination with an experimental and statistical analysis, the reliability of the data can be 
greatly enhanced (Taswell, 1981; Glasel, 1995; Bagnarelli et al,, 1995; Rodrigo et al., 1997; 
Wang and Spadoro, 1998; Sykes et al., 1998). Determination of small in vitro synthesized 
single-stranded DNA or RNA molecule concentrations may require the aid of a fluores- 
cence-based signal amplication system such as PicoGreen" or RiboGreen" (Invitrogen). 

When employed, calibrator and control templates should be handled as identically 
as possible to the test samples. Practically this means that the sample matrix (for example 
serum, urine or bronchoalveolar lavage) should be used to provide the "background into 
which the calibrator is added prior to nucleic acid extraction and purification. In some 
cases it is not possible to obtain matrix in a standardized form from negative samples e.g. 
precise collection of a nasal swab or bronchoalveolar lavage is extremely difficult; one may 
weigh the swab after collection although this cannot discriminate between patient cells and 
absorbed fluids (Maggi et al., 2003). 

Careful development and implementation of calibrators will permit better standard- 
ization and ensure that comparison between assay results and testing locations is possible 
(Niesters, 2001). Without question, the reliability of any qPCR methods is intimately 
associated with the choice and quality of the assay controls (Alexandre et al., 1998; Celi et 
al., 2000). 

The mathematical mechanics of quantification 
Unfortunately for those of us less interested in this aspect of qPCR, mathematics make 
the method. One cannot escape that useful qPCR data requires some understanding of 
how the results are obtained. In every PCR cycle the nucleic acid template is copied, ideally 
giving rise to a doubling of the number of template molecules in the reaction vessel. The 
doubling process is described by (Kubista et al., 2006): 

N is the number of template molecules after X amplification cycles and NO is the 
initial number of double stranded template molecules. This equation is based on four as- 
sumptions discussed below, 
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Assumption 1 : Initial template is double-stranded 
Eukaryotic and most prokaryotic genomes are double stranded. But many viral genomes 
are single-stranded. Also, when analyzing RNA, reverse transcriptase protocols produce 
single-stranded cDNA for PCR. The single stranded DNA is then converted into double- 
stranded DNA in the first PCR cycle, thus true amplification starts in cycle two. Hence, 
when template is single-stranded the doubling process is described by (Kubista et al., 
2006): 

As before, N is the number of double-stranded molecules present after x cycles, and 
No is the initial number of template molecules, but in this case they are single-stranded. 
The correction for this extra cycle, which has been missed in many publications, ofien can- 
cels out, as we will see below. However, in some quantification the omission can introduce 
a two-fold error. 

Assumption 2: PCR efficiency is 100%; both strands of all template 
molecules are copied into full length products each cycle. 
Experience shows that PCR efficiency almost never reaches 100%. Even the complete 
copying of both strands of short, purified amplicon templates rarely exceeds an efficiency 
of 95%. This reduced efficiency, in the absence of inhibition, is due to inefficient primer 
hybridization, template folding and probe and dye interference. It can sometimes be im- 
proved by redesigning the oligonucleotides to reduce mispriming or formation of folded 
structures, by increasing primer and/or template concentrations to push equilibrium 
towards the primed state (although, this can also cause primers to form primer-dimer 
products; (Lind et  al., 2006)), by adjusting annealing temperature, buffer conditions (in 
particular concentrations of Kt and Mg2+), thermostable DNA polymerase concentra- 
tion, by changing or reducing the length of the amplicon or reducing the dye or probe 
concentration (Kubista et al., 2001; Bengtsson et al., 2003). In biological samples the 
PCR efficiency is further reduced by concomitants in the sample matrix which have not 
been removed during the nucleic acid extraction process (Akane et  al., 1994; Al-Soud and 
Ridstrom, 1998; Al-Soud et al., 2000). In particular, matrices containing high amounts of 
lipids tend to be inhibitory. The following equation accounts for PCR inhibition: 

E,, is the PCR efficiency and it has a value 0 5 E,, I 1. E,, has two subscripts indicat- 
ing that it depends on both the target (t) assay and on the sample (s). E,, can be estimated 
in situ using the methods of serial dilutions of or standard additions to the test sample 
itself (Stiihlberg et  al., 2003). A standard or calibrator curve is produced from the data 
acquired and the PCR efficiency is estimated. Since the calibrator data are all based on 
the same single test sample these approaches give the best estimate of its PCR efficiency. 
The standard additions approach uses the specimen under investigation to provide the 
matrix for the calibrator or standard. The sample is divided into aliquots that are spiked 
with increasing amounts of the standard in pure form, One aliquot is left without standard 
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(Massart et al,, 1997). The method has some limitations including a lack of evidence that 
the added standard will behave the same way as the natural target, increased use of pre- 
cious sample and the costs of extra reagents and time. Nonetheless, it is presently the best 
method we have to prepare standards that resemble the true sample matrix. The method 
of serial dilutions is analogous. The test sample is diluted serially, for example 4-fold, and 
extracts from the dilutions are analyzed by (RT) real-time PCR. A standard curve is 
produced based on the data and the PCR efficiency for the particular sample is estimated. 
Another possibility to estimate Ets is to add purified template to target-free sample matrix 
(i.e, a negative sample) and use it to construct a calibration curve. 

For practical purposes it is helpful to factorize E, into a contribution that is target- 
specific, E,, and one related to sample matrix-specific inhibition, E,: 

The target specific contribution E, is obtained from a calibration curve based on puri- 
fied template in target-free matrix. E, depends on the sample and can be estimated using - 
an alien spike or endogenous control (see below). Sometimes an average value of Et is 
assumed for all samples. 

Assumption 3:  PCR efficiency is constant throughout the amplification 
process. 
The equations above assume that PCR efficiency is constant during the course of the reac- 
tions. This may not be the case. If the original template is long e.g. genomic DNA, it may 
form folded structures that amplify poorly. If the template is supercoiled, which is the case 
for plasmids, mitochondria, bacterial genomes and circular viruses then PCR efficiency 
is significantly lower than for the short template molecules that are produced during the 
course of the PCR (Nogva and Rudi, 2004). The effect of the length and structure of the 
initial template can be reduced by pre-analytical treatment of the sample with nucleases 
to remove supercoils or to excise the target region. Another possibility is to compare with 
calibrators based on the same starting material. 

Assumption 4: Fluorescence is proportional to the amount of template 
In real-time PCR we are not measuring the number of amplicons directly, but rather 
we measure the intensity of the emitted fluorescence as it increases with the number of 
amplicons formed. This fluorescence depends on the dye or probe used, the amplified 
sequence (Nygren et al., 1998), the length of the amplicon (longer amplicons associate 
with more intercalating dye), the optical properties of the instrument (filters, lamp etc), 
the data acquisition temperature and the instrument settings (gain etc). Further, although 
the fluorescence generally increases along with the number of amplicons formed, it is not 
strictly a direct relationship. Indeed, during the first cycles we do not detect any fluores- 
cence increase because the signal is indistinguishable against the fluorescent background, 
But not even in the ~ h a s e  where we can observe increasing fluorescence can we assume that 
fluorescence intensity is strictly proportional to the number of amplicons present (Nygren 
et al., 1998). Binding of a probe to template is governed by thermodynamic ~rinciples 
and the fraction of probe bound depends on the concentrations of both the probe and 



144 1 Mackay eta/. 

amplicon. When using degradable probes, such as TaqManm and Qzyme", the active probe 
concentration decreases during the course of the reaction, leading to less eficient prob- 
ing as the reaction proceeds. Dye binding shows cooperative effects at low binding ratios 
as well as self quenching at high binding ratios. Both phenomena give rise to non-linear 
behavior. 

The factor k'(N,) describes the dependence of fluorescence intensity on the number 
of am~licons in the sample; it is generally unknown, which complicates analysis of PCR 
response curves. However, in real-time PCR one typically compares the number of am- 
plification cycles required to reach a certain fluorescence threshold level so the unknown 
factor is not a problem, since at the point of comparison all samples contain the same 
number of fluorescent molecules. For ease of reading we have used CT to denote the CT 
value described previously. With X = CT, k'(N,) = k', the intensity is now independent of 
N, and we obtain a value for every sample A, B, C etc. 

This can be rearranged to give the relative initial number of single stranded DNA 
target molecules in two samples: 

Assuming that the sample matrix is relatively constant among the samples, we can - 
replace the sample specific efficiencies with an average target specific efficiency Et : 

With this assumption the "-1" in the exponentials cancel out. Hence, expression is 
valid for both single and double-stranded targets. 

Setting Na, = 1 and CT, = CT, (sc) (CT for a single copy sample) we obtain: 

Taking the logarithm of both sides and rearranging gives: 

el; = cl; (sc)- 
1 

log (1 + E5) 1% (NP ) 
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'This equation is the basis for quantification using an external calibration curve other- 
wise known as absolute quantification. But the name is misleading since concentrations are 
not determined in an absolute sense. Instead, concentrations of test samples are estimated 
by comparison to those of calibrator samples. Plotting the threshold values (CT,) versus 
the logarithm of the initial number of template molecules in calibrator samples should give 

a straight line (Figure 5.2.) with: 

Inserting Et = 1 we find that a 100% efficient PCR gives rise to a slope of -3.32. 
From the slope the mean PCR efficiency is calculated as: 

'The slope is determined by linear regression, Most software for linear regression will 
also calculate the standard error of the slope: 

In Microsoft" Excel" the LINEST function in array mode calculates the standard er- 
ror of slope, The standard error of the PCR efficiency is obtained from the SE(s1ope) by 
error propagation based on truncated Taylor expansion: 

'The 95% confidence interval for the PCR efficiency is then given by a Student's t-test 
with n-2 degrees of freedom: 

The standard error and confidence interval for CT values and log concentrations can 
be calculated by standard error propagation or by the Fieller's theorem (Fieller, 1940; 
Verderio et al,, 2004). If the concentrations of the calibrators are available in copy numbers, 
the intercept determines the C T  of a single copy sample: 

intercept = CT(sc) (5.16) 



146 1 Mackay et a/. 

Calibrator concentrations can also be given in relative values, such as dilution factors 
of a stock. The concentrations of the test samples will then be obtained in the same relative 
measure, Using relative concentrations for calibrators only affects the intercept. The PCR 
efficiency is still obtained from the slope by equation 5,12, 

Microbial quantification: relatively speaking 
Determining the amount of template by PCR can be achieved in two ways: relatively or 
"absolutely". "Absolute'' quantification strategies claim to determine the exact number of 
nucleic acid targets present in the sample and can express this in relation to a specific 
unit that is easily interpreted by both scientists and medical practitioners and comparable 
across different real-time PCR instruments and between laboratories, Such denomina- 
tors include unit volume of serum, plasma, whole blood, urine or cerebrospinal fluid, 
the number of cells in blood or the mass of tissue or genomic nucleic acid (Freeman e t  

al,, 1999; P f d  e t  al., 2002). The decision about which denominator to use should 
preferably be made in consultation with one's peers to improve the chance of producing 
compatible results. Absolute quantification is a valuable tool when there is only a single 
sample available from a patient or when viral load data are to be compared to a predeter- 
mined, clinically relevant threshold value or range, Absolute quantification is the more 
commonly reported approach utilized by the microbiology laboratory and is easier for 
DNA analysis because calibrator samples are readily prepared based on purified target 
DNA diluted is suitable sample matrix. RNA quantification is more complex in an abso- 
lute sense because proper usage requires RNA calibrators, which are more cumbersome 
to generate. Calibration curves based on DNA do not account for any variations in cDNA 
synthesis yields. An alternative strategy is relative quantification, In relative quantification 
the amount of target RNA in a sample is measured relative to a second RNA, which serves 
as the reference. It can be an endogenous reference gene (ERG) transcript either from the 
host or from the same microorganism, or an RNA spike. Both references would control 
for variation in reverse transcription efficiency, while the former also controls for variations 
in the overall expression level. The relative expression of the target RNA to the reference 
RNA reflects the degree of microbial transcription and is the measure compared among 
samples, 

Equation 8 showed the relative expression of one RNA target in two samples. The 
relative expression of two RNA targets in one sample a sample is given instead by (Kubista 
et al., 2006): 

Where indices a and b refer to RNA molecules and A indicates the sample, is 
the reverse transcription efficiency, which depends on the RNA and may also vary from 
sample to sample. It also depends on the reverse transcription protocol used, including the 
primers and the reverse transcriptase. KG is the relative sensitivity of the two qPCR assays 
(Stihlberg et al., 2004a). Clearly, measuring the relative expression of two targets in a 
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sample requires determining a number of parameters. Usually these methods are employed 
for the expression of two human genes to identify how much the target gene's expression 
varies from the reference gene. The same equations apply to the measurement of a viral 
RNA target relative to an RNA spike used as control, or relative to an endogenous RNA 

reference such as ribosomal RNA or a validated ERG. 

In equation 17 the expression KRS cancels. If the two samples are reverse transcribed 
using the same protocols, and the sample to sample variation is small, the relative reverse 
transcription yields for the two RNA molecules in the two samples should be the same 
(Stiihlberg et al., 2004a). 

Further, we assume that the degree of PCR inhibition in the two samples is the same. 
'Then the sample specific PCR efficiencies can be replaced with averages values, 

This simplifies to: 

N O  
tar ,test 

N O  
ref ,test 

N O  
tar ,control 

N O  ref ,control 

'This is the expression usually recommended to calculate the relative amounts of two 

RNA molecules in two samples. It assumes that: 

for every RNA assay the PCR efficiency is the same in all samples 
the ratio of the reverse transcriptase yields of the two RNAs is the same in all 
samples. 
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Assigning'Y to the microbial RNA target (tar), b to the reference (ref), and A to the 
test sample and B to the control sample, we obtain: 

- ~ ~ ~ ~ ~ ~ ( c o n t r o l - t e s t ) - ~ ~ ~ ~ ~ ( c o ~ t r o l - t e s t )  - MCT 
R = ( I + E )  = ( l + E )  

'This expression takes into account different efficiencies between test and control 
samples (Sagner et al., 2004), with efficiencies defined as O r E I 1 ( P f d ,  2001). The four 
CT values are measured for the two RNA molecules in the two samples and the average 
PCR efficiencies for the two assays are estimated from calibration curves. The expression 
ratio controls for reverse transcription so DNA calibrator curves can be used. The ratio 
"RJJ is the relative expression of target RNA in the two samples using the RNA reference 
as normalizer. 

If the PCR efficiencies for the two assays are equal, we obtain: 

This is the AACT method. Finally if only very rough estimates of relative expression 
are needed, 100% PCR efficiency can be assumed. This gives: 

Earlier we learnt that a calibration curve with an appropriately added IAC (some- 
times called a "spikeJ') is a good approach to assay for microbial and cellular DNA, while 
a calibration curve combined with an exogenous control is a good approach to assay for 
RNA targets. The underlying assumption in these approaches is that PCR efficiency does 
not vary appreciably among samples such that we can assume a fixed PCR efficiency for 
the target nucleic acids, If this assumption is wrong we may obtain quite erroneous data. 
Indeed, a study of lymphoma based on serial dilutions showed that several samples would 
be misclassified if a constant PCR efficiency was assumed (StHhlberg et al., 2003). How 
can we recognize if there is a problem with PCR efficiencies? 

The development of a real-time PCR signal over time (Figure 5.2), also called the 
real-time PCR response curve, contains information about PCR efficiency (equation 5.5). 
Although the efficiency is difficult to estimate from the response curve, its shape can be 
used for quality control. The method of kinetic outlier detection (KOD) compares the 
response curves of samples and identifies those with anomalous responses (Bar et al., 
2003), These will have PCR efficiencies that deviate significantly from normal and their 
CT values are likely to be erroneous. 'These samples should be rerun and if they retain a 
deviant PCR efficiency they must either be discarded or re-analyzed by serial dilutions or 
standard additions to account for their anomalous efficiencies. A web-based solution for 
KOD will soon be available at LabonNet (kttp://www.labonnet.com). 

Microorganisms are not human transcripts; defining the 
differences 
For a number of reasons qPCR data can be difficult to replicate. Real-time qPCR assays 
must include the capacity to correct for variations caused by a range of factors; without this 
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capacity qPCR data are at best more appropriately described as being semi-quantitative 
2nd at worst they produce biologically irrelevant results (Tricarico et al,, 2002; Dheda et 
al,, 2005). Whether such a claim is overly meticulous is debatable. However the continued 
production of data which cannot be compared between laboratories except in the broadest 
sense should give pause for thought; poor reproducibility will stymie attempts to collabo- 
rate in research studies and diagnostic quality assurance programs and confound attempts 
to improve our understanding of the interaction between microorganism and host (Hoor- 
far et al., 2003). To this day it is rare to find well-controlled real-time qPCR assays among 
those in the clinical microbiology literature. That could quickly change if pressure was 
brought to bear by the editorial staff and peer reviewers of scientific journals (Mikovits et 
d., 1998). In the interim it would be useful to identify what is actually required to perform 
robust real-time qPCR in the clinical microbiology laboratory, under realistic conditions. 

Some real-time PCR systems have already overcome the simplest technical variable, 
fluorescence changes caused by reaction mix composition, mix volume variation or be- 
cause of non-specific quenching. One approach has been to include a non-participating, 
or "passive," internal reference molecule incorporating a carboxy-X-rhodamine (ROX) 
fluorophore. This doesn't require a separate amplification since the reference is present 
in the reaction buffer and its signal is used to indicate volume variations and non-spe- 
cific fluorescence quenching. 'The corrected or "normalized values (not to be mistaken for 
normalization of qPCR data using a reference or calibrating template), obtained from a 
ratio of the emission intensity of the fluorophore and ROX, are termed RQ+, To further 
control amplification fluctuations, the fluorescence from a "no-template" control reaction 
(RQ-) is subtracted from RQ+ for each sample, resulting in the ARQvalue that indicates 
the magnitude of the reference signal generated for the given PCR (Gelmini et al., 1997). 
This approach embodies important criteria for the design of a PCR control to be employed 
for correcting unwanted variation or error; it can perform its job within the same tube as 
the template under study, it is relatively simple to design and implement and there is no 
interference with enzymes or oligonucleotides. The passive reference does not determine 
template quality, enzyme inhibition nor account for variation in nucleic acid amount so 
these issues must be addressed during a pre-analytical phase, If the issues are suitably ad- 
dressed however, a passive reference provides the ideal approach to account for inter-tube 
variation of the sort that can occur between unknowns and the calibrator dilutions of an 
external calibration curve. 

Important steps to consider before quantifying: the pre-analysis phase 
Coming to terms with the complexities of performing high-quality real-time qPCR is a 
particular and daunting challenge for the diagnostic clinical microbiology community. The 
largest single adjustment is to understand that these assays cannot be performed as simply 
as qualitative real-time PCRs. A number of pre-analysis steps are required to ensure that 
the template is adequately prepared for quantification and this sets quantitative molecular 
methods apart from the increasingly high-throughput methods that populate the clinical 
microbiology laboratory today. 

In addition to minimizing the usual technical variables including staff competence, 
equipment performance and upkeep, reagent quality and batch variation and use of sample 
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replicates, molecular quantification of a microorganism relies upon the use of measures to 
account for: 

1 Variation in template amount between samples 
2 Poor or variable quality template (due to variable purification, mis-handling or poor 

storage) 
3 The presence of inhibitors (of both fluorescence and amplification) 
4 Variation in the performance of RNA dependent DNA polymerases 
5 Variation in the performance of DNA dependent DNA polymerases 
6 Variation in amplification between sample and calibrators. 

In addition to causing acute infections, viruses are the underlying cause of a significant 
proportion of human cancers. 'They also pose a major bioterrorism threat despite requiring 
specific expertise to produce, engineer, and disseminate in weaponized form. In particular, 
RNA viruses comprise the most abundant group of human, animal and plant pathogens 
with new, highly pathogenic viruses such as Avian influenza continually emerging. Newly 
identified endemic RNA viruses also comprise a growing population of human pathogens 
that are poorly characterized by qPCR. We will therefore dwell, and frequently refer to, 
RNA virus targets in the following sections, However the approaches we discuss are often 
compatible with the quantification of DNA templates from viruses, bacteria, fungi and 
parasites. 

Along with technical variation, the first three points in the previous list should be 
addressed before performing any quantification, We advocate the following considerations 
for real-time qPCR to ensure optimal assay reproducibility: 

'The quantity of RNA should be determined using a single method for all assays 
and the amount used for the reverse transcription step must be kept as constant 
as possible. This is often difficult for a microbial target since its genome or gene 
transcript may be a small and variable fraction of the total nucleic acid present. 
An assessment of the quality of any RNA preparation used for quantification is 
essential. In particular information should be provided regarding the absence of 
inhibitors in each sample and the integrity of the RNA. 
'The cDNA priming method must be consistent, with specific priming the pre- 
ferred option, together with as short an incubation time as possible and as high a 
reaction temperature as practical, 
Calibration curve data should be analyzed so the amplification efficiency and sen- 
sitivity of every PCR assay can be reported and to confirm that the quantification 
of any unknowns has been carried out within the dynamic range of that assay. 
A common IAC should be used in every reaction of the qPCR to permit correc- 
tion for inter-tube amplification variation. 
When reporting data as a relative change, the CT range of target detection should 
be quoted, since this allows the reader to gauge the likely accuracy and reliability 
of the quantitative data, particularly if the mRNA levels of the targets are widely 
different. 
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Any signal detected in the negative controls should be reported and qualified by 
melt curve (if possible) or other analysis. 
Normalization of qPCR (see below) must be transparent and reference genes, 
if used for comparison, must be validated for each experimental set-up, clinical 
condition and matrix type and appropriate data should be included in every 
publication. 

A more detailed discussion of these and other considerations can be found in print 
(Bustin, 2004) and online (http://www+gene-quantification+info/). 

The amount and quality ofnucleic acid templates 
Many viruses and other microorganisms contain a DNA genome and these pathogens 
are increasingly detected alongside RNA viruses within the same sample where they may 
collaborate in contributing to disease (Jennings et al., 2004; Arden et al., 2006). 'Thus, 
rather than preparing separate D N A  and RNA extracts, it is preferable for the clinical 
microbiology laboratory to use a purification method capable of efficiently preparing 
both classes of nucleic acids in order to maximize the usefulness of the precious patient 
specimen e.g. when detecting enterovirus and Neisseria meningitidis from a small volume 
pediatric sample. 

The importance of preparing intact microbial RNA for generating reproducible, quan- 
titative data cannot be overstated. Since most of the RNA isolation procedures take place 
in a strong denaturant which protects the template, appropriate tissue handling including 
collection, transport and storage prior to its extraction is essential to avoid template loss at 
these earlier stages. 

Similarly, the importance of quantification and quality assessment of the R N A  tem- 
plate for any qPCR applications cannot be overstated yet these are usually overlooked by 
applications in microbiology. The most commonly used method, absorbance measurement 
at OD260 and analysis of 0D260/280 in a spectrophotometer, is insufficiently accurate. In 
addition, this method can waste significant amounts of precious RNA. The most accurate 
and preferred means of quantification uses an RNA-binding dye, RiboGreen; however, 
this does not provide qualitative information. There are two other options: first, Labchip@ 
technology allows the rapid analysis of very small quantities of RNA, It is based on 
microfluidics technology, and a LabChip cassette consists of a series of interconnected 
microchannels and reservoirs embedded in a palm-sized chip architecture. Migrations 
through the channels are monitored and controlled using a bench top instrument such 
as the Agilent 2100 Bioanalyser or the Bio-Rad Experion. The RNA LabChip accurately 
quantifies as little as 50 pg of RNA and calculates the ratio of 28S:18S rRNA in the 
sample to provide a simultaneous assessment for each sample, and by inference for the 
quality of the microbial nucleic acids. Results can be viewed as gel-like images, electrophe- 
rogrammes or in tabular formats. However, this analysis relates to rRNA and provides 
no information with respect to mRNA integrity. Integrity can be determined using the 
second option, the 3':s' assay. This assay is modeled on the standard approach adopted 
by microarray users (Auer et al., 2003) and measures the integrity of G A P D H  mRNA, 
which is taken as representative of the integrity of all mRNAs in a given RNA sample. It 



152 1 Mackay et a/. 

J :  
0.01 0.1 1 10 100 1000 

Initial Quantity (nanogmms) 

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 
Cycles 

Cycles 



Microbial Quantification by Real-time PCR 1 153 

synthesizes cDNA from the 3' end of the RNA and then calculates the ratio of abundance 
of amplicons located at the 3' and 5' ends, respectively (Figure 5.3). A ratio of > 5 suggests 

RNA degradation (Hands et al., 2007) 

Inhibition, ineficiency and the internal ampl$ication control 
As introduced earlier, the IAC is a molecule that is co-amplified with the unknown target. 
1ACs are today most frequently used to indicate the occurrence of false negative reactions 
or any reduction in amplification efficiency due to inhibition. We will refer to an IAC that 
has been engineered to bind the same primers but is discriminated by an oligoprobe that 
hybridizes to a unique sequence within the amplicon, as an homologous IAC (Mulder et 
dl., 1994; Tarnuzzer et al., 1996; Alexandre et al., 1998; Aberham et al,, 2001; Stocher 
et al., 2002) whereas one that consists of a completely different sequence from that of 
the microbial target we call an heterologous IAC; the latter is our preferred approach for 
microbiology (Templeton et aL, 2003; Templeton et al., 2005; Scheltinga et al., 2005). 
When an IAC is added into the sample prior to template extraction and purification 
(termed an extraction or full-process IAC) or just prior to amplification (amplification 
IAC), it is described as an exogenous IAC, since it does not occur naturally within the 
sample matrix but is still co-amplified within the same reaction vessel. An endogenous, 
heterologous IAC occurs naturally within the sample; these are not engineered molecules 
and thus require separate primers for amplification. Endogenous IACs are most commonly 
known as"housekeeping or endogenous reference genes (ERGS) and they can also be used 
to measure purification efficiency and/or identify inhibition, O f  particular concern is the 
possibility that, since its concentration cannot be controlled from patient sample to patient 
sample, an overwhelming amount may be co-purified and detrimentally compete with the 
microbial template for amplification. 

It is also possible to control for template loss during purification, which otherwise goes 
unnoticed. In this application it is preferable to add the IAC to the lysis buffer rather than 
the crude sample itself to avoid degradation of the IAC molecule, unless the IAC has been 
protected or "armoured with a cell coat (e.g. MS-2 RNA; (Pasloske et al,, 1998)). Since 
the purification efficiency can differ between different tissue types it is also best to limit 
a quantitative study or  the use of a kit, to the same type of tissue and employ the same 
method of extraction. 

If the exogenous IAC is only used to monitor inhibition, it should be added to the 
master mix, minimizing pipetting error incurred by addition to each separate vessel. In 
general, inhibition does not cause problems for amplification of calibrators or reference 

Figure 5.3 (opposite) Integrity of RNA. Following reverse transcription with oligo-dT, three 
sets of primers and probe target amplicons at different positions (5', centre and 3') on the RNA, 
here GAPDH mRNA. The ratio of amplicons reflects the relative success of the oligo-dT primed 
reverse transcription to proceed along the entire length of the transcript. Clearly, the progress 
of the reverse transcriptase enzyme past the 5' amplicon is dependent on the intactness of the 
mRNA, with the enzyme unable to reach it if the mRNA is degraded. (a) When run in a multiplex 
reaction, it is apparent from the slopes that the amplification efficiencies of the three reactions 
are approximately the same, with similar y-intercepts indicating roughly similar sensitivity. (b) 
For clarity, results from only two amplicons are shown. The amplification plots suggest that 
this RNA preparation is of very high quality and fully intact. (c) The amplification plots of a 
moderately degraded RNA, showing a Act of 4. 
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standards since they are more carefully prepared. The unidentified presence of inhibitors 
in some biological samples will result in an underestimation of the nucleic acid levels in 
the test samples (StPhlberg et al., 2005). Inhibition unrelated to the amplification process 
itself can have an impact at four main points along the laboratory process of obtaining 
qPCR data (adapted from Wilson (1997)): inhibitors can interfere with cell lysis, degrade 
nucleic acids, act directly and detrimentally on the reverse transcriptase and ~artially or 
completely interfere with amplification or fluorescent detection. Consequently, inhibitors, 
such as reagents used during nucleic acid extraction or co-~urified components from the 
biological sample, can therefore significantly reduce the sensitivity and alter the kinetics 
of real-time qPCR assays, rendering quantitative data invalid (Cone et al., 1992; Wilson, 
1997; Perch-Nielsen et al., 2003; Guy et al., 2003; Sufien et  al., 2004; Lefevre et al., 2004; 
R5dstrom et al., 2004; Jiang et al., 2005). Obviously, inhibitors are likely to distort any 
comparative quantitative data. However, a survey of practices at this time has revealed that 
only 6% of researchers test their nucleic acid samples for the presence of inhibitors (Bustin, 

2005). 
There are various methods that can assess the presence of inhibitors within biological 

samples but they all generally require a dedicated amplification step; for real-time qPCR 
this occurs in the pre-analysis phase. As discussed earlier, the simplest method is to carry 
out a serial dilution of the sample spanning a large concentration range although the effect 
of some inhibitors can be dificult to remove this way (Kubista et al,, 2006). Studies have 
shown that the degree of PCR inhibition can vary substantially among similar biological 
samples and that inhibition may affect different assays in different ways (StPhlberg et al., 
2003). Different polymerases also react differently to inhibitors and it is worth checking dif- 
ferent matrix extracts for inhibition using several different thermostable DNA polymerases 
to identify the one most eficient at amplifying the template. This then raises the question 
of how many patients from each type of disease, and from normal populations, should be 
tested before we can be satisfied that we have exposed our reagents and protocols to every 
possible form of inhibition? Comprehensive studies are needed to address this question 
for the benefit of all clinical microbiology laboratories using real-time qPCR. When using 
a full-process IAC, signal due to amplification of the IAC must be reproducible and reach 
a predetermined CT value or, preferably, range when co-amplified with the template under 
investigation (Pasloske et al., 1998; Reiss and Rutz, 1999; Smith et al., 2003; Burggraf 
and Olgemijller, 2004). Delay in the CT value indicates the presence of inhibition, poor 
quality template or low recovery of template (Levy, 1999). By comparing that value to the 
value obtained from a similar matrix sample containing only the IAC one can determine 
template loss or the presence and extent of inhibition (Niesters, 2004). Of  course the 
pedant could also question the validity of this approach since there is no mention of a 
calibrator to control for inter-tube amplification variability although replicates are often 
used to address this aspect. The presence of partial inhibition is not usually a significant 
problem for uniplex qualitative real-time PCR but becomes a much more important factor 
for multiplex assays and for quantification. Any reduction in signal during quantification 
will result in an underestimation of the amount of microorganism present. The IAC used 
during pre-analysis must not significantly interfere with the detection of small quantities 
of the microbial template if it is to determine the extent, not just the presence, of inhibition 
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therefore its use must be carefully evaluated, Such an IAC must also play no interfering 
role during the analysis phase of real-time qPCR testing. 

When the IAC was employed as a competitive template for conventional qPCR 
(Chehab et al., 1987) it was carefully added to ensure it would not overwhelmingly and 
detrimentally compete for reagents with the wild-type template (Brightwell et al., 1998; 
Rosenstraus et al., 1998). A major caveat for the use of an IAC as a competitor was 
that it had, or should have had, identical amplification efficiency to the template under 
investigation (Zimmermann and Manhalter, 1996). To achieve this, extensive sequence . 

similarity was required between the microbial and IAC templates which subsequently led 
to the formation of heteroduplex amplicons (Zimmermann and Manhalter, 1996). These 
mixed DNA hybrids consisted of one strand from the IAC amplicon and one from the 
intended target's amplicon; they reduced the sensitivity of detection and the efficiency 
of amplification for the intended target and made discrimination from the unknown se- 
quence impossible by classical methods such as restriction enzyme digestion and agarose 
gel electrophoresis (Freeman et al., 1999; Pierce et al,, 2005). An ideal competitive IAC 
should be of the same length and G C  content as the intended target but differ from any 
microbial target sequence in all other regions apart from the oligonucleotide hybridiza- 
tion sites. Unfortunately the current use of very small amplicons may leave practically no 
unique sequence to reduce heteroduplex formation. Thus it is more practical to employ an 
heterologous IAC, ensuring that amplification efficiency is as close to the assay's microbial 
target template as possible. 

It is useful to add the pre-analysis IAC to samples that will be stored or transported 
at, or just after, specimen collection to monitor any degradation of the sampled material. 
This is much more important for RNA than for DNA, since RNA is the less stable nucleic 
acid. Practically such a plan is a very difficult proposition for clinical microbiology samples 
since the spike would usually have to be added by non-laboratory personnel in the hospital, 
clinic, collecting centre or general practice. Pre-addition of a stabilized IAC to specimen 
tubes could be the solution. 

Biological material derived from cultured microorganisms should be avoided as a 
calibrator or an IAC without completely understanding and accounting for technical is- 
sues due to this source of template. For example, in vitro virus culture suffers from the 
production of defective interfering particles that may contain template (genome) but be 
non-infectious, or alternatively may lack template but retain the capacity for receptor at- 
tachment and fusion and thus contribute to a gold standard biological detection system 
such as a plaque-forming or indirect immunofluorescent assay, falsely elevating the viral 
particle count (discussed for respiratory viruses in Chapter 8). 

It is also important that the type of IAC nucleic acid is compatible with the microbial 
target. For analysis of DNA, a DNA-based calibration curve and IAC is a reliable combi- 
nation, For analysis of RNA, an RNA-based calibration curve and IAC is the best choice. 
It is also possible to use a DNA-based calibration curve, when quantifying the amount 
of cDNA produced by the reverse transcription (Stihlberg et al., 2004a), in combina- 
tion with an RNA IAC that controls for extraction and reverse transcriptase yields. A 
combination of an RNA-based calibration curve with a DNA IAC is not very useful, since 
DNA and RNA purifies differently. An RNA IAC should share any important sequence 



156 1 Mackay et a/. 

features with the microbial RNA target that may affect stability. A polyA-tail and a 5' cap 
that protect from degradation should be present for mRNA targets while other features 
may be more important in IACs used alongside viral genomic RNA targets. 

The IAC should have the same secondary (double vs, single strand) and tertiary (su- 
percoiled) structures as the intended target. A naturally supercoiled plasmid, for example, 
is not a good extraction control for genomic or viral DNA, Most recently a simple qPCR- 
based assay has been described that consists of a plant-derived universal exogenous IAC 
template sequence, primers and a detecting probe (Nolan et al,, 2006) and there are now 
heterologous IAC systems commercially available e.g. from Applied Biosystems. 

Reverse transcription: the Achilles heel of quantification 
A real-time reverse transcription qPCR (RTdqPCR) assay consists of three steps: (1) 
the conversion of RNA into cDNA using an RNA-dependent DNA ~o l~merase ,  (2) the 
amplification of the cDNA using the PCR and (3) the detection and quantification of 
amplification products in real-time (Gibson et al., 1996). 

Although seemingly a small step, the conversion of RNA into an amplifiable cDNA 
template is, in practice, an important contributor to the variability observed in any 
RT-qPCR experiments (Kolls et al., 1993; Bustin et al., 2005). Quite apart from bio- 
logical variability, there are significant technical issues. One major drawback of the reverse 
transcription step is its lack of standardization, which means its variable efficiency can 
continue uncontrolled, resulting in inaccurate quantification. Reverse transcriptase yields 
can vary up to 100-fold with the choice of enzyme and this variation is target-dependent 
(Stihlberg et al., 2004b). Furthermore, results also depend on the priming strategy and 
the concentration of RNA (Bustin and Nolan, 2004; Stihlberg et al., 2004a). Hence it 
is essential to at least use the same enzyme, priming strategy, and experimental condi- 
tions, if quantitative (or qualitative) RNA measurements are to be comparable between 
laboratories. Furthermore, the choice of smaller amplicons is a preferred workaround for 
degradation of longer RNA templates (Fleige and Pfaffl, 2006). 

Real-time RT-qPCR assays can be performed either as a one tube, single reverse tran- 
scriptase and PCR enzyme method or a separate reverse transcriptase and PCR enzyme 
technique using one or two tubes (Figure 5.4). A single enzyme such as T t h  polymerase 
is able to function both as an RNA- and DNA-dependent DNA polymerase and can be 
used for the one tube method without secondary additions to the reaction mix (Cusi et al., 
1994; Juhasz et al., 1996). Its main advantages are the reduced hands-on time and reduced 
potential for contamination. Its main disadvantage is that since all reagents are added to 
the reaction tube at the beginning of the reaction, it is not possible to optimize the two 
reactions separately, Furthermore, this reaction is characterized by extensive accumulation 
of primer dimers, which may obscure the true results in quantitative assays (Vandesompele 
et al., 2002a), 

In the separate techniques reverse transcription and PCR enzymes can be used either 
in "coupled (single tube) or '4uncoupled (two tube) reactions. In the coupled method the 
reverse transcriptase synthesizes cDNA in the presence of either gene-specific or oligo-dT 
primers. Following the reverse transcription reaction, PCR buffer, a thermostable DNA 
polymerase, and gene-specific primers are added and the PCR is performed in the same 
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Figure 5.4 RT-qPCR protocols. Most assays targeting viruses will use total RNA and target- 
specific priming. In contrast, most assays targeting non-viral targets tend to use random 
priming or a combination of random and oligo-dT priming. 

tube. In the uncoupled alternative the reverse transcriptase synthesizes cDNA in a first 
tube, under optimal conditions, using random, oligo-dT or gene-specific primers. An ali- 
quot from the first reaction is then transferred to another tube containing the thermostable 
DNA polymerase, DNA polymerase buffer, and PCR primers and the PCR is carried out 
under conditions that are optimal for the DNA polymerase. Inter- assay variation of two 
enzyme protocols can be very small when carried out properly, with correlation coefficients 
ranging between 0.974 and 0.988 (Vandesompele et al., 2002a). The disadvantages of 
this approach, particularly for the high throughput clinical microbiology laboratory are 
that it takes longer, there are additional opportunities for contamination and the reverse 
transcriptase can inhibit subsequent PCR assays even afier inactivation, resulting in an 
overestimation of amplification efficiency and target quantification, particularly for rarely 
expressed transcripts, with the yield of amplified RNA increased up to 20-fold (Suslov and 
Steindler, 2005). 

Random priming or oligo-dT priming both allow a pool of cDNA to be produced 
during a single reaction. However, it has been shown that priming using random hexamer 
primers does not result in equal efficiencies of reverse transcription for all targets in the 
sample and that there is not a linear correlation between input target amount and cDNA 
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yield when specific targets are measured (Bustin and Nolan, 2004; Lacey et al.9 2005). A 
recent comparison of the efficiency of reverse transcription priming by random primers 
of varying lengths showed that 15-nucleotide-long random oligonucleotides consistently 
yielded at least twice the amount of cDNA as random hexamers (Stangegaard et at+, 2006). 
The 15-mers were more efficient at priming, resulting in reverse transcription of > 80% 
of the template, while random hexamers induced reverse transcription of only 40%. Not 
surprisingly this resulted in the detection of one order of magnitude more genes in whole 
transcriptome DNA microarray experiments. 

Oligo-dT primers should only be used with intact RNA and generally only with those 
microorganisms known to have a polyA tract associated with the genome or transcript. 
Even then the cDNA molecules may be truncated, since the reverse transcriptase cannot 
proceed efficiently through highly structured regions. Accordingly, oligo-dT-primed assays 
should be targeted towards the 3' end of the transcript. Oligo-dT priming is not recom- 
mended when using RNA extracted from paraffin tissue sections, since formalin fixation 
results in the loss of the polyA tails on mRNA (Lewis and Maughan, 2004). 

Gene-specific primers are the most specific and most sensitive method for converting 
mRNA into cDNA (Lekanne Deprez et al., 2002) and are the recommended choice when 
RNA quantity is not a limiting factor. Even if the amount of RNA is a limiting factor, a 
recent report demonstrates the use of specific primers for the reliable and specific am$- 
fiation of 72 genes from limiting amounts of RNA using a multiplexed tandem PCR 
approach (Stanley and Szewczuk, 2005). Nevertheless, as with random priming there 
may be differences in the efficiencies at which individual reverse transcription reactions 
occur+ These variations must be controlled by reference of the PCR data generated from 
an ~nknown  sample to that from a calibrator sample (when using AAC, analysis) or to a 
calibration curve. Specific priming of RNA dilutions results in a linear response of target 
cDNA yield (Bustin and Nolan, 2004) and so a further advantage of using this priming 
method is that the efficiency of the combined real-time qPCR reaction can be confirmed 
by analysis of the slope of the calibration curve. The inclusion of a calibrator sample or cali- 
bration curve in every assay is an important control for measuring inter-assay variability 
that may occur when multiple samples are run on different assays. However the extent of 
the linearity is entirely dependent on the level of conservation between the oligonucleotide 
and its target site, 

Nucleotide target sequence variation 
Sequence variation has always been and will most likely always remain an issue of signifi- 
cant concern when developing PCR assays but it is particularly troublesome when it plays 
a role in quantitative assays. Even quantitative kits targeting DNA viruses can be subject 
to problems caused by sequence variation highlighting the importance of kit comparisons 
(Ruiz et al., 2005). 

In particular, the low efficiency of proofreading and post-replicative repair activities 
of viral RNA polymerases results in relatively high mutation rates, causing potential prob- 
lems for an assay that relies on exquisite sequence specificity. Furthermore, populations 
of RNA viruses are extremely heterogeneous existing as quasispecies in which RNA viral 
genomes are statistically defined but individually indeterminate (see Chapter 8 for more 
detail)+ This has raised some concerns about the detrimental effect of primer-template 
mismatches on the polymerization efficiency and problems associated with geographically 
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disparate reference sequences (Mullan et al*, 2004) but is of equal concern from season to 
season in the same location. In our experience, amplifying the same nucleic acid extract 
using subtlety different primer pairs quite usefully demonstrates that sequence variation is 
common. Each primer pair may preferentially amplify different quasispecies demonstrat- 
ing just how ~roblematic the design of useful oligoprobes can be. 

While some degree of sequence mismatch can be tolerated by primers and even by 
some fluorogenic oligoprobe chemistries during qualitative real-time PCR, any mismatch 
is considered undesirable for quantitative purposes. Depending on its position, it can lead 
to destabilization of primer or oligoprobe binding to template and may result in reduced 
amplification efficiency. This reduction is not reflected by the perfect match between oligo- 
nucleotides and the templates used to produce calibration curves, and creates disparity, A 
practical outcome for the clinical laboratory is that some virus lineages and sublineages will 
appear to have higher or lower viral loads than others due to better or worse hybridization 
efficiency, respectively. One approach to combat the impact of microbial variation is to 
narrow down the genetic identity of the microorganism using qualitative assays, during the 
pre-analysis phase of the real-time qPCR process (Watzinger et al., 2006). 'This approach 
also avoids the loss of specificity and sensitivity that can result from using degenerate 
primers (which are essentially a mixture of primers which vary at one position) or pan- 
microorganism primers designed to detect all members of a species, serovar or genus. 

For example, the extreme sequence heterogeneity of HIV- 1 poses a significant challenge 
to its efficient detection with nucleic acid-based assays. Not only must the primers bind 
to regions that are conserved and not subject to rapid mutation, but also the oligoprobes 
used for a particular specific chemistry assay must not hybridize to variable sequences. 
This has led to the development of assays using an intercalating dye, e.g. SYBR"-Green, 
that rely on the use of melting curves to ensure that the obtained signal is specific (Ruelle 
et al., 2004). These assays are better than branched-chain D N A  assays in determining viral 
load (Leutenegger et al., 2001), especially during the monitoring of HAART treatment 
(Gibellini et al., 2004) and have a superior linearity over a wide concentration range (Klein 
et al., 2003) however we do not recommend their general use for quantification. 

Normalization of real-time qPCR data: the analysis phase 
All PCR assay results are subject to variability caused by technical as well as biological 
variation. Once technical variability (e.g. pipetting, instrumental performance and reagent 
quality) is recognized and kept to a minimum the chances of identifying clinically relevant 
changes in nucleic acid levels are improved. Apart from sequence variation, normaliza- 
tion of amplification data encompasses perhaps the most important biological variable in 
need of control, However, it is difficult to identi+ how best to address this variation for 
microbial real-time qPCR applications. Perhaps this is why normalization is commonly 
overlooked by the clinical microbiology laboratory or why approaches are often selected 
from the human gene expression literature. It is essential that microbiologically relevant 
approaches to normalization are identified in order to produce robust real-time qPCR 
data for this field, 

Data normalization is essentially the process of correcting deviations from expected 
performance caused by the amount and quality of template amplified. The results are more 
meaningful if they have not been influenced by inhibitors or degraded or lost template so it is 
essential to account for these factors during the pre-analytical phase. Normalization is also 
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required to correct for changes in enzyme function principally indicated by amplification 
performance+ Further contributing to the poor uptake of normalization is the often con- 
fusing use of the word. Normalization is sometimes used to describe the adjustment of 
real-time PCR fluorescence data to account for amplification-independent fluctuations, or 
to define a component of the quality control process (Watzinger et al,, 2006). 

Variable sample collection is another significant cause of error in many aspects of 
diagnostic microbiology as is variation within the sample itself exemplified by changes 
in the cell content or the amount of extracellular fluid between samples from the same 
patient during the course of an infectious process or during an immunosuppressive or 
cytotoxic treatment regimen. Sampling and sample variation are particular obstacles to the 
design of a successful real-time PCR normalization strategy for the clinical microbiology 
laboratory. 

Normalization to an ERG is the most common solution for real-time qPCR in human 
gene transcription studies and is currently the preferred option so long as it is carried 
out correctly (Goossens et al., 2005). This strategy can express the target gene's quantity 
relative to that of one or, preferably more ERGs, For human transcriptome studies this 
approach benefits from the fact that all the steps of the final qPCR measurement are 
controlled. The procedure is simplified as both the gene of interest and the ERGs are 
co-amplified using real-time RT-PCR; this is a more reliable approach than adding mate- 
rial from an external source. However, it is essential that reference gene expression in the 
target tissue is carefully analyzed (Perez-Novo et al,, 2005) so that only targets exhibiting 
a minimum of variability are employed (Vandesompele et al., 2002b). Ideally transcription 
of an ERG target should be minimally regulated and exhibit a constant and cell cycle- 
independent basal level of transcription (Selvey et al,, 2001). The current gold standard 
combines the evaluation of a panel of several reference genes (e.g. available commercially 
http://www.tataa.com or http://www.primerdesign.co.uk) together with a method for 
selecting reference genes with the most stable expression, e,g. GeNorm (Vandesompele et 
al,, 2002b), Bestkeeper (Pfaffl et al., 2004), Normfinder (Andersen et al,, 2004) or GenEx 
(http://www.multid.se). In this way dramatically up and down regulated genes can be 
identified under the conditions expected within the host tissues and their detrimental vari- 
ability avoided (Radonic et al., 2004; Radonic et al., 2005). ERGs have been successfully 
used to quantify gene expression using RT-PCR and to monitor template integrity after 
its purification since their preparation is also identical to that of the microbial template 
(Chehab et al,, 1987). Studies have shown that an 18s rRNA target meets these criteria 
for some applications (Thellin et al., 1999; Selvey et al., 2001). This is not the case for other 
genes including p-actin; unfortunately their use remains widespread, especially for human 
gene transcript analyses (Hartel et al., 1999). 

A very important question raised by the assumptions above, and for which there is 
currently no definitive answer, is how can we be certain that "ideal" ERG targets remain 
minimally regulated throughout the course of an often lengthy and complicated infectious 
event; let alone between hosts? No single gene expresses consistently among all tissues 
despite promising candidate targets (Radonic et al., 2004). The RNA polymerase gene 
displays low variation among many tissues, even during mitogenic stimulation of a T-cell 
line. RNA ~olymerase mRNA encodes the principle enzyme used in mRNA transcription 
and is therefore part of a self regulating cycle. It may be assumed that this gene is expressed 
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steadily and independently of the cell state+ However authentication is still required for 
each situation, a daunting task for applications in microbiology, 

Specific problems normalizing data to quantify microorganisms 
Correcting the data is particularly useful when conducting studies to compare microbial 
levels in serial specimens collected from the same subject over time, By comparing normal- 
ized data, one can better identify a change in Act  values and then correlate that with a 
change in the level of a microorganism irrespective of sample or subject. Similarly, real-time ' 

qPCR studies of latent or persistent viral infection can better demonstrate reactivation of 
the microorganism. 

As mentioned, most of the work on real-time qPCR normalization has been conduct- 
ed for human gene expression studies and consequently, on RNA templates, Nonetheless 
similar approaches to the ones discussed below should function just as well for DNA 
templates although using samples previously extracted with a method that claims specific- 
ity for RNA may result in lower DNA yields. However, it remains unclear how useful 
currently popular gene transcription normalization strategies are for the quantification of 
microorganisms. 

Normalization against input RNA amount is a feasible and, if validated, acceptable 
option (Bustin, 2002). However, as for gene expression studies there are problems compar- 
ing a microbial target to a marker that proliferates at a different rate, since this will affect 
the mRNA/rRNA ratio. Making this more difficult is the presence of microorganisms in 
many different environments, including those with little background RNA (virus alone 
contributes little nucleic acid mass; a single human cell contains approximately 7pg of 
nucleic acid, matched in mass by approximately lo6 rhinovirus virions) or among patients 
with underlying disorders that may affect the expression levels of ERGS, 'There may also be 
one or more pathogen-specific effects on host cell expression all of which create problems 
for the production of reliable quantitative data, 

Comparing the target signal against genomic DNA is particularly useful when per- 
forming real-time RT-qPCR analyses on RNA obtained from minute samples such as 
those obtained from laser capture microdissection. The main problems here are (1) that 
the differential stability of DNA and RNA may distort quantification, (2) that the sample 
cannot be DNase-treated, (3) that, whilst being an internal control, there is no equivalent 
reverse transcription step and (4) that reverse transcription genomic DNA may be a source 
of variation if the gene of interest is disproportionately represented compared to other 
genes because of target unrelated reasons such as tumor growth. 

Normalizing directly to a sample's cellular content is too uncertain for broad applica- 
tion, For example in patients with HIV-AIDS or those with malignant hematopoietic 
disorders, ~eripheral blood cell counts may be lowered or raised respectively, compared 
to otherwise healthy subjects infected by the microorganism under investigation, In these 
instances the number of extracellular target microbes per cell would be falsely raised or 
lowered (Huggett et aL, 2005). Another example is the detection of intracellular viruses 
or malarial parasites; in our previous example their numbers may appear falsely lowered 
or raised respectively. A differential cell count is advisable to avoid, or at least indicate, 
the possibility of such problems. Similarly, certain tissue conditions such as fibrosis or 
malignancy may increase the number of cells, but perhaps not in favor of those supporting 
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the  growth o f  the microorganism under investigation therefore resulting in falsely lowered 

normalized microbial load values (Huggett e t  al., 2006). 
A usefu l  compromise for normalization o f  real-time qPCR data obtained from the 

clinical microbiology laboratory i s  to employ a second distinguishable, accurately quantified, 
synthetic, heterologous, IAC added to each extract and to an aliquot o f  extract obtained 
from the same matrix type for treatment in parallel (Figure 5.5). If poor extraction ef- 
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Figure 5.5 A schematic representation of the recommended steps required during the pre- 
analysis and analysis phase of real-time qPCR. The addition of an heterologous IAC (IAC I ;filled 
square) along with the chaotropic extraction reagent is recommended to identify extraction 
efficiency and the presence of inhibiting substances after purification. This requires a "pre- 
analysis" real-time PCR assay to examine the yield of IAC 1. Once inhibitor free nucleic acids 
have been efficiently extracted, the quality of the potential microbial template (filled circle) 
should be examined as described in the text. Only then should one consider the qPCR assay 
or "analysis" phase. A 2nd heterologous IAC (IAC 2; filled triangle) is added to a pre-determined 
amount of each unknown template preparation and the signal from the co-amplified IAC is 
used to normalize the real-time qPCR data. A reference standard or calibrator (filled diamond) 
dilution series is prepared and amplified alongside the unknown(s). A passive reference (PR) is 
also included in every tube to account for inter-tube variation caused by fluorescence inhibition 
or pipetting error. The corrected data then permits one to determine the amount of unknown in 
the extract by interpolation from the calibration curve. 
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ficiency or inhibition was identified during pre-analysis, this would need to be addressed 
before real-time qPCR could be undertaken (discussed earlier). Of particular benefit is 
the ability to quality control the large scale production of synthetic IACs and distribute 
them among clinical microbiology and research laboratories, perhaps one day leading to 
the development of commercial versions (Smith et al., 2003). An IAC used in this way 
could not account for differences between the relative amounts of intra- and extracellular 
virus or nucleic acid but then in practical terms, no approach can. 

If one agrees that no existing pre-analytical method can accurately identify the DNA or 
RNA content attributable to the microorganism and that values determined using current 
strategies more likely reflect the host's inconsistent cellular content and variable transcrip- 
tional status, then one must also agree that there is no perfect way to normalize real-time 
qPCR data in microbiology. However, employing IACs that are unaffected by host-related 
variation is much closer to an ideal approach. Agreement on these points would go some 
way to aligning our expectations with the reality of diagnostic clinical microbiology, rather 
than the unachievable approaches handed down from human transcription studies. 

A disadvantage often attached to the use of synthetic, heterologous IACs is the need 
to carefully choose and laboriously clone the molecule and possibly transcribe RNA from 
the DNA versions in vitro (Huggett et al., 2005). Also the claim is often made that such 
a molecule will not perform the same way during extraction when compared to deriving 
the intended target from an intracellular source but there seems to be little or no definitive 
evidence to support the existence of such a difference. The first reason is false economy; 
it does take time to choose and clone a synthetic target, but a heterologous target has the 
potential for use by all assays whereas a panel of suitable ERGS must be identified for every 
tissue, disease, target and experimental condition; this workload far surpasses that for a 
cloning and in vitro transcription protocol. 

Quantification occurs close to home 
The diagnostic needs of medical practitioners and researchers must often be met by the 
local research or diagnostic microbiology laboratories because there are relatively few kits 
available for quantifying microorganisms by PCR and few internationally validated refer- 
ence standards or calibrators. However these sources are commonly perceived to produce 
assays which are less well developed than commercial versions making in-house assay 
accreditation extremely difficult. In practice this perception may be far from the truth 
and anecdotal evidence provides many tales of poorly performing commercial kits. In the 
absence of adequate commercial support or a relevant quality assurance program, a need 
exists for different laboratories who quantify the same targets to come together to construct 
suitable reagents for standardizing the performance of their assays. It should be ~ossible 
to employ a cloning strategy to incorporate suitably conserved microorganism sequences 
of interest into simple, encapsidated particles (Chapter 4 and (Pasloske et al., 1998)) for 
use as co-amplified DNA or RNA controls. Surely, in this age of rapid communication 
and comprehensive protocols for the transport of biological materials, some key reference 
microbiology laboratories could develop and disseminate this material among their peers 
with a sharing of costs, in order to at least develop proof-of-concept quality assurance pro- 
grams for more targets. Success in such endeavors may be the lure that attracts commercial 
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interests to become more actively involved in producing the reagents on a larger scale and 
under best practice methods. 

Emerging roles for real-time PCR quantification 
Among the many real-time qPCR applications in microbiology, some are less frequently 
considered than others. These also suffer from the issues we have discussed above and 
because they may have a larger role in clinical microbiology in the future, now is a good 
time to consider these less common applications as part of an overall process of improving 
real-time qPCR for microbiology. 

Viral gene therapy 
Gene therapy aims to introduce genetic material to an ill patient for therapeutic purposes 
with the goal of improving the quality of life; ideally providing a permanent cure for the 
target illness (Pfeifer and Verma, 2001). Genes are most commonly delivered to patient 
tissues in modified virus vectors (http://www.wiley.co.uk/genetherapy/clinical/). While 
still a young science burdened by many significant hurdles, one could envisage that the 
successful development of viral gene therapy protocols could result in their routine thera- 
peutic use which would require the services of the high-throughput clinical microbiology 
laboratory. In addition to the use of real-time qPCR to quantify vector concentration in the 
research laboratory, diagnostic screening applications could be routinely used to determine 
how much virus is present in treated patients over time, to screen for the emergence of rep- 
lication competent viruses due to recombination or mutation and to monitor the presence, 
integrity and activity of the transferred gene (transgene) or its regulatory elements. Tradi- 
tional methods to detect the efficiency of viral vector-mediated gene transfer into a target 
cell or tissue (transduction) and to monitor the gene's integrity and transcriptional activity 
include histochemistry (Blomer et al., 1997), immunofluorescent microscopy (Chen et a/., 
2002) and Southern or Northern blot hybridization (Woo et al., 2006). However, these 
techniques are lengthy, often insensitive and they have a low sample throughput. Therefore 
rapid and reliable methods to quantify targets are essential (Gautheret et al., 1996; Tang et 
al., 1998; Andreadis et al., 2000; Delenda and Gaillard, 2005). 

Studies have recently identified that analysis of DNA, specifically by real-time PCR 
using TaqMan probes, is as much as lo3 to lo4-fold more sensitive than monitoring a 
green fluorescent protein (GFP) reporter transgene by FACS analysis or determining 
RNA concentration from culture supernatants, when assessing the titer of a lentiviral vec- 
tor (Scherr et al., 2001; Sastry et al., 2002). However the question then arises: how does 
one determine whether particles are infectious (Delenda and Gaillard, 2005)? Because this 
answer remains elusive, the detection of proviral DNA has become a useful surrogate mea- 
sure for retrovirus-mediated gene transfer since these vectors have then at least transduced 
the target cell. Real-time PCR has also been used to detect integration of retroviral vectors 
(Martin-Rendon et al., 2002). 'This approach is reliant upon a correlation between a posi- 
tive signal and vector integration following serial passage of the host cells and identifies 
the past presence of infectious vector particles. Passaging the cells of a human host is not 
feasible but more importantly, this approach cannot confirm that the signal supposedly in- 
dicating the presence of proviral DNA is not derived from DNA retained within infected 
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cells in some other non-integrated form (Gerard et al., 1996). While PCR detection does 
not prove integration of the retrovector, identifying transduction is useful to show that a 
packaged vector preparation was infectious. 

'The predominantly TaqMan-based real-time PCR studies used for quantification in 
gene therapy applications, as well as our own earlier conventional competitive quantitative 
PCR approaches either chose target sequences that were common to the vector class, e.g, 
the common packaging or regulatory signal of a retrovirus vector (Gerard et al., 1996; 
Sastry et al., 2002; Lizet et al+, 2003), strong stop retroviral cDNA (Scherr et al,, 2001) 
or the transgene, e.g. gfp or neomycin phosphotransferase (Sanburn and Cornetta, 1999; 
Klein et al., 2000; Mackay et al., 2001) or its promoter sequence (Martin-Rendon et al., 
2002))+ In this way, variants of the vector backbone could be monitored using the same 
quantitative assay without re-development for different disease targets, Virus-specific 
sequences have also been used to monitor the biodistribution of viral vectors within the 
subject's organs (Hackett et al,, 2000). This approach identified that the majority of an 
intravenous preparation of adenovector was deposited within the lung. Whilst others have 
reported success using viral RNA templates derived from culture supernatants, the use of 
a DNA target avoids introducing additional handling and standardization requirements. 
However one must be very careful to avoid, or at least account for, contamination with 
DNA from the original plasmid components left over from the preparation phase of a viral 
vector; DNase treatments are suggested to at least remove any extracellular contaminants 
(Scherr et al., 2001)+ 

Conventional methods which analyze transgene function such as FACS rely on a fluo- 
rescent reporter; therefore they have limited use for testing therapeutically treated patients. 
On these occasions ELISA methods may indicate the presence of an expression product if a 
suitably specific antiserum is available. Such reagents are often unavailable commercially or 
prone to problems with background and cross-reaction. Furthermore, promoter strength 
and choice of biological host system can significantly influence the apparent number of 
vector particles (Bowers et al., 2000). Real-time qPCR is a more objective method and it 
has proven itself capable of reliable vector detection (Deffrasnes et  al., 2005)+ 

Microbial load and the host response to infection: the future of 
pathogenicity? 
'The application of real-time PCR is beginning to provide evidence to support paradigm 
shifts in the way we conceptualize the interplay between microbe and host as well as in 
the way we describe these interactions (Casadevall and Pirofski, 2003). Pathogen-centric 
views have dogmatically 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 (Mitchell, 1998; 
Casadevall and Pirofski, 2001). Increasingly, the old view is being challenged by our grow- 
ing understanding that changing host immunity is as integral to the course of an infec- 
tious disease as the microbe present in the infected host. 'This poses the question "what 
is a pathogen"? (Casadevall and Pirofski, 2002). Microarray technologies present answers 
from the host's perspective providing a comprehensive snap-shot of the state of the host 
or invading microbe's transcriptome however arrays do not permit reliable quantification 
of the target change over a broad dynamic range (Lockhart and Winzeler, 2000; Lucchini 
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et al,, 2001; Clewley, 2004). Real-time PCR is the method of choice for validating and 
further characterizing experimental data generated by microarrays and it will be at this 
level that we may be able to answer the pathogenicity question. Considerably more has 
been ~ublished 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 impact 
(Kruse et al,, 1997; Hartel 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 and perhaps an addition to 
the repertoire of the clinical microbiology laboratory of the future. 

Cytokines play an important role in the innate mammalian immune response, where 
they mediate the communication with and recruitment of leukocytes and the removal of 
invading microorganisms. However, it is the host's molecular pattern recognition systems 
operating via specialized receptors that trigger many of the events leading to cytokine in- 
duction post-infection (Strieter et al., 2003). Real-time PCR has identified critical mRNA 
from these receptors and from cytokine genes as a defacto indicator of protein production 
(Overbergh et al., 1999; Giulietti et al., 2001; Hein et al., 2001; Overbergh et al., 2003). 
While this is not a perfect relationship insofar as protein levels are modified by more 
than simply transcript abundance, studies have also shown a good correlation between 
the transcriptome and the proteome for many genes (Balnaves et al., 1995). Additionally, 
a molecular approach is valuable because it is often impossible to detect the expressed 
product in tissue samples due to the low amounts present and short half-lives of cytokine 
proteins (Stordeur et al., 2002; Broberg et al., 2003). Nonetheless, transcriptional studies 
using real-time PCR are enhanced by accompanying protein expression data. 

Well-controlled quantitative real-time PCR experiments have permitted the dif- 
ferentiation and quantification of IFN-a  subclasses as a measure of the innate immune 
response to infectious or inactivated virus in humans (Lijseke et al., 2003). 'The probe 
or SYBR Green I-based real-time determination of expression of human IL-4, IFN-?I or 
mouse IL-l2p35,12p40,23p19 and IFN-)I cytokines has also been successfully monitored 
in murine models of microbial immunopathogenesis (Deng et al., 2003; Broberg et al., 
2003). In both studies mice were used to provide a laboratory model of infection and im- 
munopathogenesis for human viral pathogens or to study the use of quantitative real-time 
PCR on practical samples. p-actin was used to normalize the data. Relative quantification 
by TaqMan-based real-time PCR and glyceraldehyde 3-phosphate dehydrogenase nor- 
malization was employed by Song et al. to examine the direct impact of cytokines on viral 
gene expression and the effect of a human herpesvirus-8 (HHV-8) cytokine homologue 
(vIL-6) on co-infecting viruses (Song et al., 2002). This study demonstrated both interplay 
between pathogens and the host, indicating the complex nature of microbial infections and 
identified a potential therapeutic strategy to combat HIV and HHV-8 co-infection. In 
another study, a SYBR-Green I-based RTdqPCR approach was employed to demonstrate 
that IL-8 production was upregulated after Chlamydia tracbomatis protein production 
commenced within infected HeLa cells (Buchholz and Stephens, 2006). This study aimed 
to discern the mechanisms of IL-8 production since this cytokine is chronically produced 
in C. trachomatis infections and it is also associated with inflammation-based tissue dam- 
age, a hallmark of Chlamydia-based disease. 

Zhao and colleagues described the use of quantitative TaqMan-based real-time PCR 
to confirm the results of microarray analysis of in vitro adenovirus-infected HeLa cultures 
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(Zhao et al., 2003). Adenovirus infection downregulated several cytokine genes and genes 
associated with growth arrest. Some stress response genes were upregulated as was an 
apoptosis inhibitor. Interestingly, p-actin was not differentially expressed and so was used 
to normalize the data. SYBR-Green I or TaqMan applications have validated microarray 
data indicating that parvovirus H-1 NS1 gene transcript accumulation could be correlated 
with the non-apoptotic death of an infected cell line and that a deletion mutant of African 
swine fever virus was unable to replicate effectively in infected macrophages, possibly due 
to a relatively enhanced type I interferon (IFN) response compared to that induced by a 
parental virus (Afonso et al., 2004; Li et al+, 2005). 'These data have also correlated with 
protein or Northern blot analyses, respectively. TaqMan-based real-time relative RT- 
qPCR and ELISA were used to show that an impaired type I interferon response resulted 
from HRV-16 infection of in vitro cultured primary bronchial epithelial cells obtained 
from patients with asthma (Wark et aL, 2005). Since a type I IFN deficiency in asthmat- 
ics facilitates virus replication, there may be a therapeutic role for IFN-P in moderating 
virus-induced exacerbations of asthma. SYBR Green I based real-time PCR once again 
confirmed microarray data which suggested the human polyomavirus JCV induces a 
regulatory immune response in transfected and infected cells (Verma et al,, 2006). In turn, 
Western blot data corroborated the PCR results for two of the upregulated genes. Among 
immunocompetent hosts this cytokine response may constrain the progression of more 
serious disease and perhaps permit a long term latency and persistent infection. Another 
respiratory pathogen, Bordetella pertussis was investigated by Ishibashi and colleagues us- 
ing SYBR-Green I-based real-time PCR and they showed that a fimbrial structure on the 
surface of the bacterium upregulated intercellular adhesion molecule-1 expression whilst 
the presence of pertussis toxin downregulated its expression thus inhibiting a putative 
antibacterial mechanism (Ishibashi and Nishikawa, 2002). Once again p-actin was used 
to normalize these data. 

Using a SYBR Green I real-time RT-qPCR, Nelson and colleagues were able to 
propose that by upregulating expression of siderocalin, a potent bacteriostatic effector, 
Streptococcus pneumoniae and Haemopbilus inpuenzae could limit the growth of susceptible 
competitor species of bacteria (Nelson et al., 2005). O n  a larger scale, SYBR Green I-based 
real-time RT-qPCR has been used to validate microarray data for 17 genes expressed in 
response to SARS-CoV infection of Vero E6 cells, providing insight into the pathophysi- 
ology of SARS (Leong et al., 2005). 

Despite an increase in the number of published studies employing real-time qPCR 
to investigate the impact of a microorganism on its host, there are still few studies 
looking at microbial determinants, or virulence factors, at the same time as the host's 
response, Furthermore these approaches also fail to account for multiple virulence factors 
(McClelland et al,, 2005; McClelland et al., 2006) which could become an area of research 
for future development. 

Quality and real-time qPCR 
Not only does the lack of commercially available kits remain a major problem for quantifica- 
tion of microorganisms, but the absence of standardization among existing in-house assays 
results in the production of incomparable data (Kao et al., 2005). These weaknesses and 
others we have outlined throughout the entire chapter mean that many qPCR approaches 
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are not fit to deliver upon the their stated intent, in particular true absolute quantification 

of the microorganism in a patient specimen. 
ne implementation of quantitative molecular techniques in the 1990s (Piatak Jr. et 

al., 1993) confronted us then as it does now with questions related to the accurate and 
precise detection of different microorganisms, the best approach to standardize these 
quantitative test systems, how to monitor performance of the calibrators, the relevance of 
extreme sensitivity and whether a test system developed in-house is less reliable than one 
available commercially. Questions aside, the quality of data firstly relies upon our continual 
vigilance over routine technical PCR variables (listed previously). Quality also depends on 
variables addressed during the pre-analysis phase which include the amount of nucleic acid 
tested, the quality of the template and the presence of inhibitors, Together with the vari- 
ability of the reverse transcription step and the subjectivity of data analysis there are clearly 
many ways to confuse quantitative results (Bustin, 2002). Consequently, it is essential to 
minimize variability and maximize reproducibility by quality controlling every component 
of the real-time qPCR assay and adhering to common guidelines for data analysis (Hands 
et al., 2007). Additional complexity is added to the development of robust real-time qPCR 
protocols by the variety of different approaches to developing and implementing standards 
or calibrators. Comparative studies should be performed to clearly identify the advantages 
and disadvantages of using intact microbes versus naked nucleic acid versus encapsidated 
pseudoviral targets. 

Commercial sources of certified reference materials and calibrators include the National 
Institute for Biological Standards and Control (NIBSC, UK; http://www.nibsc.ac.uk/), 
BBI diagnostics (http://www.seracare.com/index.htm, USA), BioRad laboratories and 
ZeptoMetrix corporation (http://www.zeptometrix.com/nattrol,htm) and include parvo- 
virus B19, hepatitis A virus (HAV), HBV, HCV, HIV, West Nile virus, cytomegalovirus 
(CMV), human papillomavirus (HPV), Chlamydia trachomatis or Neisseria gonorrhoeae 
materials for qualitative, quantitative or genotyping nucleic acid testing assays. 

Quality control (QC) systems measure data integrity, correctness and completeness, 
address errors and document the entire process. To be fit for its stated purpose labora- 
tory data must enable a user to make technically and administratively correct decisions 
(Kubista et al., 2006). Though simple in concept, QC is not an easy regimen to apply in 
daily work because most clients of the clinical microbiology laboratory do not specify what 
they expect to find and to what level of accuracy they require the laboratory to operate. 
Clients often only ask for "best measurement:' which is more a concept than an absolute 
since the accuracy of a measurement is improved by replicates that average out technical 
variability. Of course extra testing comes at a cost. It follows then that obtaining data of the 
highest possible accuracy and precision may not always be required to satisfy a client, but 
may be essential to perform well in proficiency studies. In poficiency studies the techni- 
cal competence of the laboratory is tested and measures of accuracy and precision can be 
derived* Despite this fundamental ambiguity one very basic idea is clear: a good result 
~hould  be correct. Correctness relies upon both precision and accuracy. 

The importance of analytical precision is not in question although most discussions 
are concerned with how the replicates should be performed; in the same session, on differ- 
ent days, by different operators, etc. In most cases this is solved by specifying whether the 
precision calculations were made in a repeatable (repetitions were made in one working 
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session using the same reagents, instruments, by the same st&, etc.) or reproducible (rep- 
etitions were made by changing many experimental conditions) manner, or even using an 
intermediate level of precision (repetitions were made changing only some experimental 
conditions). 

Accuracy is much more difficult to calculate, if possible at all, since it is the degree 
to which the measured value and the "true" value agree. The main problem here is that 
"true" values cannot be determined. So, how can we address this fundamental problem? 
'There are three possibilities: using certified reference materials, comparing results with 
Reference Methods, and participating in inter-laboratory exercises or quality assurance 
(QA) programs, The two first options are not yet available and we can presently only rely 
on inter-laboratory exercises. 

Quality assurance aids the production of comparable data by formally assessing qual- 
ity controlled laboratory methods, the suitability of the standard operating procedures, 
organization and management of the laboratory and result auditing. Within Europe an 
energetic culture of activities exist to review PCR procedures. 'The largest provider of 
European nucleic acid based quality control schemes groups is QCMD (Quality Control 
for Molecular Diagnostics, http://www.qcmd.org/). Established in 2001, QCMD is 
endorsed by the European Society for Clinical Microbiology and Infectious Disease 
(ESCMID). Other groups conducting quality assurance programs include the European 
Network for Diagnostics of Imported Viral Diseases (ENIVD; http://www.enivd.org), 
the United Kingdom National External Quality Assessment Service (UKNEQAS; 
http://www.ukneqas.org.uk), the Institute for Standardisation and Documentation in 
the Medical Laboratory (INSTAND; http://www.instand-ev.de) the Royal College of 
Pathologists Australasia (RCPA; http://www.rcpaqap+com.au) and the National Serology 
Reference Laboratory, Australia which also provides nucleic acid testing quality assurance 
programs (NRL; http://www.nrl.gov.au). 

'There are six principles that a quality assurance program should address (EURACHEM 
working group, 1998): 

1 Analytical measurements should be made to satisfy an agreed requirement, i.e, the 
client should specify what is required and this should be on par with the quality of 
peer laboratories. 

2 Analytical measurements should be made using methods and equipment which are 
themselves certified as fit for the purpose. 

3 St& making analytical measurements should be both qualified and competent to 
undertake the task. 

4 There should be a regular independent quality assessment of the technical perfor- 
mance of the laboratory, based on predetermined requirements, 

5 Analytical measurements made in one location should be consistent with those made 
elsewhere. 

6 Organizations making analytical measurements should have well defined QC and QA 
procedures. 

Most of these principles relate to method validation, which is beyond the scope of this 
brief discussion, Below we will further consider inter-laboratory exercises. 
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There are three main types of inter-laboratory exercise (Lawn and Thompson, 1997): 

1 Collaborative trials intended to study an analytical procedure in depth. The participat- 
ing laboratories must strictly follow the guidelines and written procedures provided 
by the organizing body. There should be minimum freedom to introduce variability, 
because the aim is to identify any bias, figures of merit, etc, for a particular method, or 
perhaps even to certify it. 

2 Certification exercises aiming to verify one or more targets in a given sample matrix. 
Here, freedom is exercised regarding the choice of analytical method, procedure, 
instrument, etc. The main requirement is that the participating laboratories have 
experience working with the target and/or the matrix, 

3 Proficiency testing is a collaborative exercise to evaluate how laboratories perform, i.e. 
to evaluate their technical competence and compare that with others. Participating 
laboratories can select the analytical procedure for the purpose, They receive an un- 
known sample to be analyzed and they report results back to the organization that is 
in charge of the study. 

The goal of proficiency testing is to obtain a regular, objective, and independent assess- 
ment of the accuracy of an analytical laboratory's performance using routine test samples 
and to promote improvements in their operating procedures (Lawn and Thompson, 
1997). 

Two issues should be stressed. Proficiency testing is not a one-off event. To be useful 
several exercises are required. In fact, the first exercise is often a disaster for some of the 
participating laboratories. Three exercises per year are usually recommended (Lawn and 
Thompson, 1997). Routine is the magic word in these exercises. It is well known that 
many managers and analysts pamper inter-laboratory test samples. This produces results 
that do not represent routine operations, but rather how well a laboratory can perform 
under unrealistically ideal conditions. If a laboratory really is interested in finding out how 
good their routine is, these samples must be handled as would any other sample. 

Simple statistical evaluations of the results include removing outlier samples and out- 
lier laboratories and autoscaling the reported data (so-called z-scores). Autoscaling consists 
on subtracting the mean of the overall set of values and dividing by the standard deviation 
(SD). Based on the Gaussian distribution laboratories reporting data outside mean + 3SD 
(99% confidence interval) have performed poorly, while laboratories reporting within 
+ 2SD (95% confidence intervals) performed well. The final general meeting between the 
laboratory managers should look for and explain major differences and identify sources of 
error. By the way, never throw away any valuable leftover test samples; although it is not a 
certified reference material, it is a valuable calibrator for the continued control of one's own 
assays and laboratory performance. 

In 2006 a report of the first European proficiency inter-laboratory test on nucleic acid 
analysis and real-time PCR was presented from the EU framework 6 program (Ramsden 
et  al., 2006). 137 laboratories from 29 member states participated. The laboratories 
were provided plasmid calibrators containing the ABL proto-oncogene, and primers and 
TaqMan   robes for the detection of ABL. They were also provided three cloned cDNA 
samples; two samples contained cells resuspended in RNAlaterB. They were asked to: 
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1 Construct a calibration curve based on the ABL plasmid calibrators provided 
2 Estimate ABL cDNA copy numbers in the three cloned samples by real-time PCR 
3 Optionally ~ e r f o r m  RNA extraction and RT and measure =DNA levels by real-time 

PCR to estimate the amounts of ABL RNA in the resuspended cells. 

For the pre-extracted samples more than 95% of the participants showed valid per- 
formance, while for the quantification of cells, valid performance was limited to 40 to 50% 
of the participants. 'This very large discrepancy can most likely be explained by the large 
variations in performance of reverse transcription protocols. While all laboratories used 
the same real-time PCR reagents and protocol (provided by the organizers) to quantify 
cDNA levels, they used in-house methods for RNA extraction and purification and re- 
verse transcription to analyze the cells. The very large gene specific variation among reverse 
transcriptases and priming methods (Sdhlberg et al., 2004b) cannot be controlled using 
reference genes, IACs and DNA based calibrators. The only way to obtain comparable 
inter-laboratory results when using different reverse transcriptase protocols is to use exog- 
enous calibrators based on RNA. 

The above discussion and the European EQUAL project calls for guidelines and 
standard operating procedures for real-time PCR based diagnostics. In US the FDA 
is preparing guidance for both industry and FDA staff on the best use of nucleic acid 
based in vitro diagnostic devices for detection of microbial pathogens (http://www.fda. 
gov/dockets/ecomments). In Europe directives for CE marking for in vitro diagnostic 
medical devices were laid in 1998 (2006). Nonetheless the need for better quality real-time 
PCR assays encompassing more target microorganisms in clinical microbiology is real but 
remains poorly addressed. Published QA studies, commonly focus on the same targets as 
those developed for commercial kits and describe up to a third of participants performing 
inadequate human enterovirus, HSV, HCV or respiratory virus PCR detection with par- 
ticular problems detecting low template loads (van Vliet et al., 2001; Schirm et al., 2002; 
Schloss et al., 2003; Templeton et al., 2006). A common feature of these publications is the 
use of a wide range of commercial and in-house PCR formats making determination of the 
best assay type for each microbial target, or in general, difficult to assess although in-house 
methods have been flagged as performing with less reliability than commercial approaches 
(Verkooyen et al,, 2003). While the main purpose of a quality assurance program is to 
examine the capability of participants to provide reliable results, method selection is an im- 
portant factor for improved performance that can only be interpreted when such a diverse 
range of users come together as occurs during QA programs. It is apparent that regular 
participation in QA schemes improves the proficiency of PCR testing in microbiology 
(Mancini et al., 2004) so it is up to the end-users to create the environment for improve- 
ment to all aspects of assay quality so that real-time qPCR can reach its true potential. 

Future trends 
A natural progression of real-time qPCR technology and its role in clinical microbiology 
would seem to be quantification of microorganisms in parallel with the immune responses 
they elicit; yet this area remains largely unexplored. Additional areas that will hopefully 
receive more attention in the future include improved collaboration among those using 
real-time qPCR for under-characterized microorganisms, the production of more reference 
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materials and calibrators, the production of more commercial real-time qPCR kits for the 
diagnostic laboratory and the overall need to identify simple, relevant and realistic goals for 
real-time qPCR in the clinical microbiology laboratory. 

Conclusions 
Real-time technology has revolutionized the use of PCR assays and permitted the simple, 
speedy, sensitive and specific generation of quantitative data. Furthermore, the amount of 
data generated lends itself to analysis using statistics, which increases the confidence in 
reporting quantitative results. The development of standardized experimental protocols 
and designs that are rigorously controlled still remains an important challenge, Overcom- 
ing this challenge will permit meaningful global comparisons of microbial load data. 

While real-time PCR can detect two-fold differences in the amount of D N A  (Bubner 
et al., 2004; Pal et al., 2006), the technique struggles to produce equivalent results from 
an RNA template due to issues relating to our current inability to directly detect small 
quantities of RNA. Practically, two-fold differences in the amount of a microorganism 
may not prove to be clinically relevant, If realistic thresholds could be identified for each 
microorganism then we could use these to add value to our results. If the amount of target 
microorganism is below the threshold then the laboratory could report with confidence 
that infection is not associated with illness. Similarly, a sub-threshold microbial load 
may indicate successful antimicrobial therapy whereas a rise above threshold may signal 
reactivation of latent or persistent infection, heralding a poor clinical outcome. Validated 
thresholds may be one way we can relax some of the technical constraints we are currently 
bound by while we unproductively attempt to develop near-perfect quantitative assays. 

Currently we apply real-time qPCR methods better suited to the study of human 
transcription and we usually expect them to provide robust data for what is an entirely 
different set of problems; those of complex infectious disease processes. If we could modify 
our approach and openly discuss the variables that set clinical microbiology apart, then 
perhaps we may produce real-time qPCR applications providing more realistic and robust 
results that benefit a greater number of patient outcomes around the world. While such 
applications may not produce the perfect estimate of microorganism numbers, they will 
lessen the likelihood of irreproducible and clinically irrelevant data. The major implication 
of inaccurate qPCR assays is a slowing of our understanding of infectious disease etiology. 
Since we live in a time when the discovery of newly emergent or previously unknown 
endemic pathogens is increasing in frequency, we must strive harder than ever before to 
expand our understanding of infectious diseases, and for that we need reliable results from 
trustworthy tools. 
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Web sites 

European Networkfor Diagnostics oflmported Viral Diseases ( E N I V D )  

A collaboration of scientists from university medical centers, country health departments, 
and hospitals all over Europe working to improve diagnosis of"imported viral disease. 

Tataa Biocenter 

The Center conducts commissioned research and training within molecular diagnostics 
and gene expression analysis using real-time PCR technology to specifically quantify 

nucleic acids, 

Quality Controlfor Molecular Diagnostics (QCMD) 
http://www.qcmd.org/ 
QCMD specializes in the standardization and quality control for molecular diagnostics 

and genomic technologies, 
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?he value of an idea lies in  the using of it, 

Thomas A. Edison 

Abstract 
Real-time PCR, or rtPCR, with its ability to detect and identify microorganisms is con- 
tributing to improvements in public health, and is facilitating more rapid attribution of 
disease-causing agents, whether they are old foes or newly emerging pathogens. Capitaliz- 
ing on the strengths of rtPCR, we can further expand the capabilities of the methodology, 
so as to detect multiple target nucleic acid sequences in a single reaction. We refer to this 
type of an assay as a multiplex diagnostic assay, capable of detecting two (i.e. duplex) or 
more target signatures simultaneously. While multiplexing of rtPCR assays is achieved 
on a limited basis, typically two to four target sequences, there are examples of highly 
multiplexed assays such as DNA arrays or gene chips that can interrogate > 10 000 oligo- 
nucleotide sequences in a single sample. This chapter will focus on the multiplex ability of 
rtPCR assays. Through integration of multiple assays into a single reaction, information 
about assay quality (e.g. internal positive or inhibition controls) can be simultaneously 
generated, and additional target pathogen sequences queried. Multiplexing therefore re- 
duces analytical costs, improves turnaround time, expands testing capability and capacity, 
and adds data richness to analyses. In this chapter, we will describe the current applications 
of multiplex rtPCR to clinical diagnostics and public health, and we will review current 
applications of rtPCR to various classes of pathogenic microorganisms including viruses, 
bacteria, fungi, and parasites. Given a basic understanding of multiplexing concepts and 
critical parameters, it is fairly simple to convert conventional or rtPCR assays to multiplex 
formats, 

Introduction and overview 
Previous chapters have described the principles of rtPCR, the various fluorescence reso- 
nance energy transfer (FRET) chemistries employed to monitor amplicon accumulation, 
how to design and verify primer and probe oligonucleotide specificity, and subsequent 
chapters will describe how this technology is being integrated into research, public health, 
and bioterrorism preparedness, In this chapter, we will describe additional advances in 
rtPCR detection technology that permit monitoring of multiple dyes, and hence differ- 
ent target amplicon accumulation, in a single reaction vessel. A simple example of this 
multiplex rtPCR approach would be if three individual rtPCR assays were being analyzed 
for Bacillus antbracis: one which targets a chromosomal sequence, one which targets the 
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anthrax toxin encoding plasmid (i.e. pXOl),  and one which targets the capsule producing 
plasmid (i.e. pX02). Obviously, all three of these assays are essential in determining the 
virulence of B. antbracis. since absence of either plasmid renders the bacterium non-lethal. 
Run individually against a known pathogenic B. anthracis, the assays would provide a com- 
posite, high-confidence, positive result, assuming that all other assay controls (e.g. inhibi- 
tion controls, positive controls and negative controls) also gave predicted results. Clearly, 
however, there would be significant hands-on time in preparing the various reactions and 
analyzing the various target assays. Now imagine having all the target assays in a single 
tube: all three B. anthracis assays (each with a unique dye on the probes), a PCR positive 
control (e.g. E. coli 16s with a unique dye on the probe), and a PCR inhibition control (e.g. 
a rare template assay and a known quantity of the template). This multiplex assay would 
require simultaneous detection of at least five dyes, the maximum number of dyes that can 
currently be discriminated by the optics of rtPCR systems. 

In conventional PCR, multiple templates can be amplified in a single reaction and 
can then be distinguished on the basis of size via gel electrophoresis, However, in rtPCR, 
amplicon discrimination is achieved by use of multiple fluorogenic probes, or alterna- 
tively by acquisition of melting curves from non-specific DNA intercalating fluorophores. 
Fluorogenic probes emit fluorescence at specific wavelengths. If multiple probes are 
selected that fluoresce at different wavelengths, then positive signals from the different 
primerlprobe sets can be distinguished. Multiplex rtPCR has the same advantages of 
singleplex rtPCR. These advantages include: 

ability to monitor the increasing amounts of amplicon as they accumulate 
elimination of the need for post-amplification processing 
fast turn-around time, in particular if rapid cycling conditions are used 
increased automation 
decreased risk of cross-contamination, since the PCR product remains contained 
throughout 
excellent sensitivity 
the addition of a probe to a PCR reaction adds a layer of specificity to the detec- 
tion of amplicon 
reproducibility of assays 
capability to be made quantitative. 

In addition, since the assay is multiplexed: 

Lower specimen volume is required to run the assay. This is an important is- 

sue when the volume of patient specimen received by a diagnostic laboratory is 
limited. An example is the detection of multiple viral agents in cerebrospinal fluid 
(CSF), especially in pediatric patients from whom only small sample volumes are 
available, 

Costs are reduced, since less reagents and fewer consumables are needed and the 
requirement for hands-on time is reduced. 

Much of the current generation rtPCR detector equipment can detect four or five dyes 
with good resolution and little spectral emission overlap, or bleed-through, of emitted light. 
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To maximize the number of targets interrogated in a single multiplex assay, many 
assay developers have switched from fluorescent quenchers, like the tetra-methylcarboxy- 
rhodamine (TAMRA) dye, to dark quenchers. Dark quenchers absorb light analogously 
to fluorescent quenchers, but they do not emit the absorbed light; instead, it is released as 
heat. The amount of heat produced by the quenchers does not affect the reaction. All of the 
dyes used in the reaction can be employed as FRET donors/reporters to monitor amplicon 
accumulation. As more sophisticated optical filters and dyes become available, the number 
of assays that can be integrated will likely increase to seven or eight. Nevertheless, because 
optical filtration and novel dyes are extremely expensive, decaplex rtPCR detectors will 
likely be cost-prohibitive for most applications and will likely never reach the commercial 
marketplace. 

The presence of the single dark quencher in the reaction allows for quenching of all 
the reporter dyes. Since FRET is limited by distance, minimization or limitation of probe 
concentration will be a consideration. Similarly, since it is possible to have more than one 
target sequence being amplified in the reaction, it will be essential to limit primer concen- 
trations in order to prevent nucleotide depletion and Tag sequestration, Primer limiting, 
which is a common practice in many PCR applications, is absolutely necessary when mul- 
tiplexing assays for targets that may be present at concentrations differing by 100 or 1000 
fold. For example, if a multiplex assay had been developed for an E. coli chromosomal gene 
and a cloning vector plasmid like Bluescript", which is present in hundreds to thousands 
of copies per bacterium, the PCR reaction would favor the plasmid target amplification, 
since the plasmid constitutes 99.9% of the targets in solution, Table 6.1 illustrates how 
probes and nucleotide depletion can affect analytical results, By multiplexing, the ampli- 
fication efficiency of the low-concentration target is artificially reduced, Decreasing the 
amplification efficiency by as little as 5%, can significantly affect the cycle at which the 
detection threshold is reached (the CT). In our experience, most FRET-based detectors 
"see" amplicon accumulation at about 10" molecules (i.e. they detect single molecules 
after 37-40 cycles of amplification), so limiting primers and probes to the amount needed 
to generate 10 '~-10 '~  amplicons is sufficient and should not affect first hit kinetics or 
amplification efficiency, For dilute solutions of template DNA, there is a statistical prob- 
ability that the template, primer, and Taq polymerase will not meet and have sufficient 
time to amplify the template before the denaturation phase, so the first amplification, or 
"first hit" may not occur on the first PCR cycle. A 5% reduction in amplification efficiency 
translates to a 10-fold decrease in product by cycle 40 and hence a potential false nega- 
tive result if the cycling were terminated at cycle 40. Many multiplex assays are run for 
additional cycles (e.g. 45) to ensure late or delayed detection of lower concentrations of 
second targets in a single reaction. Typically, for a well-developed and controlled assay, the 
analyst will see detection of positive targets before cycle 40 and nothing between cycles 40 
and 45. This nuance of multiplex assays should be considered when you plan to combine 
assays designed to detect sequences in a single sample that may be of very different con- 
centrations. 

Careful planning of the multiplex process is essential when the assays are run simul- 
taneously in order to minimize the chances of reduced efficiency and cross-reactivity,. 
Combining only those rtPCR assays that have been developed with consistent software, 
sensitivity parameters, mastermix concentrations, cycling conditions, and detection plat- 
forms will significantly improve a developer's success in achieving a robust and predictive 
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multiplex rtPCR assay in the long run. Indeed, forethought and upstream time commit- 
ment translates to significantly reduced time, cost, and resources needed to validate the 
final multiplex assay. This is true whether developing multiplex conventional PCR assays 
or rtPCR assays, and is especially critical when developing assays for RNA targets, To 
amplify RNA, the template must be converted to DNA using a reverse transcriptase (RT) 
enzymatic step prior to PCR+ The additional RT step can significantly affect the outcome 
of the reaction, and incorporation of additional R T  primers can be problematic in the inte- 
gration of a multiplex real-time RT-PCR for viral hemorrhagic fever viruses, for example. 
Priming of the reverse transcription reaction is generally achieved through use of a primer 
with sequence that is specific to the viral agent (this primer can be one of the PCR prim- 
ers), or, through use of random primers (generally hexanucleotides), Our experience in de- 
veloping rtPCR assays for two RNA viruses (enterovirus and parechovirus) has been that 
the combination of a separate RT reaction using random primers, followed by an rtPCR 
assay, is 10-100 fold more sensitive than a two-step, single-tube real-time RT-PCR assay. 
Other assays that we have developed, including assays for the detection of eastern equine 
encephalitis (EEE), Powassan virus and West Nile virus (WNV), have shown similar 
sensitivities when we have compared the use of random primers in a separate RT reaction 
followed by rtPCR, and the use of specific primers in a two-step real-time RT-PCR assay. 
In the subsequent sections, we will describe a range of state-of-the-art multiplex diagnostic 
assays and their utility in detecting and identifying organisms that commonly cause illness, 
or that cause significant outbreaks due to either (re)emergence or intentional release (i.e. 
bioterrorism). 

Rapid and sensitive detection of viral agents is of the utmost importance in preventing 
the spread of diseases and particularly emerging infectious diseases such as the severe acute 
respiratory syndrome (SARS) coronavirus and the highly pathogenic avian influenza virus. 
Early diagnosis is also key to patient management. The sooner a patient is diagnosed, the 
sooner the appropriate drug therapy can be administered. Equally important, the sooner 
the diagnosis, the sooner inappropriate therapy can be ceased. These are critical issues for 
appropriate laboratory diagnosis, since many antiviral agents have unwanted side effects 
and are costly, and since over-use can lead to the development of resistant strains. 

Limitations of multiplex rtPCR 
Multiplex rtPCR is limited by the number of fluorescent dyes that can be used in a reaction. 
Currently, the maximum number of reactions that can be multiplexed is four to five. 'This 
limit is established by the number of spectrally discriminable probes available, and by the 
constraints of the instrument that is being used to perform the assay. Certain instruments 
have a variable excitation capability that allows access to a broader range of fluorophores. 
Instruments with a monochromatic light source for the excitation of the fluorophores are 
limited to employing fluorophores that can be efficiently excited by a blue laser (for example, 
the ABI 7700" and ABI 7900TM). Instruments with a variable wavelength light source and a 
high resolution detector can accommodate a wider range of fluorophores, thus increasing 
multiplex capability. For example, the BioRad iCyclerTM, the Stratagene Mx4000TM, and the 
newer ABI instruments such as the ABI 7300TM and ABI 7500'" have greater sensitivity for 
longer wavelength (red) dyes thus allowing five color detection, 
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Multiplex assays require additional optimization in order for them to maintain the 
sensitivity of the singleplex assays. In general, rtPCR reactions are performed at very high 
primer concentrations, so that the reaction will proceed quickly. However, at excessively 
high concentrations, the primers form dimers or higher multimers, and the efficiency of 
the reaction is decreased. In multiplex PCR the problem is exacerbated, since there are 
additional primer sets. Therefore, great care must be taken when a multiplex rtPCR is 
designed. In addition primers should be evaluated so that they do not form hairpins or 
interact with the other pairs or with one another. 

The choice of fluorophore is important. In general, FAM is used as the reporting fluo- 
rophore for singleplex assays because it gives a strong fluorescence. However, one school of 
thought holds that FAM should not be used in multiplex assays for this very reason: the 
strong fluorescence of FAM can mask the fluorescence of weaker dyes, In our experience 
this has not been a problem. As long as other dyes are used which are spectrally separated 
from the FAM dye layer, there should be no issue of masking the signal of weaker emitting 
dyes. 

It is, nevertheless, important to multiplex with appropriate reporters that are spectrally 
well separated. For example, it is not possible to multiplex with hexachlorofluorescein 
(HEX) and VIC" (Applied Biosystems, Foster City, CA), since their emission wavelength 
maxima are similar (553 and 554 nm respectively), In addition, bleed-through into other 
dye layers can be problematic and can lead to false positive results. The concentration of 
the primers and probes should be kept to a minimum, In optimization of the reaction the 
concentrations of primer and probe selected should be those that give the lowest threshold 
cycle (CT) while maintaining a relatively high ARn (i.e. change in relative fluorescent signal 
upon FRET). The ARn will be lower than the singleplex assay due to limiting primer 
and/or probe concentrations. 

Primer interactions 
Intercalating dyes such as S Y B R  Green (FMC Bioproducts, Rockland, ME, USA) inter- 
act with double stranded (ds) DNA molecules in a non-specific manner; when excited by 
a light source, they emit fluorescence. The design of primers for use with SYBR Green is 
extremely important since primers that produce non-specific amplification or form prim- 
er-dimers can lead to spurious fluorescence emission which affects the interpretation of 
the results. Multiplexing is not recommended for assays that use intercalating dyes. This is 
because different targets cannot be distinguished through determination of the fluorescence 
emission; also, the presence of multiple primers in the reaction will favor primer-dimer 
formation, Some groups have tried optimizing multiplex PCR reactions employing SYBR 
Green by various methods, including use of different polymerases in order to improve 
amplification eficiency and acquisition of data at high temperature (> 75°C) in order to 
eliminate background signals resulting from primer-dimer formation (Jothikumar et al,, 
2003; Varga and James, 2005). However, hot start modifications to the polymerase do not 
greatly influence amplification efficiency (Arezi et al., 2003), and in general performance of 
a multiplex assay using SYBR Green results in an increase in background fluorescence and 
a decrease in the amplification of desired products, 

The design of primerlprobe sets is a crucial factor in obtaining a specific and sensitive 
rtPCR assay. This is especially important for the detection of viruses, because there are 
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many different strainslvariations of most viral agents. For example, there are over 100 
strains of rhinovirus, 70 strains of enterovirus, and 50 strains of adenovirus. In addition, 
because the complete genetic sequence of many of the different strains has not been deter- 
mined, comparative sequence information is not available for use in performing multiple 
alignments and selecting conserved regions for designing primers and probes, 

Mutation rates are higher in RNA viruses than in DNA viruses (Drake and Holland, 
1999; Elena and Sanjuan, 2005; Holland and Domingo, 1998). For D N A  viruses there 
is approximately one mutation per 100-1000 viral genomes, whereas for R N A  viruses 
there is approximately one mutation per viral genome. Nucleotide base misincorporations 
result in the generation of quasispecies and the creation of a mixture of virus mutants 
that differ from one another in single, or multiple nucleotide sequences, 'This variability 
allows viruses greater adaptability and is important in virus evolution, However, it is a 
major problem for the design of a molecular method for a diagnostic assay because even 
if the test is carefully developed and works well to detect a specific viral agent, it may not 
detect even a subtle variant of the viral agent that also causes infections, An example is the 
influenza virus, which mutates by shift and drift (Wright and Webster, 2001). The high 
mutation rate, while ensuring that the virus escapes the host's immunological defenses, 
renders detection of the virus problematic by molecular methods, There is therefore a 
need for routine sequencing of the complete genome of influenza viruses, and other RNA 
viruses that are in circulation, to perform surveillance and to update molecular assays so 
that the current viruses can be reliably detected. For example, the current real-time assays 
that detect influenza A do not detect the H5N1 variant (the cause of the current Asian 
bird flu), and specific assays have to be designed for this variant, 

One of the advantages of conventional PCR over rtPCR is that degenerate primers 
can be designed that can detect multiple different sequences. For example, there are specific 
assays using degenerate primers that can detect flaviviruses [including Saint Louis enceph- 
alitis virus (SLE), WNV, Powassan virus, Yellow fever virus, dengue virus serotypes 1-4, 
Japanese encephalitis virus (JE)] and alphaviruses [including Sindbis virus (SIN), EEE, 
western equine encephalitis virus (WEE), Venezuelan equine encephalitis virus (VEE)] 
(Pfeffer et al., 1997; Scaramozzino e t  al., 2001). Such detection at the family level is not 
yet possible with rtPCR+ In fact, the design of an assay to detect all strains of SLE has 
been very problematic in our laboratory. Most of the sequence information available for 
SLE strains is in the non-conserved regions of the genome, Therefore, after unsuccess- 
fully searching for conserved regions in these sequences we decided to undertake our own 
sequencing of conserved regions of 25 strains in order to obtain suitable information for 
designing primers and probes. 'This would obviously be a difficult undertaking for a routine 
diagnostic laboratory without the facilities to perform this type of research. One option 
when sequence conservation is limited is to design shorter probes. For example, MGB" 
probes (Applied Biosystems, Foster City, CA) can be as short as 13 bp, and locked nucleic 
acid (LNA) probes (Roche Molecular Diagnostics, Indianapolis, IN) are only nine bp+ 
The numbers of reporter fluorophores on MGB probes is limited, In addition, shorter 
probes are extremely vulnerable to sequence polymorphisms. 

The use of conventional PCR in clinical diagnostic laboratories has been problem- 
atic because the methodology is labor-intensive, readily susceptible to contamination, and 
technically demanding. False-positive and also false-negative results are a major concern in 
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a clinical setting, and unfortunately they are common. Advances in technology have simpli- 
fied and automated PCR procedures, thus improving the reliability and reproducibility of 
the assays and transforming rtPCR into a valuable tool for diagnostics. As can be seen in 
Table 6.2, multiplex rtPCR assays have been developed for many viral agents, since these 
assays first appeared in the literature in 1999. 

Multiplex rtPCR in the detection of viral agents 
The diagnosis of viral respiratory infections has generally been by virus isolation in cul- 
ture and immunofluorescent assays (IFAs). These methods are labor-intensive, slow, and 
insensitive, and they cannot detect fastidious pathogens. Their utility is therefore limited. 
In addition, serological tests do not detect early infection, at the stage when the immune 
response is still developing (Pantaleo et al., 1993), and they require commercial antibodies. 
Rapid differential diagnosis of pathogens causing respiratory infections can be achieved 
by multiple multiplex rtPCR assays. Templeton et al. (2004) designed two multiplex as- 
says, one for the detection of influenza A virus (IFAV), influenza B virus (IFBV) and 
human respiratory syncytial virus (HRSV) and the other for the detection of human 
parainfluenza virus 1, 2, 3 and 4 (HPIV). This group of viruses causes the majority of 
lower respiratory infections in children and in the elderly and irnmuno-compromised 
individuals (Greenberg, 2002; Hall, 2001). It should be noted, however, that even though 
seven viral agents were included in these two multiplex assays, the paired assays obviously 
do not cover the spectrum of viral agents, including rhinoviruses, enteroviruses, human 
coronaviruses, adenovirus and human metapneumovirus, that also cause respiratory infec- 
tions. The assays do aid in detecting co-infections which could be overlooked if testing 
for multiple viral agents was not performed. 'The molecular beacons used for these assays 
were labeled with FAM, Texas Red'", and hexachlorofluorescein (HEX) for the IFV and 
HRSV assay, and with the same three reporters with the addition of indodicarbocyanine 
(Cy5) for the HPIV assay. After multiplexing, the sensitivities of all assays were similar to 
the sensitivities of the singleplex assays, except for the HPIV4 assay which had sensitivity 
reduced by one loglo. 

Multiple strains of each virus were tested using the two multiplex assays and all were 
detected (Templeton et al., 2004). The necessary specificity of the primers and probes 
for an rtPCR reaction can often mean that emergent strains having mutations in the 
primer/probe region no longer hybridize to the primer/probe set, or they do so at a 
lower efficiency, thus decreasing the sensitivity of the assay. It is therefore important, in 
the development of a molecular assay, to first design primers and probes based on align- 
ment of available sequences from multiple strains of a particular virus, and then to test 
the assay on all viral types and subtypes characterized to date. For example, until recently, 
influenza virus type A (IFAV) subtypes HlN1, H2N2, and H3N2 have been associated 
with widespread epidemics in humans. However, other reassortants, including H1N2 and 
the highly pathogenic avian influenza virus H5N1, have also emerged. In order to decrease 
the possibility of obtaining false negatives, the specificity of the assays for different strains 
and subtypes should be determined. The duplex PCR assay for the detection of IFAV and 
IFBV reported by (Hindiyeh et al., 2005) gave a positive signal for the commonly detected 
subtypes that infect humans, as well as for the avian viruses H7N7 and H9N2. However, 
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Table 6.2 Multiplex rtPCR assays for the detection of viral agents 
- 

Multiplexed targets 

Adenovirus subgroups A, B and C 

Adenovirus subgroups A, B, C, E and 8 serotypes of subgroup D 

Adenovirus (all currently known serotypes) 

lnfluenza A virus and lnfluenza A virus subtype H5N1 

lnfluenza A and B viruses and human metapneumovirus 

Respiratory syncytial virus A and B and rhinovirus 

Parainfluenza 1, 2 and 3 

Coronavirus 229E, OC43 and NL63 

Respiratory syncytial virus A and B 

Coronavirus 229E and OC43 

Human metapneumovirus, rhinovirus and equine arteritis virus (IC) 

lnfluenza A and B viruses 

Influenza A and B viruses 

lnfluenza A and B viruses and Respiratory syncytial virus 

Influenza A and B viruses and Respiratory syncytial virus 

Parainfluenza viruses 1, 2, 3 and 4 

Herpes simplex virus 1 and 2 

Herpes simplex virus 1 and 2 

Herpes simplex virus 1 and 2 

Herpes simplex virus 1 and 2 

Herpes simplex virus 1 and 2 

Herpes simplex virus 1 and 2 

Herpes simplex virus 1 and 2 

Herpes simplex virus 1 and 2 

Herpes simplex virus 1 and 2 

Herpes simplex virus 1 and 2 

Herpes simplex virus 1, 2 and human endogenous retrovirus (IC) 

Herpes simplex virus 1 and 2 and varicella zoster virus 

Orthopoxvirus, herpes simplex virus 1 and 2 

Orthopoxvirus and Variola virus 

Cytomegalovirus and human apoprotein B gene 

Human cytomegalovirus and Beta-actin DNA (IC) 

Cytomegalovirus polymerase @ol) and glycoprotein genes (gB) 

Cytomegalovirus and human herpes virus 6 

Human herpes virus 6 A and B 

Reference 

Claas etal., 2005 

Gu et a/., 2003 

Ebner et a/., 2005 

Payungporn et a/., 2006 

Gunson et a/., 2005 

Gunson et a/., 2005 

Gunson et a/., 2005 

Gunson et a/. ,2005 

van Elden et a/., 2003 

van Elden et a/., 2004 

Scheltinga etal., 2005 

van Elden et a/., 2001 

Hindiyeh et a/., 2005 

Boivin et a/., 2004 

Templeton et a/., 2004 

Templeton et a/., 2004 

Ryncarz et a/. , 1 999 

Espy et a/., 2000 

Schalasta et a/., 2000 

O'Neill etal., 2003 

Filen etal., 2004 

Haas et a/. , 2004 

  am as warn^ et a/. , 
2004 

Corey et a/., 2005 

lssa et a/., 2005 

Aryee et a/., 2005 

Whiley etal., 2004 

Stranska et a/., 2004 

Carletti et a/., 2005 

Aitichou etal., 2005 

Sanchez and Storch, 
2002 

Hanfler et a/., 2003 

Herrmann etal., 2004 

Pradeau et a/., 2006 

Safronetz et a/. , 2003 
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Table 6.2 continued 

Multiplexed targets 

Feline herpes virus, Chlamydophila felis and feline 28s ribosomal 
DNA 

Hepatitis B and murine cytomegalovirus (IC) 

Hepatitis B virus lamivudine resistance markers 

Hepatitis B virus genotypes B and C 

Hepatitis B virus and Hepatitis C virus 

Hepatitis B virus, Hepatitis C virus and HIV type 1 

Hepatitis B virus, Hepatitis C virus and HIV type 1 

Hepatitis C and glyceraldehyde-3-phosphate-dehydrogenase (IC) 

Hepatitis C virus genotypes 1-4 

Enterovirus and parechovirus 

Human pawovirus B19 and plasmid standard (IC) 

Canine pawovirus 2 and antigenic variants (types 2a, 2b, 2c) 

Ebola virus subtypes Zaire and Sudan 

Human lmmunodeficiency virus type 1 and Rnase P (IC) 

Human lmmunodeficiency virus type 1 and human albumin gene 
(IC) 
HIV types 1 and 2 and human T-lymphotrophic virus types I and I1 

Human T-lymphotrophic virus types 1 and 2 

Norwalk-like viruses 

Norovirus genogroups I and I1 

Norovirus genogroups I and I1 

Equine infectious anemia virus and green fluorecsent protein RNA 
(IC) 

Tobacco rattle virus and Potato mop top virus 

Barley yellow mosaic virus and Barley mild mosaic virus 

Bluetongue virus types 2 Italian field and South African vaccine 
strains 

Plum pox virus strains D and M 

Lyssavirus genotypes 1,5 and 6 

Vesicular stomatitis virus (Indiana and New Jersey serotypes) 

Dengue virus 1,2, 3 and 4 

Reference 

Helps et a/., 2003 

Garson et a/., 2005 

Geng et a/., 2006 

Payungporn et a/., 2004 

Mercier et a/., 1999 

Meng etal., 2001 

Candotti et a/., 2004 

Pugnale et a/., 2005 

Rolfe et a/., 2005 

Corless et al., 2002 

Gruber et a/., 2001 

Decaro et a/., 2006 

Gibb etal., 2001 

Luo et a/., 2005 

Eriksson et a/., 2003 

Vet et a/. , 1 999 

Estes and Sevall, 2003 

Kegeyama et al., 2003 

Pang et a/., 2005 

Hoehne and Schreier, 
2006 

Cook et a/., 2002 

Mumford et al., 2000 

Mumford et a/., 2004 

Orru et a/., 2004 

Varga and James, 2005 

Wakeley et a/., 2005 

Rasmussen et a/. , 2005 

Johnson etal., 2005 

the avian H5N3 and the highly pathogenic H5N1 viruses were not detected, so a separate 
assay will be required in areas where these strains are circulating. 

A multiplex rtPCR for the detection of H5N1 strains of IFAV was developed that 
uses TaqManm-minor groove binding (MGB) probes labeled with FAM, VIC, and NEDTM 
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(Applied Biosystems, Foster City, CA) to detect sequences corresponding to the matrix 
(M), hemagglutinin (H5), and neuraminidase ( N l )  genes of IFAV (Payungporn et al., 
2006). TaqMan-MGB probes are generally shorter than regular TaqMane probes; how- 
ever since the   robe is coupled with a minor groove binding moiety the TM of the probe is 
enhanced. In addition TaqMan-MGB probes have a non-fluorescent quencher attached at 
the 3' end that does not interfere with fluorescent signal detection. A positive signal for the 
M gene indicates IFAV infection, whereas a triple signal indicates IFAV H 5 N 1  infection, 
making this a useful assay for IFAV outbreaks. Van Elden et al. (2001) also developed a 
duplex assay for the detection of IFAV and IFBV This TaqMan assay had both probes 
for the IFAV and IFBV targets labeled with the FAM reporter dye, and any specimen 
that was found to be positive had to be typed further. The authors also suggested the use 
of subtype-specific primers in sequential TaqMan PCRs; this is conceivably a more rapid 
approach to typing in detail. 

Two common causes of acute respiratory infections in children are human rhinovi- 
rus (HRV) and human metapneumovirus (HMPV). Because viral culture for HRV is 
insensitive and because HMPV grows very slowly, PCR is the preferred alternative for 
diagnosis of these viral agents. A triplex assay was designed to detect both viruses and 
an internal control (Scheltinga et al., 2005). Two of the probes were molecular beacons 
labeled with HEX-BHQ1 and CY5-BHQ2 and the HRV probe was a TaqMan probe 
labeled with FAM-BHQ1. Individual assays were first optimized by M ~ ~ + ,  primer and 
probe titration and then by varying the annealing temperature, The thermal profile in this 
assay included an extension step as well as an annealing step (initial cDNA synthesis step 
of 30 min at 50°C, followed by 15 min at 95"C, and 50 cycles of 30 s at 95"C, 30 s at 55"C, 
and 30 s at 72°C). 'The PCR parameters for the LightCyclerm instrument (Roche Applied 
Science, Indianapolis, IN) is similar to those for conventional PCR instruments in having 
denaturation, annealing, and extension steps in each cycle, because the molecular beacon 
probes are not hydrolysis probes; they are displaced instead of being hydrolyzed. During 
the denaturation step (95°C) the nucleotide pairs are dissociated, and the molecular bea- 
cons fluoresce. At the annealing temperature (55°C) the molecular beacons hybridize to 
specific targets that are exact complements, and the amount of fluorescence is proportional 
to the amount of product. At the extension temperature (72°C) the molecular beacons 
dissociate from the target to ensure that polymerization can occur without interference 
from the molecular beacon. An extension step is also required in TaqMan assays that have 
a larger amplicon size to allow time for the polymerization to proceed to completion. In 
addition, some groups use primers from a traditional PCR assay in an rtPCR assay and 
retain the PCR profile of the traditional PCR assay. The following caveats should be noted: 
if the annealing temperature is decreased from 60°C to 55"C, the specificity of the assay is 
reduced; if an extension step is added, the time required to perform the assay is increased; 
if the profile is different from that of other assays that are performed in the laboratory, 
performance of the different assays requiring different cycling times on the same plate is 
precluded and requires a dedicated instrument. The assay reported by Scheltinga et al. 
(2005) detected a TCIDso of 0.01 for both viruses and was shown to be specific, except for 
the weak amplification of high titer stock of enterovirus RNA, Enteroviruses and HRV 
both belong to the family Picornaviridae and have sequence similarity in the 5' untrans- 
lated region (5' UTR), which is the region of the genome used as a target for the molecular 
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detection of all known subtypes of these viruses, Due to the sequence conservation, this 
region cannot be used for accurate differentiation of enteroviruses from HRVs, or for 
serotype and genotype analysis. 

The ideal assay to be developed for use in a diagnostic laboratory would one that can 
detect all pathogens using one assay. Gunson et al. (2005) came one step closer to achieving 
this goal by designing four triplex rtPCR reactions to detect 12 respiratory viral agents, 
namely IFAV and IFBV, HRSV types A and B, HRV, HPIV 1,2, and 3, H M P V  and 
coronaviruses 229E, OC43, and NL63. Some of the primers and probes were previously 
reported and were adapted, or used as reported (Bredius et al., 2004; Mackay et al., 2003; 
Templeton et al., 2004; van Elden et al., 2003; van Elden et al., 2004); others were newly 
designed. The probes were labeled with FAM-BHQ, VIC-TAMRA, and CY5-BHQ and 
were used at a concentration of 300 nm. The concentrations of the primers ranged from 
125 nm to IOOO nm. The CT values of the positive controls were similar in the singleplex 
and triplex assays, and the endpoint dilutions were detected in pooled specimens contain- 
ing 10  different viral targets, showing that mixed infections would not reduce the sensitiv- 
ity of the assays. 

Human adenovirus infections can cause a variety of diseases, including enteritis, 
upper respiratory tract infection, encephalitis, and cystitis (La Rosa et aL, 2001). There 
are at least 50 serotypes, belonging to six major subgroups (Xu et aL, 2000). Since the 
disparity in D N A  sequence among the adenovirus serotypes precludes the design of a 
single primer-probe set to detect all serotypes, Ebner et al. (2005) designed a two-reaction 
rtPCR assay. This group found that mismatches between the primers and probes and the 
target sequence led to decreased sensitivity of detection; if they used low- stringency con- 
ditions for the PCR reaction to try to overcome this limitation, the sensitivity of the assay 
was compromised. Their solution was to design multiple primers and probes. One reaction 
contained three sets of primers and three probes, all labeled with the same fluorophore 
(FAM-TAMRA), and the other reaction contained one set of primers and two probes. The 
latter probes were labeled with FAM-MGB and differed in sequence by one base pair. The 
resultant two-reaction pan-adenovirus assay detects all currently known human serotypes 
of adenovirus and allows quantitation of viral load in a range of clinical specimens, 

An alternative assay for the detection of adenovirus was comprised of five degenerate 
primers and seven probes, which were all labeled with FAM-TAMRA (Gu et al., 2003). 
This assay was reported as being able to detect all serotypes from adenovirus subgroups 
A, B, C, and E as well as eight serotypes from subgroup D. Absolute quantitation was 
equivalent across all viral types tested, and sensitivity was shown to be < 10  viral genomes. 
Claas et al. (2005) also developed a rtPCR assay for the detection of subgroups A, B 
and C adenoviruses. They used three adenovirus-specific primers, two of which had five 
mismatches in order to detect all of the strains tested, as well as a set of primers to detect 
the internal control. Three molecular beacon probes were used in the reaction. The FAM- 
labeled probe detected the species A and C viruses, the HEX-  labeled probe detected the 
subgroup B viruses, and the Cy5-labeled probe detected the internal control. 

PCR assays are a major improvement over virus culture and antigen assays for the 

diagnosis of herpes simplex virus (HSV) and varicella zoster virus (VZV) especially in 
infections of the central nervous system (Gu et al., 2003; Madhaven et al,, 1999; Mitchell et 
al., 1997). Stranska et al. (2004) reported a multiplex assay to detect HSV-1 and HSV-2 
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and V Z V  based on a combination of the MagnaPureT" extractor and a TaqMan rtPCR; 
this assay was shown to be more sensitive and reproducible than the traditional shell 
vial culture method of diagnostics. The reporter dyes were FAM, VIC and 6-carboxy- 
4,7,2',7'-tetrachloro-8uorescein (TET),  and their fluorescence was normalized against 
that of internal reference dye [6-carboxy-X-rhodamine (ROX)]. A number of real-time 
multiplex assays that detect and distinguish HSV-1, HSV-2 and in some cases V Z V  have 
been developed and published by various groups (Corey et al., 2005; Filen et al., 2004; Gu  
et al., 2003; Madhaven et al.; 1999; Mitchell et al., 1997; Ryncarz et al,, 1999; Whiley et 
al., 2004). Some of these assays use a single primer set but different probes to distinguish 
HSV-1 and HSV-2 (Corey et al., 2005; Whiley et al., 2004), 

A duplex assay using LUXTM (Light Upon extension) primers has been developed to 
detect orthopox virus D N A  and variola DNA (Aitichou et al., 2005; Corey et al., 2005; 
Whiley et al,, 2004)+ 'The LUX is a self-quenched fluorogenic primer labeled with a fluo- 
rophore close to the 3' end, in a hairpin structure. When the primer is incorporated and 
extended during PCR, the fluorophore is no longer quenched, and it emits fluorescence. 
In this assay, one LUX primer was labeled with FAM and the other with carboxy 4',5' 
dichloro-2',7'-dimethoxyfluorescein (JOE). The advantage of using LUX primers is that 
the PCR products retain the fluorescent label after extension, and therefore melting curve 
analysis of PCR products can be performed to help resolve problems of primer-dimer 
formation and false positive results. 

Gibb et al. (2001) designed a TaqMan assay that can detect and differentiate Ebola 
virus subtypes Zaire and Sudan. ?-his was a duplex assay in which one set of degenerate 
primers amplifies both viral targets, whereas two differentially labeled probes discriminate 
between the two subtypes. The two probes differed in seven nucleotides and were therefore 
specific for each strain. 

Development of a molecular assay for the detection of noroviruses, like many other 
viruses, is difficult due to the genetic diversity of the genus Norovirus. Even the highly con- 
served regions within a genogroup only show 64% sequence identity at the nucleotide level 
(Vinje et al,, 2000). Pang et al. (2005) designed a duplex assay to target genogroups I and 
II. A mixture of two probes was used to detect genogroup I; both probes were labeled with 
VIC, and one of them had degeneracies at two positions, In general, degenerate probes 
are not recommended for rtPCR, since the population of probe having a 100% match to a 
particular sequence is reduced, thus reducing the probe concentration, Further, each indi- 
vidual probe sequence will have a different melting temperature (TM). This is inadvisable; 
the TM of the probe should be 8-10°C higher than the TM of the primers, to ensure that 
the probe is fully hybridized during primer extension. Furthermore, the use of universal 
thermal cycling parameters is only possible if primers and probes with recommended TM 
values are selected. Degeneracies in the probe therefore affect probe concentration and TM 
values and they reduce PCR efficiency. In comparing random and specific primers, Pang 
et al. (2005) found that the random primers were preferable; they reported that separate 
RT and PCR reactions, using random primers in the R T  reaction, were 100 times more 
sensitive than a reaction in which the RT and PCR were performed in a two-step, single 
tube reaction. By using shorter MGB probes in their duplex assay, Hoehne et al. (2006) 
were able to design a single probe to detect genogroup I; this assay had a greater dynamic 
range than the assay reported by Pang et al. (2005). 
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A novel method for detecting, differentiating and quantitating the two main vesicular 
stomatitis virus (VSV) serotypes was developed by Rasmussen et al. (2005) and based 
on a primer-probe energy transfer (PriProET) system (Rasmussen et al,, 2003; Vinje et 
al,, 2000), this system combines probe-based real-time monitoring of PCR amplification 
with confirmation of probe hybridization from the TM curve. Two primers are used in 
the reaction: the reverse primer is labeled with a donor fluorophore, and a fluorescent 
probe is labeled with a reporter fluorophore, During each amplification cycle, the primers 
are extended. The fluorescent probe anneals to the extended reverse strand, and energy 
transfer occurs from the donor to the reporter fluorophore, The use of a 5'-exonuclease- 
deficient DNA polymerase prevents breakdown of the probe, 'The fluorescence from the 
reporter quantitatively reflects the amount of amplicon formed. In this particular assay, the 
VSV-specific forward primer was labeled with FAM at the 5' end, and the two serotype- 
specific probes were labeled with Texas Red or Cy5 at the 3' end, During the hybridization 
step, the specific probe binds to the extended forward strand which is now labeled with 
the FAM fluorophore. Although the forward primer and the probe do not overlap, the 
nucleotide at the 3' end of the forward primer is adjacent to the complimentary nucleotide 
at the 3' end of the probe and this close proximity allows energy transfer from the donor 
(FAM) to the reporter fluorophore (Texas Red or Cy5). Following the PCR reaction, the 
TM profiles of the probes confirmed the specificity of the reactions. For this assay, optimi- 
zation of the annealing temperature, MgC12 concentration, and primers by checkerboard 
titration was performed. 

Development of an rtPCR assay for the detection of rabies virus is also difficult, since 
there are multiple virus strains with significant sequence variation. Wakeley et al. (2005) 
developed a four-probe assay to detect genotypes 1 and 6 as well as an internal control 
(p-actin mRNA). 'The assay would be most suitable for use in a limited geographic region 
where these   articular genotypes are prevalent. 

Traditionally, the diagnosis of human enterovirus and parechovirus disease has been 
done by cell culture or serological assays. Corless et 61. (2002) developed a two-step re- 
verse transcriptase TaqMan rtPCR assay that can detect 22 different enteroviruses and 
parechovirus types 1 and 2, 'This assay is 100-fold more sensitive than cell culture, and it 
detects some of the Coxsackie A serotypes that do not grow in culture. One primer and 
probe set was directed to the 5' UTR of enteroviruses, and the other to the 5' UTR of 
parechoviruses 1 and 2. 'This region of the genome is the most conserved for both viruses. 
'The assay is a useful tool for rapid diagnosis of cases of meningitis and can lead to shorter 
hospitalization periods and minimization of inappropriate treatment. Rapid diagnosis 
further enables treatment with new drug regimens such as pleconaril, thus reducing fatal 
outcomes for neonates with enteroviral infections (Rasmussen et al., 2003; Rotbart and 
Webster, 2001). 

PCR is a rapid and reliable method for the detection of dengue virus in patient 
specimens. Because dengue virus isolation by culture can take up to 3 weeks, viral culture 
is not a suitable method to aid in patient management. A timely diagnosis can permit 
supportive treatment. If left untreated, the case fatality rate for dengue hemorrhagic fever 
is 10% or higher; serological results can be confusing, since cross-reaction is observed with 
other flaviviruses. The four types of dengue virus, although closely related, do not have 
sufficient sequence conservation that they can be detected with a single PCR primer-probe 
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set. Johnson et al. (2005) developed a tetraplex real-time RT-PCR assay to detect dengue 
types 1,2,  3, and 4. A range of reagent concentrations and annealing temperatures were 
evaluated in order to optimize the tetraplex assay; the assay's sensitivity was found to be 

comparable to that of the singleplex assays. 

Multiplex rtPCR utilizing an internal control for the detection of viral agents 
In addition to the positive and negative rtPCR controls, all molecular diagnostic tests 
with pre-PCR treatment, such as nucleic acid extraction and reiierse transcription steps, 
should have an internal control that takes into account the efficiency of the extraction and 
reverse transcription and the presence of PCR inhibitors in the reaction. Some assays have 
an endogenous control such as glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 
p-actin, or P-globin. 'The expression of these housekeeping genes is assumed to remain 
constant and therefore they are thought to be good normalizers. However, studies have 
shown that their expression is regulated and does not remain constant (Glare et al., 2002; 
Ke et al., 2000; Wu  and Rees, 2000). 'Therefore, the use of an endogenous control for 
detecting efficient extraction, reverse transcription, and PCR inhibition is not optimal. An 
exogenous standard is preferable as an internal control, because it is a more accurate and 
reliable method of detecting efficient extraction, reverse transcription, and PCR inhibition. 
Addition of a known amount of an exogenous standard (either RNA or DNA, depending 
on whether RNA or D N A  is being detected) to a specimen at the start of the extraction 
process and then determination of the efficiency of recovery, allows any irregularities to be 
detected. An exogenous standard can be any quantified wild-type or synthetic RNA or 
D N A  containing target gene sequences. In our laboratory we have used a short sequence 
of the green fluorescent protein (GFP) gene inserted into a plasmid D N A  or as transcribed 
RNA as the exogenous standard. 'The advantage of using GFP transcript or plasmid as 
an exogenous internal control is that it is a non-human and non-viral nucleic acid and 
therefore will be absent in patient specimens. This excludes interference with the results of 
the internal control assay which is a problem if a control was selected that is already pres- 
ent in patient specimens. In the past our laboratory used a plasmid or transcript based on 
glyceraldehyde 3-phosphate deh~drogenase (GAPDH) as the internal control, However, 
due to the presence of this gene in human cells, results of the internal control assay varied 
considerably. In our current clinical testing, during the lysis step of the extraction process, 
the GFP plasmid or transcript is spiked into the patient specimen. Following extraction 
(and reverse transcription, in the case of a two-step assay detecting an R N A  virus), a 
rtPCR assay is performed to detect GFP. If the CT value falls outside of a pre-determined 
range, it indicates a problem with extraction, reverse transcription, PCR inhibition, or a 
technical problem such as pipetting error. 

A number of multiplex real-time assays have been developed that have the viral target 
multiplexed with the internal control. Gruber et al. (2001) developed a r tPCR assay for 
the detection of parvovirus B19, and they included an external standard. 'This standard 
was co-extracted with the viral genome and both targets were amplified and detected using 
a two-color fluorescence system. Sanchez and Storch (2002) created a multiplex, quantita- 
tive PCR that amplifies C M V  and human DNA (apoprotein B gene), thus allowing the 
CMV viral load to be determined (which is based on the content of human D N A  in the 
specimen and accurately reflects the number of cells in the specimen), 
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Similarly, Cook et al. (2002) used GFP as the internal control for a multiplex assay for 
the detection of equine infectious anemia virus (EIAV). Primers and probes directed at 
the gag gene of EIAV RNA and a modified form of GFP were designed, and the assay was 
~erformed as a duplex. One   robe was labeled with FAM at the 5' end and B H Q  1 at the 
3' end; the other probe had Texas Red at the 5' end and BHQ 2 at the 3' end. In order to 
decrease the competition for common PCR reagents between the two reactions, an 80% 
reduction in GFP primer concentration relative to viral primers was required; through this 
reduction, the multiplex assay could be optimized. 

In the same vein, a duplex assay was developed for human immunodeficiency virus 1 
(HIV-I), with an internal control included as part of the multiplex (Eriksson et al., 2003; 
Wu and Rees, 2000). The target sequences were a conserved region of the HIV-1 pol gene 
and a section of the human albumin gene (alb). This method combines the quantitation 
of HIV-1 DNA and cellular genomes in the same reaction, and it is used to measure the 
level of HIV-1 DNA in CD4+ cells. Comparisons of levels of peripheral virion HIV-1 
RNA and HIV-1 D N A  are useful in monitoring disease progression and evaluating treat- 
ment. The rtPCR was designed with FAM-TAMRA and VIC-TAMRA probes, and the 
primer concentrations for the alb target were limited. The expectation is that the number 
of cellular genomes will be greater than the quantity of HIV-1 DNA; therefore, in order to 
favor the HIV-1 D N A  PCR, the albumin assay was minimized. An assay to detect HIV-1 
DNA in dried blood spots was reported in which targets in the HIV-1 long terminal 
repeat and in the RNase P gene internal control were used (Eriksson et al., 2003; Luo et 
al,, 2005; Wu and Rees, 2000)+ 

Whiley et al. (2004) developed a LightCyclerTM PCR assay for the detection and typing 
of HSV based on melting curve analysis, and with the glycop~otein D gene used as the 
target. Since the sample type being tested was generally untreated swab specimens, there 
was a real concern regarding obtaining false negatives due to the presence of inhibitors. 
'Therefore, an internal control, a human endogenous retrovirus, was incorporated into the 
assay. Despite the fact that measures were taken to prevent the internal control assay from 
interfering with the HSV assay (concentrations of HSV primers and probes were higher 
than those of the internal control primers and probe), the sensitivity of the HSV assay was 
reduced, leading the authors to suggest that incorporation of the internal control should be 
optional, depending on the level of inhibition seen in the specimen tested. 

Molecular beacons have also been used to design multiplex rtPCR assays. Helps et 
al.(2003) designed a multiplex assay to simultaneously detect feline herpesvirus (FHV) 
and Chlamydophila felis (C. felis) together with the feline 285 ribosomal DNA internal 
control. FHV and C. felis are two pathogens commonly associated with respiratory and 
ocular disease in cats, In this assay, the probe for the 28s  rDNA was a molecular beacon 
labeled with Texas Red at the 5' end and with DABCYL at the 3' end. The probes directed 
at the C.felis OmpA gene and the FHV thymidine kinase gene were fluorescent quencher 
  robes labeled with FAM-BHQ1 and CY5-BHQ2 respectively. To optimize the multiplex 
assay the concentration of the Taq DNA polymerase was increased from 0.75 to 2 U, and 
the MgC12 concentration was increased from 3 to 6 mM per reaction, In addition, the 
primer concentration for the F H V  assay was reduced. These are all variables that should 
be explored in the optimization of multiplex PCR reactions. The authors report the sensi- 
tivity of the F H V  assay to be better than that of culture, but they did not perform C.felis 
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isolation. In addition, they believe the assay to be especially well suited for epidemiologic 
studies, since large numbers of samples can be screened at low cost and with little effort. 

Multiplex rtPCR in determining viral load 
Human cytomegalovirus (HCMV) is an opportunistic pathogen found in immune-corn- 
promised patients; it is a major cause of morbidity and mortality (Eriksson et al,, 2003; 
Griffiths, 1994; Luo et al., 2005). Reactivation of the virus, acquired in childhood, can be a 
life threatening complication after solid organ transplantation. Early detection of the virus 
and close monitoring of the infection are important factors in preventing or treating the 
reactivation of latent virus. Based on the viral load of the patient and the rate of increase of 
viral load since the start of the infection, appropriate antiviral therapy can be administered, 
A number of multiplex rtPCR assays for the detection of C M V  have been developed 
and published. These include assays where the multiplex consisted of PCRs in which two 
target regions in CMV were selected (Herrmann et al., 2004); PCRs in which one target 
in CMV was selected and an internal control was included; and PCRs in which there was 
a combination of viral targets. Pradeau et al. (2006) for example, reported a multiplex 
assay consisting of targets for CMV and human herpes virus 6 (HHV-6), a closely related 
virus in the family Herpesviridae. Once a patient is infected with either of these viruses, the 
infection remains for life, in a latent state with the potential to reactivate. Reactivation can 
occur in immunosuppressed patients such as organ recipients or those infected with HIV 
With effective treatments available, the diagnosis and quantification of these infections 
will greatly aid in the management of affected patients. Determination of viral load is also 
important for patients infected with Epstein Barr virus (EBV). Reactivation of both C M V  
and EBV occurs in immuno-compromised individuals and can cause post- transplant 
complications (Eriksson et al., 2003; Griffiths, 1995)+ 

Employing r tPCR has facilitated quantitative measurements and is useful in evaluat- 
ing the response to antiviral treatment. In the case of hepatitis C virus (HCV), the current 
therapy for the chronic infection is pegylated interferon-a and ribavirin administered 
for 24 to 48 weeks. Although these drugs are effective in more than half of the patients 
treated, they have several side-effects and are expensive. If the viral load of patients under- 
going treatment is determined after 12 weeks, the drug responders can be distinguished 
from the non-responders, and drug administration can cease for the non-responders, 
A quantitative duplex rtPCR assay was designed for HCV detection, with GAPDH 
used as the endogenous internal control (Pugnale et al., 2005). Quantitation of HCV in 
plasma was performed over the course of antiviral treatment of eight chronic hepatitis C 
patients. Because the CT values for GAPDH did not vary significantly over the course 
of antiviral treatment, the values were considered representative of the quantity of input 
RNA. Relative quantitation of H C V  RNA in a single patient at various time points was 
performed through normalization of the HCV value against the endogenous control and 
expression of the value relative to a reference. When the assay was performed at four t h e  
points, it was possible to monitor the level of HCV in the patient's plasma, Of the eight 
patients in the study one did not respond to the antiviral treatment. 'The assay therefore 
could aid in establishing a treatment regimen and for follow-up, 

'The response of HCV infection to therapy is linked to viral genotype (Fried et al., 
2002), and the duration of therapy using interferon can also be selected based on the 
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genotype (Hadziyannis et al., 2004). It is therefore important to have a rapid, sensitive, 
and accurate method for genotyping of HCV Rolfe et al. (2005) designed universal PCR 
primers targeting highly conserved sites of the 5' non-coding (NC) region of HCV, and 
probes for four of the genotypes that targeted type-specific motifs within this region, A 
second confirmatory PCR panel was also designed, since there was no probe in the first 
panel to detect genotype 4, and since some cross-reaction was observed among certain 
genotypes. 

Garson et al. (2005) describe a duplex rtPCR assay for the detection of hepatitis B 
virus (HBV) that used a murine CMV internal control. This assay was effective over a 
wide dynamic range and was reported to be as sensitive as any test yet described. Since 
HBV DNA concentrations can vary enormously (an approximately nine loglo range was 
reported) within a single patient, the wide dynamic range is important in such an assay. 
Assay sensitivity is also essential, since patients on antiviral therapy show low titers of virus 
that may not be detected by less sensitive assays. The assay was found to accurately quan- 
tify all eight genotypes of HBV which uses the World Health Organization International 
HBV standard as the calibration standard for quantification+ 

A duplex rtPCR assay has been used for the quantitation of proviral human T-lym- 
photropic virus (HTLV) types 1 and 2 (Estes and Sevall, 2003), A calibration standard 
consisting of serial dilutions of HTLV-1 and HTLV-2 DNA was included in each run, 
In a separate PCR reaction, detection of the human Peglobin gene was used to normalize 
for human DNA input, to determine proviral DNA load, and to act as an amplification 
control. When the duplex assay was compared with singleplex assays, the sensitivity and 
cpantitation were found to be equivalent. 

'The sensitive and early detection of drug resistance is a major consideration in thera- 
peutic decision making, and it is helpful in monitoring the viral dynamics associated with 
treatment. Lamivudine is a nucleoside analog that is administered to patients affected 
with chronic HBV. A rtPCR assay for the detection of lamivudine resistance mutations in 
HBV, involving the use of TaqMan-MGB probes, has been reported (Geng et al., 2006). 
The resistance to lamivudine is mainly associated with the mutations in the reverse tran- 
scriptase region of the polymerase gene (Chayama et al., 1998). These mutations result 
in a protein with amino acid substitutions within the YMDD motif from methionine to 
valine or isoleucine at codon 204 of the C domain of the polymerase (Chayama et al., 
1998), Therefore, two TaqMan-MGB probes were constructed that recognized YIDD and 
YVDD; the probes were labeled with FAM and HEX dyes respectively to differentiate 
the amplification of each allele. The assay was sensitive and specific and was also able to 
distinguish mixed populations. 

Multiplex rtPCR for detecting co-infections 
Co-infections are common in immunosuppressed patients (Michaelides et al,, 2002; Per- 
mar et a!., 2006; Weinberg et al., 2004). Their detection is important, given that certain 
organisms can accelerate the progression of disease resulting from infection of another 
pathogen (Shieh et al., 2003). In addition, there is a poor understanding of the role of co- 
infections and common acute infections in chronic disease. In many cases of acute infection, 
further investigations are not performed once the first agent is detected, even though that 
agent may not be the cause of symptoms. Treatment of such patients may therefore not 
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be appropriate or effective. For these reasons, and also to aid in epidemiological studies of 
co-infections, the use of assays that can detect multiple agents is strongly recommended. 

In theory, co-infections can be detected by multiplex rtPCR+ However, multiplex PCR 
does not generally perform optimally when there are significantly different concentrations 
of target nucleic acid at the beginning of a reaction (see Table 6.1). The inhibition of the less 
abundant target is most probably due to several factors, including sequestration or inhibi- 
tion of the Taq enzyme by the accumulating PCR product for the more abundant target, 
and accumulation of pyrophosphate released when nucleotides are added during DNA 
synthesis. As discussed earlier, one strategy to improve the dynamic range of multiplex 
rtPCR is to limit the primer concentration of the assay with the highest amount of target. 
This is obviously not possible in testing of patient specimens since their viral 
are unknown beforehand. When a high positive result is obtained in a real-time multiplex 
reaction, it is prudent to test the specimen individually for each assay in the multiplex, to 
ensure that the high positive did not mask a low positive for a different agent, 

Multiplex reactions have been used in screening donated blood for the presence of 
pathogenic retroviruses* Vet et al. (1999) used molecular beacons to develop a multiplex 
rtPCR assay for the detection of four viruses: HIV-1, HIV-2, HTLV-I and HTLV-11. 
The molecular beacons were labeled at the 5' end with FAM, TET, tetramethylrhodamine 
(TMR), and 5-carbo~~rhodamine 6G (RHD). This assay reliably detected as few as 10 
target molecules, and was useful for the simultaneous quantitation of all four targets. All 
six pairwise combinations of the four retroviral DNAs were tested and were detected. 
However, although clinical samples were tested and correctly identified, no specimens 
from patients known to be co-infected were tested. While there appeared to be no cross- 
talk in this assay (i.e. the signal generated from one target was independent of signals 
generated from other targets), the authors did note an artifact that resulted from a portion 
of the rhodamine fluorescence being interpreted by the spectrofluorometric thermal cycler 
as T M R  fluorescence. This is a good example of the limitations of the instruments and 
fluorophores that arise when rtPCR assays are multiplexed. The assay was performed on 
the Applied Biosystems Prism 7700 (a laser-based instrument, i.e, a monochromatic light 
source); that was one of the first rtPCR instruments in widespread use, but is no longer 
manufactured. The improved design of instruments currently in use (both laser-based 
and tungsten-halogen lamp-based) should overcome the artifact observed in the above 
mentioned assay. 

The optimization of a real-time duplex assay for the detection of HBV and H C V  
(Mercier et al., 1999; Shieh et al., 2003) involved the evaluation of various concentrations 
of primer, probe and MgC12. By a change in the HBV probe concentration, the annealing 
temperature of the HBV assay could be increased from 55°C to 60°C, with the latter being 
the optimal temperature for the HCV assay. ?he assay, which required a separate R T  step, 
was reported as being just as sensitive as the singleplex assay and suitable for screening 
donated blood. Although simultaneous detection of HCV and HBV was performed us- 
ing mixed cultures, no co-infections were detected in the donor blood samples that were 
tested, and no specimens from patients with known co-infections were tested. 

Some assays, although designed as multiplex assays, are qualitative and unable to difi 
ferentiate among targets. An example is a multiplex real-time assay for the detection of 
HBV, HCV, and HIV-1 reported by Meng et al. (2001). This assay has primer and probe 
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sets directed at three targets within the viral genomes, as well as one set directed at an 
internal control. The detection probes for HBV, HCV, and HIV-1 were labeled with the 
same fluorogenic reporter and quencher dyes, while the internal control probe was labeled 
with a different reporter but the same quencher dye, The addition of the internal control 
allowed the detection of PCR inhibition; this internal control also acted as an amplifica- 
tion and detection control. This assay is a high-throughput, automated multiplex assay, 
since it uses a fully automated sample preparation station (GT-X; Roche Applied Science, 
Indianapolis, IN) and can test 90 blood samples or pools in four hours. With a pool size of 
500 units, and with the use of a combination of one GT-X and two ABI analyzers, 18 000 
units of blood can be screened in eight hours. Obviously, due to the inability of this assay 
to discriminate among the three viral targets, it cannot distinguish single infections from 
multiple infections. 

Other multiplex PCR tests suitable for large-scale testing of blood donations include 
a multiplex, quantitative real-time RT-PCR assay for the detection and quantitation of 
HBV, HCV, and HIV-1 in plasma and serum samples (Candotti et al., 2004). This assay 
is performed as a two-step reaction with a separate initial RT reaction. Optimum condi- 
tions for the multiplex reaction were established using 2X the concentration of reverse 
transcriptase (20 U per reaction) and 2X the normal concentration of dNTPs (1.2 mm) 
in the PCR reaction. Primer and probe concentrations were also adjusted and differed 
from the concentrations optimal for the singleplex assays. The MgClz concentration of 
five mm provided optimal HBV and HCV amplification but reduced HIV-1 amplifica- 
tion eficiency. The sensitivity of the assays remained similar to that of the singleplex 
assays, although there was evidence of competition between the HCV and HIV-1 RNA 
amplifications. The detection of HIV-1 was delayed rather than inhibited which can be 
a problem for quantitation of HIV-1 when both RNAs are present in the specimen. In 
addition to detecting multiple viral agents in competition experiments, this assay detected 
co-infections in specimens from known dual-infected patients. 

Depending on the sequence similarity between target regions, it is possible in some 
instances to develop PCR assays that utilize the same set of primers but have different 
probes. This is the case for duplex assays, developed by Corey et al. (2005) and by Whiley 
et al. (2004), designed to detect and differentiate HSV-1 and HSV-2, Corey et al. (2005) 
reported an assay with primers in the glycoprotein B (gB) gene of HSV which were de- 
signed to amplify HSV-1 and HSV-2 with equal efficiencies. The two type-specific probes 
were labeled with different fluorophores (VIC-TAMRA and FAM-TAMRA) and were 
normalized against that of ROX. 'This assay was able to detect co-infections in patient 
specimens, as well as in competition experiments with mixed viral culture+ Competition 
experiments showed that when the fold-difference in quantity between the targets was 
between 1000- and 10 000-fold, then the target with the lower quantity was likely to be 
out-competed, thus creating a problem with false negatives in dual infections in which one 
virus titer is significantly higher than the other. 

We have developed a TaqMan rtPCR assay for the detection of HSV-1, HSV-2, and 
VZV. The assay is used routinely for the detection of these viruses in CSF from encepha- 
litic patients, and also in genital swabs from patients with genital herpes. Dual infections 
have been detected a number of times, especially in HIV-positive patients. 
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Use of melting curve analysis for virus multiplexing 
In addition to multiplexing by color, multiplexing based on melting temperature (TM) is 
in routine use, to discriminate among sequences. This method is based on acquisition of 
melting curves while varying the temperature and continuously monitoring fluorescence. 
Product identification and allele discrimination can be performed on the basis of the melt- 

ing of different duplexes at different temperatures. 
Varga et al. (2005) described a multiplex r tPCR with melting curve analysis that used 

S Y B R  Green I to identify Plum pox virus isolates of strains D and M. The amplicon sizes 
were 114 bp and 380 bp and had distinct melting temperatures, thus allowing their dif- 
ferentiation. To values are affected by the concentrations of DMSO, MgC12, and template 
DNA, and by the rate of temperature transition (Giglio e t  al,, 2003; Ririe et al., 1997). It 
should be noted that sequence variation in different isolates of the same strain can lead to 
To variations, as can the GC content (Ririe et al., 1997). Melting curve analysis has also 
been used for the detection and differentiation of other viral agents (Haas et al., 2004; Issa 
et al., 2005; Orru e t  al., 2004; Payungporn et al., 2004; Ramaswamy et al., 2004; Ririe et 
al,, 1997; Safronetz e t  al., 2003). 

A rtPCR assay for the detection of IFAV and H R S V  was reported that uses the 
melting curve analysis feature of the LightCyclerTM instrument to distinguish the amplified 
poducts (Boivin et al., 2004; Safronetz et al., 2003). The authors stated that this method 
enables a large number of viral targets to be detected simultaneously, since there is not 
an issue of the limitation of assays employing probes due to the instrument's ability to 
spectrally discern only a handful of fluorophores. However, it should be noted that when 
melting curve analysis is used as a method of multiplexing, the assumption must be made 
that there is no interaction between or among the primers, and that each viral amplicon has 
a reproducible and discriminant denaturing temperature (TD). Moreover, quantitation of 
the target is not possible. These disadvantages have prevented melting curve analysis from 
being used routinely in the multiplexing of a large number of targets, 

In order to distinguish orthopoxvirus infections from HSV and VZV, an r tPCR as- 
say based on melting temperature analysis was developed by Carletti e t  al. (2005). PCR 
products of 300 bp, 260 bp, and 360 bp for orthopoxvirus, VZV, and HSV respectively 
were distinguished after rtPCR, through performance of a melting curve analysis. 'The TD 
values were selected so as to be sufficiently different to allow this analysis. When melting 
temperatures failed to discriminate specific targets within each virus family, a further char- 
acterization was performed using Restriction Fragment Length Polymorphism (RFLP) 
analysis. Aryee et al. (2005) also chose to detect HSV by melting curve analysis; they addi- 
tionally performed a duplex quantitative rtPCR using TaqMan-MGB probes to quantitate 
and type HSV The use of rtPCR for the detection of HSV-1 and HSV-2 by melting 
curve analysis has been shown to be more sensitive than the use of shell vial or cell culture 
methods (Espy e t  al., 2000; Safronetz et al., 2003). However, care should be taken in the 
selection of probe sequences, even for DNA viruses, since the selection of probe sequences 
in regions of the genome that are targets of antiviral drugs, or that are subject to variation 
for other reasons, can compromise the sensitivity of assays, 

A slightly different method of melting curve analysis using two probes hybridizing in 
head to tail configuration has been described by Schalasta e t  al. (2000) for the detection 
and differentiation of HSV-1 and HSV-2. A rapid cycle r tPCR system was developed 
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based on the Lightcycler system. TWO specifically designed hybridization probes intern; 

to amplification primers were labeled with different fluorescent dyes: fluorescein wa 
coupled at the 3' end of one probe, and LC Red 640 at the 5' end of the other. The probe 
hybridized i n  a head to tail configuration to the target and when excited at 470 nm th. 

FAM fluorophore transferred energy to LC-Red 640, which then emitted light of a longe 
wavelen& A mkmatch within one of the probes decreases the p r ~ b e / ~ r o d u c t  TM fron 
69°C to 64"C, thus allowing discrimination between HSV-1 and HSV-2. 

A ra ther  ~ r ~ u s u a l  multiplex rtPCR assay was reported by OJNeill et ol. (2003) for 
the detection of HSV-1 and HSV-2 and VZv 'This group performed a nested multiplex 
PCR  sing SYBR Green, and they differentiated the PCR products using the Light Cycler 
melting curve ~ ~ f t w a r e *  The first r ~ u n d  of PCR was performed as a multiplex on a block 
thermal cycler using three sets of primers. The second round of PCR was performed on 
an ;cyclerTM (Bio-Rad Laboratories, Hercules, CA) using three sets of nested primers. A 
single fluorescent reading was taken at the end of each extension cycle, and a melting curve 

was performed from 63" to 95"C, with a fluorescent reading taken at each O.l0C 
increase i n  temperature+ Each target gave a distinct TD, and there were no overlaps between 

targets that were tested+ The assay was just as sensitive as the conventional multiplex 
assay for HSV-1 and V Z V  and more sensitive for HSV-2. This assay is unusual because 
one of the major reasons for using rtPCR is to reduce the possibility of contamination 
&rough the  closed tube system+ However, this assay requires the PCR product from the 
first round to be added to the second-round mastermix, thereby re-introducing the possi- 
bility of contamination- Further, SYBR Green is the fluorescent indicator and as we stated 

P reviously, the USe of multiple primers in SYBR Green assays is not encouraged, since it 
can lead t o  ~rimer-dimer formation and therefore to non-specific fluorescence. 

commercial multiplex kits available for diagnosis of viral agents 
several manufacturers have developed kits that detect multiple viral agents. The RealArtTM 
HSV1/2 PCR kit (Artus GmbH, Hamburg, Germany) and the Lightcycler HSV1/2 
detection kit (Roche Molecular Diagnostics, Indianapolis, IN) detect HSV-1 and HSV- 
2 and distinguish them by melting curve analysis. Vetdetect (Anigen Diagnostics, Hong 
Kong SAR, China) 0ffer.s a r~umber of real-time kits, including a multiplex kit for the 
detection of avian influenza virus (AIV) and Newcastle disease virus (NDV) for use on 
veterinary and enviromnental samples+ 'This is a TaqMan assay, and the mastermix contains 
probes labeled with FAM and VIC+ 'The ProFlu-1'" assay is a research use only (RUO) 
rtPCR assay for the detection of IFAV IFBV and HRSV (Prodesse, Waukesha, WI). 'The 
development of rtPCR assays by commercial vendors is widespread and will undoubt- 
edly continue to increase rapidly However, it is essential that every diagnostic laboratory 

any such assay in-house, to ensure optimal performance. 

Multiplex rtPCR in the detection of parasites 

~iarrheal diseases 
~ i a r r h e a l  diseases are exceedingly common; their etiological agents can be viral, bacterial, 

or Even if we limit consideration only to parasites, several different organisms 
can cause disease in humans, and symptoms of infection are similar. Given the non-specific 
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clinical presentation, it is particularly helpful to be able to simultaneously screen for sev- 
eral parasites known to most commonly cause diarrheal illness. The traditional method 
of diagnosis has been microscopic examination of stool samples or water concentrates. 
However, microscopic detection is time-consuming, often insuficiently sensitive to detect 
the low numbers of parasites capable of causing disease, and requires extensive training 
and experience for accurate identification, As a means to increase sensitivity and reduced 
turnaround time, several multiplex assays have been developed. As will be seen, different 
methods of detection have been employed, and each assay has been designed to detect a 
particular subset of the suspected agents. 

En tamoeba , Giardia , and Cryptosporidium 
A multiplex rtPCR assay has been developed for the simultaneous detection of Entamoeba 
histolytica, Giardia lamblia and Cryptosporidiumparvum (Verweij et al,, 2004). Detection is 
based on primers and detection probes complementary to small ribosomal subunit rRNA. 
Exogenous DNA from a herpesvirus that infects seals was added to all samples as a control 
for inhibition of the amplification reaction. For each parasite, 20 stool samples that had 
been confirmed positive by other means, such as microscopy, PCR or positive antigen test, 
were evaluated in the multiplex assay. In each case there was 100% concordance with the 
results of the original method. In addition, the specificity of the primers was tested against 
D N A  derived from four parasites; E. dispar, Enterocytozoon bieneusi, Encephalitozoon 
intestinalis and Cyclospora cayetanensis and D N A  from 12 different bacterial and yeast 
cultures; Bacillus cereus, Enterococcus fuecalis, Staphylococcus aureus, coagulase-negative 
Staphylococcus, Escherichia coli, Klebsiella pneumoniae, Proteus mirabilis, Pseudomonas ae- 
ruginosa, Salmonella enterica serovar Typhimurium, ShigellafZexneri, Yersinia enterocolitica, 
and Candida albicans. None of these organisms gave detectable amplification with any of 
the parasite-specific primers or the control primers. Also tested were stool samples from 
patients confirmed positive for E. dispar by PCR and samples from healthy patients with 
no known history of parasitic infection. None of these E. dispar or healthy patient samples 
gave positive results for E. histolytica, G. lamblia or C. parvum, again confirming the speci- 
ficity of the multiplex reaction, 

Sensitivity was not determined either in terms of the minimum numbers of oocysts 
or cysts or the minimum amount of D N A  detected, although all D N A  from patient 
samples was purified from a small volume (200 pl, -0.5 g/ml) of stool sample. Sensitivity 
of the rtPCR assay was compared to the sensitivity of microscopic examination of acid- 
fast-stained fecal smears for an immunocompromised patient diagnosed with a C. parvum 
infection. Eight samples were taken over a one-year period. Samples collected at four time 
points gave positive results by both microscopy and rtPCR, three samples were positive 
by rtPCR only, and one was negative by both methods. 'The results are in agreement with 
previous reports indicating that detection of parasite-derived D N A  by conventional or 
r tPCR is often more sensitive than microscopy. 

A microarray-based detection method has been developed for the simultaneous detec- 
tion of E. histolytica, E. dispar, two assemblages of G. lamblia, C. parvum (type 2) and C. 
hominis (typel) (Wang et al., 2004b). D N A  isolated from cultures of Entamoeba, tropho- 
zoites of Giardia, or oocysts of Cryptosporidium was amplified by multiplex conventional 
PCR, using six to eight primer sets designed to be genus-specific, but not species-specific. 
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Amplified DNA served as a template for primer extension, to generate fluorescently labeled 
ssDNA, The fluorescently labeled DNA was used as hybridization probes on microarrays. 
The microarrays were generated from oligonucleotides (23-30 nt) specific for sequences 
common to two species, or assemblages, of parasites, and they were also spotted with prim- 
ers designed to distinguish between the related organisms, 

When assessed for cross-reactivity and specificity, hybridization patterns were suf- 
ficiently different to allow species identification. However, both false positive and false 
negative results were obtained. For some microarray primers, the sequence differences 
between the two strains were minimal, which contributed to cross hybridization+ Of the 
three pairs of parasites tested, C. parvum and C. hominis were the least distinguishable. 
Only seven species-specific oligonucleotides were used for Cryptosporidium, compared 
with 13 each for the other two parasites. In addition, fluorescent probes derived from C. 
hominis cross-hybridized strongly to one oligonucleotide designed to be C. parvum specific. 
The C. hominis probe also hybridized weakly to four other C. parvum oligonucleotide 
spots. Similarly, hybridization with C. parvum resulted in one strongly positive and four 
weakly positive reactions with C. hominis specific oligonucleotides. In addition, C. parvum 
did not hybridize strongly to one of the spots intended to be common to the two species. 
In spite of the cross-hybridization observed for the oligonucleotide set that was queried, 
distinguishable patterns were observed for the two species. 

The Cryptosporidium arrays were also tested against two non-human-pathogenic 
species; C. meleagridis, primarily found in birds, and C. muris, which infects rodents. 
DNA amplified from both of these species resulted in profiles that were distinct. The C. 
meleagridis profile contained 11 strong, four intermediate, and 10 weak hybridization sig- 
nals, which were distinct from the pattern obtained with the three other Cryptosporidium 
probes. The profile observed for C. muris was consistent with information from previous 
phylogenetic studies indicating divergence from the human pathogens, as only four array 
primers resulted in a hybridization signal, Not surprisingly, the microarray probes detected 
corresponded to genes encoding heat shock protein 70 and rRNA. 

Sensitivity of the microarray detection method was tested using D N A  isolated from 
the two G. lamblia isolates. The ability to detect DNA corresponding to 200 trophozoites 
and to five trophozoites was tested, for six different genes. For three genes, hsp70, triose 
phosphate isomerase, and ORF c4, the number of hybridization positive spots was equal 
for both the 200-trophozoite and five-trophozoite samples, and all of the oligonucleotides 
corresponding to the gene were detected. For glutamate dehydrogenase, only four out of 
five spots were detected at low DNA concentration for one G. lamblia isolate, while all 
five were detected when more DNA was present. The second G. lamblia isolate produced 
hybridization to all spots at both DNA concentrations, Only for one gene tested, giardin, 
and only for one of the isolates, did the DNA corresponding to five trophozoites fail to 
hybridize to any of the gene-specific oligonucleotides, while all of the oligonucleotide spots 
gave positive signals when a larger quantity of DNA was present. Again, positive signals 
were obtained at both DNA concentrations for the second isolate, The data indicate that 
this method is likely to be sufficiently sensitive to detect the small numbers of parasites 
that are capable of resulting in infection. Clearly, the oligonucleotides included require 
testing for sensitivity and specificity. However, once optimized, the degree of multiplexing 
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possible via microarray analysis enables multiple organisms and multiple gene targets to be 
queried simultaneously. 

Malaria 
Malaria is an extremely widespread disease with 300-500 million cases worldwide, result- 
ing in over one million deaths, annually. Transmitted by the bite of an infected anopheline 
mosquito, malaria is caused by four different species of Plasmodium parasites, I?falciparum, 
I? malariae, I? ovale, and I? vivax. Traditionally, diagnosis has been by mici-oscopy of pe- 
ripheral blood smears. Differentiation of the four species is possible by microscopy when 
conducted by trained and experienced personnel. However, low parasitemia levels, mixed 
infections, and alterations in morphology of infected red blood cells following drug treat- 
ment challenge the abilities of even the most skllled microscopist, As a result, a number of 
molecular methods of detection have been investigated, 

Multiplex rtPCR for the detection of malaria parasites 
An rtPCR assay has been developed that is capable of distinguishing the four species of 
Plasmodium species known to cause malaria in humans. The assay utilizes the intercalating 
dye SYBR Green to detect amplicons and melting curve analysis to distinguish products 
from each of the four species (Mangold et  al., 2005)+ As with other malaria assays, the 
gene targeted for identification encodes the 18s rRNA of the small ribosomal subunit; 
due to the multiple copies found in the genome, this gene confers an advantage in terms 
of sensitivity (Gardner et aL, 2002). Patient samples used for detection were in the form 
of blood spotted onto treated filter paper, and the limit of detection was calculated at 
approximately one parasitelpl, Identification of each of the four species was made based 
on denaturation curves: the TD for each of the products differed from the others by at 
least 2 ° C  A consistent difference in the average TD was observed between plasmid-derived 
DNA and patient samples. 'The TD was also dependent upon the method used to extract 
DNA from the filter paper, possibly due to the salt concentration in the extraction buffers. 
'Thus, when this method is used, melting curves may need to be determined for the specific 
application. Beyond that limitation, a particular utility of the study is that detection and 
species identification are possible from approximately 10 p1 of a dried blood spot. 

A multiplex TaqMan rtPCR with the capability to identify three ofthe four Plasmodium 
species has been described (Perandin et a[., 2004). The assay uses probes labeled with 
FAM, TET, and VIC to detect Efalciparum, I? vivax and I? ovale, respectively. The limit 
of detection ranged from one to five parasites/pl of infected blood, depending upon the 
species tested, and average CT values ranged from 29 to 39, based on at least four replicates. 
The CT values were linear over a 10 000-fold range of input DNA. Specificity of the reac- 
tion was evaluated using Toxoplasma gondii, Leishmania infanturn and human DNA, all of 
which gave no detectable fluorescent signal. Accurate species identification by r tPCR was 
evaluated by comparison to microscopy, nested conventional PCR, and D N A  sequencing. 
DNA template for conventional and rtPCR was isolated from 200 p1 of blood drawn from 
patients, and thin blood smears were prepared from the same samples. Of 122 samples 
tested, 61 were found negative by microscopy, Real-time PCR, nested PCR, and D N A  
sequencing confirmed negative results for all but one sample, which was found positive for 
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I?falciparum. All samples found positive by microscopic evaluation were confirmed positive 
by rtPCR, with the exception of two I? malariae samples. 'The two samples were negative 
by the triplex rtPCR assay, since a I? malariae primerlprobe set was not included. Most 
discrepancies that occurred were in identification of species, particularly for those samples 
identified by microscopy as non-I? falciparum or mixed infection, With the exception of the 
two I? malariae-containing samples, species identification by rtPCR, nested conventional 
PCR, and DNA sequencing gave complete agreement for all positive samples. 

A two-step rtPCR assay has been developed for the diagnosis of malaria (Rougemont 
et al., 2004) and is capable of identifying all four Plasmodium species that infect humans. 
Detection of PCR product is by dual-label fluorogenic probe, and the target of the assay 
is again the small ribosomal subunit 18s rRNA gene. In the first step, a primerlprobe 
combination is used to screen for the presence of any of the four Plasmodium species. 
The specificity of this reaction was tested against human genomic DNA, Leishmania, 
Aspergillus, Toxoplasma, Pneumocystis, and Neurospora; due to sequence conservation in the 
region of the gene targeted, false-positive results were obtained for all but the human and 
Leishmania DNA. In the second step of the assay two parallel reactions were performed 
to detect P,falciparum or I? vivax and I? ovale or I? malariae, TaqMan probes used in the 
first multiplexed assay were labeled with 5' FAM and 3' TAMRA, for hybridization to I? 
falciparum amplicons, combined with 5' VIC and 3' TAMRA for detection of I? vivax. 
In the second multiplexed assay TaqMan-MGB probes were labeled with 5' FAM for P. 
malariae detection and 5' VIC for I? ovale. 'The four species-specific reactions did not show 
cross-reactivity for the four plasmodium species nor was cross-reactivity observed for the 
other eukar~otic organisms tested. 

Sensitivity was evaluated with plasmids carrying cloned 18s DNA from each of the 
four species as well as a I? ovale variant, Individual assays had a detection limit of between 
one and 10 copies. Comparison of rtPCR performed with EDTA-treated blood samples 
with species identification by microscopy gave a concordance rate of 86%. Six samples 
found positive by rtPCR but negative by microscopy were subsequently confirmed positive 
by immunochromatographic or nested PCR methods. 'Three of the patients had a previous 
history of malaria infection, and three had a recent history of prophylactic chemotherapy. 
The results highlight the difficulty of microscopic diagnosis for low parasitemias or fol- 
lowing drug treatment. 'Three samples were initially deemed positive by microscopy but 
gave negative results by rtPCR. All three of the samples were subsequently found negative, 
both by a second microscopist and by nested PCR, Thus, for the 14% of the samples in 
which initial results disagreed, the rtPCR result was confirmed over the findings based on 
microscopic evaluation. 

Ligase detection fluorescent microsphere assay 
A multiplex post-PCR amplification method has been developed that uses fluorescent 
microspheres coupled to oligonucleotides to simultaneously detect the four species of 
Plasmodium (McNamara et al., 2006). The PCR target is, as in assays described above, 
the 18s rRNA. Following amplification with a single set of genus-specific primers (Mc- 
Namara et al., 2004) the PCR product is hybridized to species-specific primers bearing 5' 
oligonucleotide tagged (TAG) sequences and an adjacent common primer with a 3' biotin 



Multiplex rtPCR in Microbiology 1 209 

label. In the presence of the PCR-amplified product from the corresponding species, 5' 
TAG labeled and 3' biotin labeled oligonucleotides are ligated. The ligation products are 
hybridized to oligonucleotides complementary to the TAG sequence and are associated 
with a fluorescent microsphere. A streptavidin-phycoerythrin conjugate is then bound to 
the 3' biotin, and doubly labeled fluorescent ligation products are detected in a fluorescent 

microsphere assay. 
In the assay described, amplification was achieved by 27 cycles of PCR with a de- 

tection limit of approximately one to 10 infected red blood cells per microliter of blood 
sample. Specificity of the ligation reaction was determined using cloned DNA fragments 
to generate all pair-wise and three-way combinations, and the four-species combination. In 
each case the only ligation products observed were representative of the input template(s) 
(McNamara et al., 2004). Comparison of microscopic evaluation, rtPCR and the ligase 
detection assays was performed with Efalciparum cultured in human red blood cells and 
with I? vivax infected monkeys. DNA was extracted either from 200 pl of cultured infected 
cells or whole blood drawn from primates. Concordance of results for all three assays was 
76%. Pair-wise concordance was highest for microscopy and ligase detection (90.3%) 
followed by rtPCR and ligase detection (84.5%). 'The lowest agreement between assays 
was observed for microscopy results and rtPCR (76.6%). Typically, non-concordance of 
results was observed at low parasitemias, although one sample with 7000 infected cells/pl 
as judged by microscopy and with high fluorescence intensity in the ligase detection assay 
was negative by rtPCR. 

One distinct advantage of the ligase detection assay over rtPCR is the ability to expand 
the assay beyond the handful of fluorescent dyes that can be detected simultaneously with 
current rtPCR detectors. Up to 100 uniquely labeled fluorescently labeled microspheres 
are available, making multiple allele detection along with anti-malarial drug resistance test- 
ing an attainable goal. 

Multiplex rtPCR in the detection of bacteria 
Real-time PCR has been an invaluable diagnostic tool, especially for detection of certain 
bacteria that are unculturable or fastidious. 'This technology has been particularly useful 
in epidemiologic investigations, to determine the etiology of certain bacterial outbreaks, as 
well as to identify drug-resistant characteristics of microorganisms, As the technology has 
evolved, the ability to multiplex has increased the utility of this type of analysis. Multiplex 
rtPCR has additional benefits over singleplex rtPCR reactions, including the conservation 
of clinical specimens, reduced reagent cost, and overall reduced analysis time, since mul- 
tiple assays are run in one tube. This section of the chapter will discuss the use of multiplex 
rtPCR for bacterial pathogen identification and will highlight some specific applications of 
the method to the identification of bacteria. 

One of the most important advantages of the use of rtPCR is the great sensitivity 
of the assay. Samples submitted for analysis may, as a result of mishandling, be exposed 
to extended transport or temperature, or they may be improperly collected, resulting in 
non-viable organisms that cannot be isolated by culture. Melo and co-workers found 
multiplex rtPCR to be more sensitive than culture for the diagnosis of Yersinia pestis, for 
both retrospective and more recent samples (Melo et al., 2003). The diagnostic potential of 
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PCR for the direct detection of B. anthracis in human specimens was confirmed during the 
anthrax mailing events of 2001 (Hoffmaster et al., 2002; Melo et al,, 2003). In a subset of 
these patients, cultures were negative because of the initiation of early antibiotic treatment; 
nevertheless, PCR yielded positive results, revealing the causative agent, 

Several pathogenic bacterial organisms are fastidious or require specialized growth 
medium or environment. 'Thus, another important use of multiplex r tPCR is as a screen- 
ing technique for these difficult-to-culture organisms. For example, Campylobacter species 
must be grown anaerobically and can take days to weeks to isolate by culture. Clinical 
specimens and associated food samples are often sent for testing to a public health or food 
laboratory to identify a contaminated food source to link with infected individuals. In 
many instances, a large number of samples must be tested, to identify a contaminated food 
product. If rtPCR is used as a screening tool it can assist in an epidemiological investiga- 
tion. These assays can also assist the laboratory to focus its attention on particular food 
sources, during efforts to identify a causative bacterial agent. Valuable information can be 
provided to epidemiologists before culture results can become available for organisms such 
as Campylobacter. Another example of a fastidious organism is Mycobacterium. Multiplex 
rtPCR has also been utilized for genotyping and forensic analysis of this genus of bacteria 
in recent years. Hillemann et al. have distinguished strains of M. tuberculosis in order to 
track the spread of a new drug-resistant strain of M. tuberculosis (Hillemann et al., 2006). 

Multiplex rtPCR assays are ideally suited to the analysis of clinical specimens because 
sample is often limited and turnaround time is an important consideration for patient 
treatment. Much of the research applying multiplex rtPCR to the detection of bacterial 
pathogens has focused on the development of syndromic panels, such as respiratory, en- 
teric, genital tract, and encephalitis-causing pathogens, as well as on the development of 
biothreat-related multiplex assays. The application of rtPCR to the detection of biothreat 
agents, constituting one of the most significant advances of this technology, will be exten- 
sively described in an upcoming chapter. The use of syndromic panels enables screening 
for numerous infectious agents from minimal patient sample. For an encephalitic assay 
panel run on a limited-quantity CSF sample, multiplex rtPCR is an ideal tool for a rapid 
diagnosis. Table 6.3 lists the multiplex real-time assays that have been developed for bacte- 
rial pathogens. 

Enteric bacterial pathogens 
Real-time PCR has great value for the detection of enteric pathogens in clinical specimens 
and in the associated environmental samples that are needed to determine the source of 
human infections, such as contaminated food or water. Several multiplex rtPCR assays 
designed to detect Shiga-toxin producing E. coli strains have been reported (Table 6.3). 
'These assays were some of the earliest documented uses of multiplex rtPCR in the field of 
bacteriology. At least 10 real-time multiplex assays have been developed that use multiple 
probe chemistries and rtPCR platforms. The use of assorted probe technologies and vari- 
ous platforms gives diagnostic laboratories more flexibility in which assays they will adopt. 
Assays have been developed to be used by high-throughput laboratories, or by laboratories 
that test very few samples and need reagents that are inexpensive such as SYBR Green. 

Yoshitomi et al. (2006b) have developed a multiplex assay targeting three markers of 
E. coli 0157:H7 and other Shiga toxin producing strains of E. coli using SYBR Green. 



Table 6.3 Multiplex rtPCR detection of bacterial pathogens 
-- 

Bacterial pathogen(~) 
detected Gene targets Specimen t v ~ e  Platform Probe chemistw Reference 

Anaplasma phagocytophilum 16s RNA, fla Blood, ticks BioRad iCycler@ TaqMan@ Courtney eta/,, 2004 
and Borrelia burgdorferi 

Anaplasma spp. and Ehrlichia 16s RNA Blood 
SPP. 

Cepheid TaqManB Sirigireddy and Ganta, 
Smartcycler@ 2005 

B. pertussis, B. parapertussis IS481 - B. pertussis, Nasopharyngeal Roche Lightcycler@ HybProbe Sloan et a/., 2002 
IS1 001 -B. swabs 
parapertussis 

B. pertussis, B. parapertussis IS481 , IS1 001 Various respiratory Roche Lightcycler@ HybProbes Cloud et al., 2003 
specimens including 
dried slides 

Borrelia spp. ospA, glpQ, rrs-rrlA Ticks 
IGS 

Not given TaqManB Ullman eta/., 2005 

Campylobacter jejuni and, C. mapA, ceuE Bacterial isolates ABI Prism@ 7700 TaqManB Best et a/., , 2003 
coli 

Campylobacter spp. 16s rDNA, 23s Chicken rinse ABI Prism@ 7700, TaqManB Josefsen eta/., 2004 
rDNA samples Rotor-Gene 3000 

Chlamydia trachomatis, porA, Ct- major Urogenital ABI Prism@ 7500, TaqMan@, Whiley and Sloots, 2005 
Neisseria gonorrhoeae outer membrane specimens Roche Lightcycler@ HybProbe 

protein 

C. trachomatis LGV Cryptic plasmid Rectal swabs ABI Prism@ 7000, TaqManB MGB Halse et a/., 2006 
pLGV440, ompL ABI Prism@ 7500 

C. pneumoniae, M. P I  - M. pneum, Various respiratory ABI Prism@ 7700 TaqManB Welti et a/., 2003 
pneumoniae PST-1 fragment- specimens 

CT 
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This method uses r tPCR and melting curve analysis for a triplex assay. E. coli 0157:H7 
can be distinguished from other Shiga toxin-producing enteric pathogens via the combina- 
tion of targets for two Shiga toxin genes as well as a highly conserved base substitution of 
the beta-glucoronidase gene. In 2001, Bellin et al. developed a multiplex rtPCR based on 
both Shiga toxin genes, using a Lightcycler platform (Bellin et al., 2001; Hillemann et al., 
2006)+ This was a duplex rtPCR assay in which results could be obtained in as little as 45 
minutes. 

Relatively few of the E. coli multiplex rtPCR assays were validated for using human 
stool samples, the most common clinical specimen type submitted to laboratories for test- 
ing (Belanger et al., 2002). This is an important parameter to consider when developing 
multiplex rtPCR assays. The clinical specimen type or matrix most frequently tested should 
always be part of the validation process, to ensure that the multiplex assay is optimized for 
it and to ensure that there is no interference by inhibitors common to the sample type, 
Belanger et al. (2002) developed a duplex rtPCR assay that detected Shiga toxin-producing 
bacteria, using molecular beacons on the Cepheid Smartcycler platform. In a complicated 
matrix such as stool, the authors found that the assay had a positive predictive value of 
100%. Multiplex r tPCR assays for E. coli 0157:H7 were also useful in establishing an 
epidemiological link between a patient and environmental source, Several multiplex assays 
have been developed for the detection of E. coli 0157:H7 from dairy wastewater, soil, and 
manure (Ibekwe et al., 2002; Ibekwe and Grieve, 2003). 'These assays were shown to be 
highly sensitive as well as specific; these characteristics are important for sample types that 
may contain a large number of related strains. 

Another enteric pathogen that has been the target of multiplex rtPCR assay develop- 
ment is Clostridium dt$cile. Belanger (2003) utilized a duplex assay that could detect C. 
dificile toxins A and B. The assay was able to detect as few as 10 genome copies of this 
pathogen, and it could detect the most common strains of C. d@cile. This rtPCR assay was 
validated using stool samples, and the targeted genes were amplified in 28 of 29 positive 
samples. 'The gold standard for C. dtscile toxin identification is a cytotoxin, assay but these 
assays are often time-consuming and their results can be problematic, due to interfering 
agents present in stool samples. As for other Clostridium species such as C. botulinurn 
toxins, the use of multiplex rtPCR has been extremely beneficial as a screening mechanism 
(Shone et al., 2006). Often the specimen is limiting when diagnosing infant botulism 
cases, and there may be insufficient for the mouse bioassay. By utilizing results from the 
screening PCR assay physicians can get results more rapidly and they can undertake an 
investigation into the source of the infection. Our laboratory has observed an excellent 
correlation of results, between multiplex rtPCR assay and the gold-standard method, the 
mouse bioassay. 

Grant et al. (2006) developed a multiplex rtPCR assay for the detection of E. coli 
toxins in various food sample types. 'The authors reported a detection limit of 10 colony- 
forming units (CFUs) per reaction in produce samples; sufficient to detect an infectious 
dose of enterotoxigenic E. coli. In another application, Yoshitomi et al. (2006) developed 
a multiplex assay that identified the presence of Shiga toxin-producing E. coli and the 
extremely pathogenic E. coli strain, E. coli 0157:H7. 

While multiplex r tPCR has been successfully utilized for detection of E. coli, Wang et 
al. (2004a) reported a multiplex assay to detect two enteric pathogens, Salmonella serovars 
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and Listeria monocytogenes from raw meat samples. Several groups have developed multi- 
plex assays to detect Vibrio vulnificans from shellfish homogenates (Harwood et al., 2004; 
Panicker et at., 2004). n e s e  assays were reported to be highly sensitive, detecting one CFU 
per gram of oyster tissue homogenate (Panicker et al,, 2004). For high-throughput testing 
of food such as milk samples, multiplex rtPCR can be invaluable, An assay developed to 
detect Staphylococcus aureus, Streptococcus uberis, and S. agalactiae minimized expenditures 
of reagents and laboratory time by testing for three agents in milk samples simultaneously 
(Gillespie and Oliver, 2005). 

Other enteric bacterial pathogen assays have been developed. Best (2003) reported 
a duplex assay to detect Campylobacter jejuni and Ca. coli, While this assay was aimed at 
detection of Campylobacter spp. laboratory isolates, another group utilized rtPCR to detect 
this organism in food samples (Josefsen et al., 2004). Josefsen et al. (2004) used a multi- 
plex rtPCR assay to enhance detection of this pathogen, by incorporating an enrichment 
protocol to detect Campylobacter species from direct rinse samples of chicken. 'They found 
that the use of screening enrichment broths by rtPCR was beneficial due to the presence of 
other competing bacteria; enrichment enhanced the detection of this organism. 

Commercial assays have recently been made available for the detection of enteric 
pathogens. ProGastro from Prodesse is a triplex rtPCR assay that is used to detect 
Salmonella, Shigella, and Campylobacter. To promote utilization of this assay for a range 
of applications, in clinical laboratories, public health laboratories, and large commercial 
laboratories, the company has made the assay available for a wide array of commonly used 
rtPCR instruments, including the Cepheid Smartcycler, ABI 7500, BioRad iCycler, and 
Corbett Research RotorGene. 

Genital tract infections 
Diagnosis of bacterial infections of the genitourinary tract has relied heavily on molecular 
methodologies due to the difficulty of culturing many of the organisms responsible for 
clinical illness. For example, M. genitalium and C. trachomatis are highly fastidious organ- 
isms* Often, swab specimens are submitted for testing, so the sample volume is limited. 
'This can prohibit repeat testing or testing for other infectious agents, if equivocal results 
have been obtained from original testing. Multiplex rtPCR assays have been used to detect 
several of these pathogens simultaneously. Whiley and Sloots (2005) developed a highly 
sensitive multiplex assay for the detection C. trachomatis and Neisseria gonorrhoeae from 
urogenital specimens. Two probe technologies were compared; 5' nuclease and hybridiza- 
tion probes, but no appreciable difference was noted between them, A two target assay was 
been developed for the detection of M. genitalium from urine and vaginal swab specimens 
(Hardick et al., 2006). 'This two target assay added a confirmatory assay to the single rt- 
PCR, thus reducing the need to run a second confirmatory PCR to verify original results. 

A recent publication by Halse et al. (2006) described the development of a duplex 
real-time assay to detect a rare disease, Lympbogranuloma venereum (LGV) caused by the 
bacterium Chlamydia tracbomatis. This pathogen was detected using a duplex assay; the 
first target identified C. trachomatis, and the second target was specific for serovar L-2. 
This pathogen has recently emerged as an important public health concern, and multiplex 
rtPCR has been a critical tool for the rapid diagnosis of several outbreaks in many HIV- 
positive males. Use of the assay permitted rapid diagnosis and early institution of antibiotic 
treatment (Fenton and Imrie, 2005). 



> v - v  

Multiplex rtPCR in Microbiology 1 217 

Real-time PCR can be used to quantitatively to determine the concentration of organ- 
isms, and thus a relative measure of the degree of infectivity can be obtained. A high or low 
bacterial load can provide usefbl information for clinicians and assist in treatment given 
to the patient. Blaylock et a[. (2004) utilized multiplex rtPCR to ampli+ regions of the 
gyraseA gene of Mycoplasma genitalium and the RNase P gene found in human cells. Their 
assay exploits rtPCR's ability to detect genes in both bacteria and humans. This assay is 
not only extremely valuable for providing a physician with rapid results but it also assists 
epidemiologists in their efforts to trace contacts and prevent sexually transmitted' disease. 

Encephalitis 
Bacterial pathogens that induce encephalitis are of great concern; diagnosis must be ob- 
tained as quickly as possible, due to the rapidity with which illness can progress, especially 
in the elderly and young. Three pathogens cause 90% of all bacterial meningitis infections 
(Tzanakaki et al., 2005). One assay developed to detect these agents was a triplex rtPCR 
designed to test as many serotypes of Neisseria meningitis, Haemophilus influenzae, and 
Streptococcus pneumoniae as possible (Corless et al., 2001). The main seven N. meningiditis 
serotypes, 23 serotypes of S. pneuomoniae, and two serotypes of H. influenzae that cause 
bacterial encephalitis could be detected by this assay in three specimen matrices, CSF, 
plasma, and blood (Corless et al., 2001). In a retrospective study examining a large number 
of culture-negative samples, specimens were identified in which these three pathogens 
could be detected by the real-time assay but not by using the older conventional PCR 
assay (Blaylock et al., 2004). The investigators determined that the rtPCR assay was more 
sensitive than the older PCR assay that they were using at that time. Smith et al. (2004) 
also published a triplex rtPCR assay for these three pathogens and validated the assay 
utilizing an automated extraction system, resulting in more rapid turnaround time and 
increased throughput. 

Respiratory pathogens 
A large number of assays have been designed for identification of bacterial respiratory 
pathogens, There is a growing body of literature on the numerous respiratory pathogens 
and on the validation of these assays with various specimen types. For bacterial agents Bor- 
detella pertussis and B. parapertussis, duplex assays were among the first multiplex rtPCR 
assays developed and they had great utility for testing large numbers of nasopharyngeal 
swabs (Sloan et a!., 2002). These organisms can be difficult to culture but in recent years 
they have been seen with increasing frequency by laboratories. They take days to grow, and 
they have become a remerging public health issue in recent years (Storsaeter and Wolter, 
2006). The development of a duplex rtPCR assay for these agents helped to decrease the 
turn-around time for reporting of tests, assisted in diagnosis and in earlier institution of 
antibiotic treatment (an important consideration for the population that these respiratory 
agents often infect: the young, the immunocompromised and the elderly in which rapid 
treatment is necessary), aided in the identification and tracking of outbreaks, The majority 
of the assays reported in the literature exhibit excellent sensitivity, detecting an average of 
less than one organism per reaction (Sloan et al., 2002). 

As the previous example highlighted, detection of multiple organisms within the same 
genus can be accomplished in one reaction and this approach can also be of great value 
for the many members of the genus Legionella. Instead of having to run a large number of 
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assays or wait for sequencing results (which can take days, depending on access to sequenc- 
ing equipment), the analyst can use multiplex rtPCR to produce results in a fraction of the 
time needed for sequencing. Templeton et al. (2003) developed a multiplex rtPCR assay 
that can differentiate L. pneumophila, a leading cause of respiratory illness, from other 
Legionella spp, The same group reported a multiplex rtPCR assay that combines detection 
of Legionella spp. with detection of viral agents of pneumonia (Templeton et al., 2005). 

One group has developed an rtPCR assay that can detect three respiratory pathogens, 
Chlamydia pneumoniae, Legionella pneumopbila, and Mycoplasma pneumoniae (Welti et 
al., 2003). 'This multiplex assay was performed using two tubes, one for detection of M. 
pneumoniae and C. pneumoniae, and the other for amplification of L. pneumophila DNA. 
'This was an important development for multiple bacterial agent detection, in that the 
rtPCR assay was quantitative. By generating standard curves of positive plasmid control 
DNA with each specimen, the assay produced a quantitative result for every specimen 
tested. It is arguable whether a quantitative assay is particularly useful or cost-efficient, for 
causative agents of respiratory illnesses, since collection efficiencies and transport time can 
often invalidate the result, especially for quantitative respiratory pathogen rtPCR assays. 
Most of the real-time assays designed for detection of bacterial pathogens are qualitative in 
nature, Nevertheless the assay constitutes proof of concept for bacterial diagnostics, and it 
should be applicable to other specimen matrices such as whole blood, urine, or stool. 

Many of the above mentioned-assays are designed to detect two targets per reaction. 
Very few assays have been developed that can detect more than four pathogens. Recently, 
a multiplex assay was designed to detect five respiratory agents. 'This multiplex assay, re- 
ferred to as the "pneumoplex," is now commercially available (Khanna et al., 2005). While 
this multiplex assay is not real-time, the same group has also developed an rtPCR assay 
that detects four pathogens, Mycoplasma pneumoniae, Chlamydia pneumoniae, Legionella 
pneumophilia and Legionella micdadei. This assay incorporates an internal control as well 
and is thus a pentaplex real-time assay. 'The problem encountered most frequently in 
development of assays with more than three targets has been the lack of availability of 
multicolor detection for most real-time instruments. Many instruments have been claimed 
to have four or more channels that can independently capture emissions from dyes, but our 
laboratory has found significant bleed-through issues associated with the development of 
assays that are based on such capabilities. Several newer instruments have five or more 
channels to capture data and these should perform adequately for pentaplex assays. 

Tick-borne bacterial infections 
Because a bite from a tick can result in either a single infection or a co-infection by multiple 
bacterial pathogens, multiplex rtPCR can be of great diagnostic value. Several assays have 
been developed to detect multiple tick-borne infections. Two of the most common tick- 
borne infectious agents are due to Anaplasma pbagocytopbilum and Borrelia burgdorferi. 
Courtney et al. (2004) have developed a multiplex assay that could detect less than one 
infected A. pbaocytopbilum cell, or 50 B. burgdoferi bacteria. The assays were developed 
to detect these bacteria from ticks, but blood samples were also examined as a potential 
specimen matrix. 

Sirigireddy and Ganta (2005) added to the diagnostic tools available for tick-borne 
infections, by developing an assay that can detect five separate tick-borne pathogens, 
belonging to multiple haplasma and Ehrlicbia species, in blood. This multiplex assay is 
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of note because it uses reverse transcriptase PCR to detect RNA from singly infected 
or co-infected ticks. By identifying tick-borne single infection or co-infection, the assay 
enables rapid treatment of the patient, which can be crucial. This study was carried out 
using a dog model but with additional validation the multiplex real-time RT PCR should 
be applicable to ticks that bite humans and other vertebrate hosts, 

Ullmann et al. (2005) developed a multiplex rtPCR assay for species determination 
of Borrelia. 'This assay was developed to differentiate various Borrelia species in ticks, One 
assay targets the rrs-rrlA IGS region of the genome of Borrelia spp., to detect Borrelia 
burgdouferi sensu lato and Borrelia miyamotoi, The second assay targets the ospA gene of 
B. burgdorjeri sensu lato to detect B. burgdorjeri sensu stricto, Borrelia bissettii, and BorreIia 
andersonii. The final assay targets the glpQ gene of B. miyamotoi sensu lato to differentiate 
B. miyamotoi LB-2001 and Borrelia lonestari. This type of identification assay is very useful 
for epidemiological purposes, since it can enable tracking of the spread of infection by 
Borrelia spp. into different vectors, throughout a region, or world-wide. 

Doyle et al. (2005) provided a similar scheme for the identification of Ehrlichia spe- 
cies that cause human clinical infection* Ehrlichia cha$eensis, E. ewingii, and E. canis were 
detected through amplification of the genus-specific disulfide bond formation protein gene 
dsb. Ehrlichia genus-specific dsb primers amplify D N A  from all known Ehrlichia species 
but not D N A  from other Rickettsia1 organisms such as Anaplasma platys, Anaplasma 
yhagocytophilum, Rickettsia conorii, or Rickettsia typhi. This triplex rtPCR assay has the 
ability to detect as few as 50 gene copies. 

Drug-resistant bacteria 
Not only is multiplex P C R  used to detect certain pathogens in a sample, but it has also 
been useful for determining mutations in certain bacterial genes that are involved in the 
development of drug resistance. Rapid detection of drug resistance in bacterial infections 
is critical for effective patient treatment. Drug resistance and multiplex detection of genes 
that are responsible for it have been well defined for methicillin- and vancomycin-resistant 
Staphylococcus aureus (Costa et al., 2005; Eisner et al., 2005; Elsayed et al., 2003; Francois 
et al., 2003; Francois et al., 2004; Hope et al., 2004; Huletsky et al,, 2004; Palladino et al., 
2003b; Palladino et al+, 2003a; Sinsimer et al., 2005). In 2003, a duplex real-time assay was 
developed to detect the mecA and nuc genes in bacterial cells (Elsayed et al., 2003; Sin- 
simer et al., 2005). Another multiplex rtPCR assay was then developed for the detection 
of methicillin- resistant S. aureus from nasal swabs, This assay could detect 25 CFUs of 
MRSA and utilized five primers that were specific to the staphylococcal cassette chromo- 
some and the orfX gene. 'The assay employed molecular beacons and could be completed in 
less than one hour. This was an important development for the detection of drug resistant 
S. aureus, since samples are often contaminated with other S. aureus or wirh coagulase- 
negative Staphylococcus that can carry the mecA gene. 

A quantitative multiplex rtPCR assay was developed that targeted S. aureus regula- 
tory genes involved in virulence (Elsayed et af., 2003; Sinsimer et af., 2005; Francois et al., 
2006). Use of this assay allowed simultaneous detection and typing of S. aureus isolates, 
without the need to wait for D N A  sequencing. 

Assays for two vancomycin resistance genes were duplexed in a rtPCR reaction 
(Palladino et al., 2OO3b; Palladin0 et al., 2003a). This multiplex assay, designed for use on 
rectal swabs, combined enrichment with the real-time assay. It was found to give superior 



220 1 Cirino eta/. 

results compared to direct detection from rectal swabs. In 2005, Sinismer et al. developed 
a multiplex real-time assay that could identify both methicillin- and vancomycin-resistant 
S. aureus, using molecular beacon probe technology (Palladino et al., 2OO3b; Palladino et 
al., 2003a; Sinsimer et al+, 2005). This assay is based on the mecA gene, the vanA resistance 
gene, and the virulence factor Panton-Valentine leucocidin (lukF) in bacterial isolates. If 
specific virulence information is readily available to the physician, patients can be more 
effectively treated+ 

Commercial multiplex kits available for diagnosis of bacterial agents 
The importance of multiplex rtPCR for the detection of bacterial pathogens has, not 
surprisingly, been recognized by commercial vendors. Several multiplex rtPCR kits that 
have been developed for bacteria are in the testing phase or are currently available (see Web 
Resources section below). These kits are used for the identification of a range of bacteria, 
in various specimen types including human blood and stool, as well as environmental and 
food samples. The numbers of FDA-approved assays or RUO kits for bacteria lag well 
behind the numbers of assays and kits available for virus detection by multiplex rtPCR. 
However, we can expect in the next few years to see a great upturn in the number of com- 
mercially available rtPCR kits for bacteria. 

Future trends 
As the costs associated with nucleic-acid amplification continue to decrease, the diagnostic 
capabilities of clinical laboratories will increase. Emerging technologies and new analytical 
platforms for high-throughput DNA sequencing are becoming mature and should soon 
be available for routine use in diagnostic laboratories. With concomitant advances in 
the fields of microfluidics, nucleotide and fluorescent dye chemistries, and information 
processing, highly multiplexed nucleic acid detection and identification technologies will 
gradually come to be applied in a vast range of situations in which sensitivity, specificity, 
and speed are priorities, 

Discussion 
Clearly, many researchers and diagnosticians are working to bring multiplex rtPCR assays 
into mainstream analytical testing, While the acceptance and integration of PCR-based 
methods into clinical diagnostic labs have not proceeded rapidly, the accumulated experi- 
ence in molecular methodologies is serving to bring rtPCR and multiplex analyses into 
laboratories at this level. The closed-tube nature of rtPCR, combined with the reduced 
expenditures of time and money required for multiplex analyses, makes this a very at- 
tractive platform, for a market in which there is very little margin for cost increase, and 
low tolerance for false results. The integrated analytical controls that are possible with 
multiplex rtPCR should make the methodology very attractive to the regulatory bodies 
that monitor diagnostic labs so as to ensure quality control. 

While it is clear that multiplex rtPCR is a very powerful approach to microbiological 
diagnostics, there are some specific limitations that must be considered when deciding on 
the best approach for microbial detection. One basic limitation is the fact that all PCR- 
based diagnostic methods are directed, i.e. they can only detect what they are designed to 
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detect, as opposed, to, for example, bacterial culture methods, which will grow bacteria 
non-specifically; i.e. whether or not one is looking for StaphyIococcus or Bacillus in a culture, 
both will grow. This consideration is important if the pathogen that you wish to detect 
has a high degree of genetic diversity or genetic drift; in that case, it may rapidly become 
non-detectable by a previously validated PCR-based assay. In addition, it is essentially im- 
possible to develop a robust assay for a newly emerging pathogen because any nucleic acid 
sequence information available will be limited and because the range of genetic diversity in 
the new pathogen will be unknown, 

Another limitation for rtPCR is assay development costs. Beyond the initial expense 
of developing a single-target assay, there are costs associated with evaluation and verifica- 
tion of multiplex assays against all of the target sequences that could potentially be present 
in a sample, either individually and combined, as well as confirmation of the compatibility 
of all the primer and probe sets. Validation guidelines are available (see Website Resources 
section below) which describe measures to minimize the costs of validation while creating 
statistically robust assays to satisfy replatory agencies, 

As surveyed in this chapter, many FRET chemistries, detection platforms, and mas- 
termixes are available for rtPCR and multiplex assays. Unfortunately, not all chemistries 
work on each ~latform, nor do all mastermixes perform equivalently. Thus, ~latform, re- 
agent, and chemistry compatibilities are still an issue. In addition, the results of any nucleic 
acid-based analysis will be only as high in quality as the nucleic acids put into the reaction 
vessel, so sample extraction and processing are critical for multiplex rtPCR, as they are 
for all microbial rtPCRs. Many assay developers do not address clinical sample process- 
ing; too often, the assays are developed and validated using synthetic, pristine nucleic 
acids. Diagnosticians must be certain that the sample processing utilized for controls is 
compatible with their particular matrix type; they must also determine that the assays 
being employed yield results comparable to those reported by assay vendors/developers if 
a commercial kit exists for the same targets. As indicated previously, inclusion of process 
control samples in the testing process is essential for this purpose, 

Web resources 
Topic Site 
WHO: Infectious Diseases http://www.who.org 
Validation of Analytical Procedures: http://www.fda.gov/cder/guidance/ 1320fnl.pdf 
Methodology 
Multiplex rtPCR Probes hrtp://biosearchtech.com/hot/amplify,asp 

Multiplex Probe Compatibility http://www.epibio,com/ 
Real-time PCR Resources http://www.gene-quantification.info/ 

http://www.horizonpress.com/gateway/rt-pcr.html 

Bacterial Multiplex rtPCR kits www.prodesse.com 
www.cepheid.com 

Molecular Beacon Probes http://www.molecular-beacons.com 
Hybridization Probes http://www.roche-applied-science.com/index~sp 

TaqMan Probes http://www.appliedbiosystems.com/ 

LUX Primers https://www.invitrogen,com/ 
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Abstract 
Routine microbial diagnostics have changed significantly over the last two decades. Initially, 
implementation of the polymerase chain reaction (PCR) resulted in sensitive detection of 
microbes that were hard or impossible to diagnose by conventional diagnostic procedures 
such as culture and serology. A further improved version is now rapidly replacing end-point 
detection PCR in many diagnostic laboratories. In real-time PCR, amplified products are 
detected by fluorescence at the moment that they are generated and directly related to the 
input target quantity, so that quantitation is possible. For research purposes this has been 
shown to be a valuable tool in for example quantifying expression levels of genes, but also 
routine clinical laboratories have implemented numerous applications of this powerful 
method. This chapter provides an overview of different routine microbial applications in 
clinical diagnostics and shows the increasing importance of real-time PCR in the different 
fields of microbiology. 

Introduction 
Medical microbiological diagnosis finds its origin in the scientific activities of Van Leeu- 
wenhoek in the late middle ages and of Pasteur and Koch in the middle of the nineteenth 
century. With microscopy and culture, infectious agents could be diagnosed and preventive 
and curative procedures could subsequently be developed. In the first half of the twentieth 
century many human pathogens were characterized by means of these methods. Contem- 
porary methods made it possible to specifically isolate and characterize antigens. These 
could subsequently be used to identiG the same pathogens by means of a direct or indirect 
immunological route without further culturing. 

During the past decades a shift in the microbiological diagnostic potential has been 

observed and DNA and RNA detection are now generally accepted as important and 
universal diagnostic targets (Perus&, Jr. and Perus&, 2003). Molecular diagnostics have 
become an irreplaceable tool in the diagnosis of infectious diseases (Yang and Rothman, 
2004). Moreover, the ongoing search for new nucleic acid based techniques that can be ap- 
plied to the diagnosis of infectious diseases has driven technology forward. Besides quali- 
tative applications of real-time PCR in routine microbiology resulting in identification of a 
pathogen, the methodology also enables quantitation. Quantifying the pathogen has been 
playing an increasingly important role in clinical microbiology and therefore should be 
discussed in a chapter on applications of real-time PCR in clinical microbiology as well. 
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Initially an important criterion for implementation of DNA or RNA detection was 
that conventional microbiological diagnostics had failed because: (i) no adequate serologic 
tests were available (e.g+ Human papillomavirus), (ii) the microorganisms were difficult or 
impossible to culture (e.g. Aspergillus spp., Borrelia burgdovferi and many virus types) or, 
(iii) the culture was time-consuming which limited rapid diagnosis (e.g. Mycobacterium 
tuberculosis and Toxoplasma gondii). TO exemplify this, several clinical diagnostic problems 
related to the items described above will be addressed briefly. 

Poor serological tests 
Cancer of the cervix ranks number two worldwide in cancers that affect women, account- 
ing for 6% of all malignancies in women. This cancer is a major public health problem 
with an estimated 450 000 new cases per year. It causes high mortality in the developing 
world and, if precancerous conditions are included, a high morbidity worldwide (Parkin 
et al., 1993; Bekkers et al*, 2004). Epidemiological and molecular studies over the past two 
decades have convincingly demonstrated that certain types of human papillomaviruses 
(HPVs) are etiologically related to the development of cervical cancer (Walboomers et 
al., 1999). To date, approximately 100 HPV genotypes have been identified by sequence 
analysis, at least 30 of which have been found to infect the genital mucosa. Several HPV 
types, such as HPV 16,18,31,33, and 35 have been implicated in cervical carcinogenesis 
while other HPV types such as H P V  6 and 11 are frequently detected in benign lesions 
such as condylomata acuminate (Munoz et al,, 2003). Women infected with these H P V  
types are considered to be at a higher risk of developing cervical cancer than women who 
are not infected with HPV or are infected with low-risk H P V  types (Cuzick et al., 1995). 
Since HPV still cannot be cultured efficiently and the clinical performance of serological 
assays is very poor, reliable diagnosis of HPV infection is based entirely on molecular tools 
(Melchers et al., 1991). Identification of high-risk H P V  types could make it possible to 
identify women with an increased risk of cervical disease, and could, therefore, provide 
additional clinical value. In the United States, both the American College of OBGYN 
(ACOG) and the American Cancer Society (ACS) recommend that women over 30 yrs 
old should be screened with an H P V  DNA test combined with a cytological examination. 
Many countries are expected to follow this procedure in the near future. 

Inability to culture 
Invasive aspergillosis is a major cause of mortality and morbidity in patients with hemato- 
logical malignancies and stem cell transplant recipients (SCT) (Segal and Walsh, 2006). 
To improve prognosis in these patients early diagnosis and antifungal therapy is essential. 
Difficulties in establishing an early diagnosis have prompted investigations towards alter- 
native diagnostic methods. During the last decade, molecular-based assays have emerged as 
an important tool for improved diagnostic workup, monitoring of antifungal therapy and 
clinical management of patients with suspected or proven invasive aspergillosis (Florent et 
al., 2006; Jordanides et ul., 2005; Lass-Florl et al., 2004). 

Lengthy isolation process 
Tuberculosis is a communicable disease with significant morbidity and mortality (Frieden 
et al., 2003). In the last decade, tuberculosis has re-emerged as one of the leading causes 
of death. In most developing countries its severity has increased due to the global Human 
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Immunodeficiency Virus (HIV) pandemic and extensive social restructuring. Moreover, 
multidrug-resistant strains of Mycobacterium tuberculosis seriously threaten tuberculosis 
control and prevention efforts (Ginsburg et al., 2003). The diagnosis of tuberculosis is 
largely based on conventional approaches, which rely on clinical features and the results 
of microscopy and culture. Clinical features are not generally diagnostic and microscopy, 
while rapid, lacks sensitivity and specificity. Culture methods are sensitive and specific, but 
they are slow. Several alternative approaches have been attempted for the rapid and specific 
diagnosis of tuberculosis, but the molecular methods are the most promising (Cheng et a!., 
2005)+ 

The solution: molecular diagnostics? 
Nowadays molecular methods have created new possibilities for diagnosis and treatment 
in the full area of medical microbiology (Yang and Rothman, 2004). The importance of 
molecular diagnosis of infectious diseases is obvious, A fast diagnosis can be made in a 
clinically relevant time-frame resulting in optimized therapy for the individual patient, 

'The application of molecular techniques such as Southern blot, dot-spot, and in situ 
hybridization for the diagnosis of microorganisms, were impeded by the relatively restrict- 
ed sensitivity and specificity of these research laboratory techniques. The development 
of the PCR resolved these restrictions, and, consequently, the clinical use of molecular 
diagnostics became routine (Saiki et al., 1986). A breakthrough in the implementation of 
these new technologies in routine medical microbiological laboratories was the develop- 
ment and availability of commercial tests. Following PCR, a number of other amplifica- 
tion techniques have been developed, such as Nucleic Acid Sequence Based Amplification 
(NASBA), ligase chain reaction (LCR), transcription-mediated amplification (TMA), 
self-sustaining-sequence replication (SSR), strand displacement amplification (SDA), 
and Q-beta amplification, which are all based on the principle of amplification of nucleic 
acids (Deiman et al., 2002; Lisby, 1999; Abramson and Myers, 1993). DNA amplifica- 
tion methods can determine the absence or presence of very small quantities of nucleic 
acids for certain infectious agents. Exclusive sensitivity and specificity of the tests can be 
guaranteed subject to a correct laboratory organization. Disadvantageous aspects of the 
extreme sensitivity are matters such as contamination and the clinical relevance of positive 
results (Kwok and Higuchi, 1989). Conventional PCR often makes use of agarose gel 
electrophoresis or post-PCR processes such as capture ELISA or blot hybridization for 
the detection of amplified products. 'These probe hybridization approaches also enhanced 
the sensitivity of detection of amplified products (amplicons). Another approach to 
lower the detection limit was the use of nested PCR, in which the region amplified by a 
first PCR reaction was subjected to a second round of PCR using a separate primer set. 
However, a major argument against nested PCR is the risk of contamination due to the 
spread of amplicon. Post-PCR processing makes conventional PCR time-consuming and 

labor-intensive (Aslanzadeh, 2004; Borst et al., 2004). 
In real-time PCR, amplification and detection of the target D N A  using fluorescent 

probes are performed in the same, closed, reaction vessel and can be applied to rapid and 
dynamic assessment of clinical samples for the presence of a specific infectious agent (Bustin 
et al., 2005). The possibility of contamination by previously amplified PCR products is 
greatly reduced (Zhang and Fang, 2006). With real-time PCR, D N A  copy numbers are 
determined based on the threshold cycle (CT values), which is proportional to the copy 
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number of the infecting agent present in the sample. In contrast to conventional PCR, real- 
time PCR does not rely on the final amount of amplicon. This indication of the amount 
of pathogen present can be used to determine the clinical relevance of the infection. A 
breakthrough due to real-time PCR analysis and the development of improved platforms 
is the potential to perform multiplex PCR tests, allowing detection of multiple targets si- 
multaneously in a single test tube. Another development for improving the reproducibility 
of PCR assays is the use of general "master-mixes," i.e. premade reaction mixtures con- 
taining nucleotides, Mg2+ buffer, DNA polymerase and all components for an optimized 
amplification. As these can be produced in large batches, variation is reduced. 

In many clinical molecular diagnostic settings a shift from conventional PCR to real- 
time PCR is now apparent and it is likely that real-time PCR will change our perspective 
on how to identify and define the quantity of infectious agents, as well as on the determina- 
tion of virulence factors and resistance mutations, Whether these assays will be widely 
applied in routine microbiology remains to be seen. 

An extensive and comprehensive review describing the different technology platforms 
and applications of real-time PCR in clinical microbiology was published recently (Espy 
et al., 2006). In the remainder of this chapter we will, therefore, focus on the role of real- 
time PCR in routine microbial diagnostic laboratories, and on important aspects of its 
implementation, 

General aspects of real-time PCR in routine diagnostics 

Choice of real-time PCR 
For the development of real-time PCR assays both the target choice and assay design are 
of importance. The selection of targets will not be addressed in this review and is discussed 
extensively in the numerous papers describing PCR assays for the detection and typing of 
microorganisms (Gunson et al., 2006; Espy et al.; 2006). Assay design in real-time PCR is 
dependent on the amplification technique (e.g, PCR, NASBA, TMA),   robe technology 
(e.g. hybridization probes, TaqMan" probes, TaqMan-MGB   robes or molecular beacons) 
and the PCR ~lat form used (Chui et al., 2005; Cockerill, 111,2003). The most frequently 
used PCR devices for home-brewed diagnostic real-time PCR assays are the ABI 7000 and 
7500 (Applied Bios~stems), Lightcycler" (Roche), iCycler iQ'" (BioRad), Rotor-Gene"' 
(Corbett Research) and the SmartCyclera (Ce~heid). Commercially available diagnostic 
assays most commonly make use of specially developed real-time PCR equipment from 
the same diagnostic company; e.g. HIV diagnostic assays are provided by different diag- 
nostic companies that have their own real-time PCR platform such as the Cobas TaqMan" 
(Roche), NucliSense" (bioMerieux) and the mt2OOO (Abbott). Due to Food and Drug 
Administration (FDA) regulations of i n  vitro diagnostic (IVD) assays and for commercial 
reasons, these IVD real-time PCR devices can only handle IVD approved assays from the 
same company. This greatly influences the flexibility of molecular diagnostic laboratories 
and will force laboratories to use home-brewed assays. Fortunately, diagnostic companies 

have recognized this problem and promised that new generations real-time PCR devices 
will contain an open channel, which will enable other assays to be used. For example, FDA 

approved Lightcycler assays are now available for mycobacterial diagnosis. 
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With respect to home-brewed real-time PCR assays, the choice of platform is deter- 
mined by the throughput of molecular diagnostic assays and the assay speed needed. An 
example of a low throughput device is the conventional Lightcycler, which has a maximum 
capacity of 32 samples per run that can be analyzed within 30 minutes. This is especially 
suited for immediate testing in case of medical urgency (so-called STAT testing derived 
from the Latin statim meaning immediately). Widely used high throughput devices, the 
ABI 7700 or 7000, handle a maximum of 96 samples per run in approximately 2 hours. 
To date, three real-time PCR strategies are typically seen in molecular diagnostic labo- 
ratories: (1) different assays performed in a single run on a high throughput device with 
all the assays standardized using an identical amplification program; (2) high throughput 
diagnostics performed on a high throughput device, but STAT testing carried out on a low 
throughput device; and (3) all diagnostics performed on low throughput devices, enabling 
several runs a day and the grouping of assays* 

However, new generations of real-time PCR platforms are becoming increasingly 
alike, i.e. high throughput and reduced turn-around time. Recently, the Lightcycler 480 
(Roche) and the ABI 7500 (Applied Biosystems) were introduced: both have a capac- 
ity of 96 samples which can be analyzed in 30 min. Higher throughputs of 384 samples 
are already possible, but, due to the reduced reaction volumes used, it remains to be seen 
whether these formats can be employed in microbiology. A reduced input volume of ex- 
tracted nucleic acid is likely to generate false negative results due to the lower number of 
copies added. In addition, manual pipetting of 384 samples is highly error-prone and thus 
requires automation of pipetting. In parallel with these high throughput developments, 
newly integrated devices and technologies are being developed for rapid STAT real-time 
PCR diagnostics, handling just one or a few samples (e.g. GeneXperto, Cepheid), 

The real-time PCR platform selected will ultimately determine which probe format 
and fluorophores can be used for labeled oligonucleotides. The differences between the 
various probe technologies available are described elsewhere (Arya et al,, 2005; Cockerill, 
111, 2003). Nucleotide sequence variability/conservation will determine which probe 
chemistry will be most suitable. All the different probe technologies can be used for 
conserved sequences but variable nucleotide sequences such as those between pathogen 
strains or groups are better suited to either TaqMan, TaqMan-MGB or molecular beacon 
probes above hybridization probes, whereas TaqMan-MGB probes with reduced probe 
length may offer advantages over TaqMan probes (Whiley and Sloots, 2006). When ad- 
ditional melting temperature analyses are required to confirm the specificity of the PCR 
product generated, hybridization probes are needed because a single TaqMan chemistry 
cannot be used. For multiplex real-time PCR applications, new generation devices are able 
to read five to six channels, enabling the detection of up to five targets and an internal 
control using different fluorophores. Beside the fact that now there are many fluorescent 
labels for efficient multiplexing, the design of the different primer and probe sets should 
be standardized with special emphasis on identical melting temperatures, GC content and 
amplicon length. In addition to this optimized in silico design, the sensitivity and specificity 
of the multiplex real-time PCR should be extensively investigated using mixtures of dilu- 
tion lines of the different pathogens to rule out mutual influence in amplification efficiency. 
Reduction of the sensitivity of an assay in the presence of amplification of another target 
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should be prevented. In practice, it should be kept in mind that amplification of high levels 
of a target is likely to mask the presence of low levels of another target. Whether this sec- 
ond target detected with a high CT value is relevant for the disease of the patients remains 
the question. 

At present, the number of fluorescent labels that can be detected is limited, so multi- 
plexing can currently be efficiently done using up to four different targets (Templeton et  al., 
2004). It would be extremely valuable for routine clinical microbiology if new devices and 
technologies were developed that could handle more labels, enabling a higher level of mul- 
tiplexing. Recently, the Luminex Corporation (Austin, TX, USA) introduced a technology 
enabling the parallel detection of 100 targets by using 5 pm polystyrene beads which each 
have a different level of fluorescence and different probes (for review: see Dunbar, 2006). 
However, sensitivities obtained directly in clinical specimens are not sufficient for clinical 
microbiology, but by using it as a detection system for multiplex PCR-amplified targets 
(Schmitt et al., 2006) this technology seems to be promising. Applications using 30 to 40 
simultaneous reactions are possible, but it remains to be seen whether the sensitivity can 
be sufficiently improved for microbiology applications, 

Performance of real-time PCR 
A newly developed real-time PCR assay has to be analyzed for - its analytical sensitivity 
and specificity, so that the detection limit and other possible limitations, if any, are known. 
Before implementation in routine diagnostics, the assay should be further validated by 
determining its reproducibility and testing clinical specimens (Niesters, 2004; Mackay, 
2004; Apfalter et al,, 2005). Practical guidelines for reliable performance of molecular 
microbiological methods for diagnosis of infectious diseases have recently been proposed 
by the Dutch Working Group for Molecular Diagnostics of Infectious Diseases (G. 
Noordhoek, M. Ieven, R. Roosendaal, personal communication). With respect to valida- 
tion, it was proposed that the assay be performed on a relevant number of known samples, 
preferably from external quality assessment programs, The number of samples to be tested 
will differ for different targets, It is mandatory when using PCR to generate a diagnostic 
result that affkcts patient management to include sufficient controls to monitor extraction, 
amplification, and inhibition. This is of particular importance to obtain reliable negative 
results. For commercial assays the procedures described by the manufacturer should be 
followed strictly and a run validation, consisting of the determination of the analytical 
sensitivity and a comparison of results with data from the literature andlor description by 
the manufacturer, should be performed. 

In diagnostic real-time PCR assays, the use of dUTP and uracil-N-glycosylase 
(UNG; to break down dUTP-containing amplification products) is no longer required, 
as no post PCR processing will be performed. To ensure reliable testing, each real-time 
PCR experiment should include a low positive run control, one or more negative controls 
(no-template controls) and an extractionlinhibition control (internal control) (Stranska 
et al., 2004; Niesters, 2004). Laboratories should participate in regularly organized ex- 
ternal quality control programs using proficiency panels such as the Quality Control for 

Molecular Diagnostics (QCMD, Glasgow, U.K.), to ensure the reliability of the laboratory 
~rocedures and result interpretation. Although internal and external quality control of 
real-time PCR is of great importance, the quality of specimen collection, transport, and 
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storage of the sample are not taken into account and are still key factors in the whole 
process (A~falter et al,, 2005). 

Clinical value of real-time PCR 
Qualitative real-time PCR has become standard practice in many routine microbiology 
laboratories. Its clinical value is generally accepted by the clinicians in cases of strong posi- 
tive samples. Nevertheless it is still unclear what to do with weak positive samples (high 
Cr values of 38). There is much debate on whether positivity thresholds or grey areas for 
retesting should be defined. Interpretation of these values will be dependent on the kind 
of pathogen tested and the clinical symptoms of the patient. An enterovirus-positive CSF 
with a CT of over 35 will be definitively accepted as positive and clinically relevant for a 
final diagnosis, whereas a Streptococcus pneumoniae-positive sample with a CT of over 35 
will likely be interpreted as clinically unimportant and regarded as a commensal presence. 
However, it remains very difficult and highly arbitrary to interpret the clinical value of 
real-time PCR positives. Clearly, these data should be considered in relation to the clinical 
symptoms of the patient. All the data currently generated in different patient cohorts will 
result in a better interpretation of CT values in relation to the disease. It will be interest- 
ing and clinically important to investigate whether a broad range of Cr values has been 
obtained for a particular pathogen in a given sample type or whether specific infections 
are always associated with certain CT values. In addition, new views on the epidemiol- 
ogy of a number of infectious agents will emerge. Implementation of respiratory virus 
PCR has shown that in some cases of severe pneumonia, the only pathogen detected was 
rhinovirus or coronavirus, but with a high viral load (= low CT value). Although this does 
not prove there is an etiologic relationship, especially since these viruses can also frequently 
be detected in asymptomatic individuals (Gageldonk-Lafeber et al,, 2005), it does prompt 
further study. Similarly the effect of multiple infections, which may have an important role 
in the severity of infection, should be studied in more detail (Templeton et al., 2005). 

Future clinical validation studies will greatly determine the diagnostic value of qualita- 
tive real-time PCR, In addition, cost benefit studies (Rand et al., 2005) will ultimately 
determine the implementation of such assays in routine clinical microbiology. 

Qualitative applications of real-time PCR 
For the primary diagnosis of pathogens PCR assays have been shown to be superior in 
speed and sensitivity to conventional diagnostic methods, such as culture and immunoas- 
says. Compared to conventional PCR, real-time PCR is faster and less prone to false posi- 
tivity due to the combination of amplification and probe detection and due to the closed 
nature of the reaction (Gunson et al., 2006; Mackay, 2004) In general; conventional PCR 
tests already used in routine clinical microbiology can easily be converted into real-time 
PCR formats. However, because of the simultaneous annealing of primers and probes in 
real-time PCR, optimization of real-time PCR is more complex and primerslprobes need 
to be designed according to specific rules as described in Chapter 2. A major advantage of 
designing an assay for real-time PCR in contrast to conventional end-point PCR is that, 
by analyzing dilution series of the target, the efficiency of the PCR assay can be established 
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Figure 7.1 CT values obtained with alO-fold dilution series of a standard are plotted against 
the log value of the copy number. In a 100% efficient PCR, the slope of the standard line 
is -3.32, indicating that the next ten-fold dilution will become positive with a CT value of + 
3.32 cycles over the 10 times more concentrated dilution. Efficiency of real-time PCR can 
be calculated by the equation: Y =X(I+E)n, in which Y = product generated, X = start copy 
number, E = efficiency of amplification, and n = number of cycles. If the efficiency of the PCR is 
loo%, E = 1 and the equations reads Y = X(2)n, indicating that in every PCR cycle the amount 
of DNA is doubled. 

Optimization can be performed by aiming at an efficiency close to 100%) which means 
that in every PCR cycle the DNA is doubled. In practice, an efficiency of exactly 100% is 
difficult to achieve, especially using clinical samples, We aim at an efficiency of 95-105%. 
Especially when the ultimate goal is multiplex PCR, starting with efficient assays is crucial 
(Table 7.1)+ Combining efficient assays for which it has been determined that the prim- 
ers and probes do not interfere with each other is the key to successful multiplex PCR 
(Scheltinga e t  al., 2005; Templeton e t  al., 2004; Templeton et al., 2003). Because of the 
better optimization possibilities, real-time PCR assays are generally more sensitive and 
robust than conventional PCR. 

Conventional PCR is still employed for some applications in routine clinical microbiol- 
ogy. Identification of bacteria in either culture isolates or directly in clinical specimens, for 
example, is still based on conventional 16s  ribosomal DNA-PCR followed by nucleotide 
sequence analysis (Deutch e t  al., 2006). 

Identification of mycobacterial species and viruses such as hepatitis C virus (HCV) 
and H P V  is efficiently performed using broad spectrum PCRs followed by reverse line- 
blot hybridization (van den Brule et al., 2002). In this area of identification and genotyping, 

Table 7.1 Amplification efficiencies and the design of real-time PCR assays: potential reasons 
for deviation 

Efficiency Slope Standard line Potential cause 

100% (E = 1) -3.32 OK Design well done! 

< 100% > 3.32 Steeper Primedprobe mismatches 
Non-optimal primer/probe concentration 
PCR product too long, i.e. > 200bp 

> 100% < 3.32 Flatter outliers in CT values of standards 
inefficient amplification of highly diluted 
samples 
inhibitory effect on highly concentrated 
standard samples 
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DNA arrays may find an application in clinical microbiology. For the primary diagnosis of 
infections, DNA arrays will most likely be of limited use because the targets to be analyzed 
have to be labeled first. If this labeling is performed by PCR, using the array is ''one step 
back" to end-point detection of amplicons in a fancy DNA array platform. In order to label 
all the potential targets in a clinical sample, large numbers of primers will be required, 
reducing the sensitivity of the assay. However, new developments for general labeling may 
eventually be successful. Nonetheless, for the sensitive diagnosis of microbial infections 
(multiplex) real-time PCR has already been shown to be a powerful method, resulting in 

a decreased turn-around-time for a diagnosis. 

General applications for routine clinical microbiology 
A limitation of (real-time) PCR is that the only pathogens detected are those for which 
specific primers and probes have been added to the reaction, whereas in culture unex- 
pected pathogens may grow. Nevertheless, real-time PCR applications are abundantly 
implemented in routine clinical microbiology, i.e. clinical virology, clinical bacteriology and 
clinical mycology and parasitology. In Table 7.2 an overview of representative examples of 
pathogens is shown for which qualitative real-time PCR assays have been used to replace 
diagnosis by culture, direct immunoassay or microscopy for detection. In addition, real- 

Table 7.2 Overview of representative qualitative real-time PCR applications for routine clinical 
microbiology 

Bacteria 

Culture Chlamydia trachomatis 
non/poorly Bordetella pertussis 
slow growing Legionella 
fast growing pneumophila 

Mycobacterium 
tuberculosis 
Mycoplasma 
pneumoniae 
Clostridium difficile 

Virus* Fungi/parasites 

HPV Pneumocystis 
VZV jiroveci 
Metapneumovirus Dermatophytes 
(HMPV) Asperg illus? 
Coronaviruses (hCoV) 
Enterovirus 
HRSV 
CMV 

Replacement for direct Group B HRSV Malaria 
immunoassay or streptococcen Influenza A virus Toxoplasma gondii' 
microscopy Clostridium difficile Rotavirus Enteromoeba 

Treponema pallidum histolytica 
Fungi 

Virulence/resistance MRSA 
genes M. tuberculosis katG/ 

RPO pgene 

Typinghdentification Mycobacteria Enterovirus** Dermatophytes 
HAdV** 

*HPV: human papillomavirus; VZV: varicella zoster virus; HRSV: human respiratory syncytial 
virus; CMV: cytomegalovirus; HAdV: human adenovirus; MRSA: methicillin-resistant 
Staphylococcus aureus. 
** 

Often typing is performed, but clinical relevance needs to be determined. 
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time PCR has been introduced for typing and identification of species and strains and the 
detection of virulence and resistance genes. 

The decision to replace conventional diagnostics by real-time PCR (or other PCR- 
based techniques) is dependent on the clinical need for fast and sensitive test results and 
cost benefit analysis. In the case of STAT testing for detection of sepsis-related pathogens, 
the speed and reliability of laboratory testing will outweigh the costs, When a life-threat- 
ening infection is the result, the sooner a reliable diagnosis is made, the sooner efficient 
treatment can be started. In these cases, diagnostics will mostly be performed using one 
or a few clinical specimens from a single patient, making this diagnosis quite expensive, 
due to relatively increased labor requirements and the need for more controls per sample 
(particularly when highly priced commercial assays are being used). This also holds true for 
the fast testing of methicillin-resistant Staphylococcus auveus (MRSA) infections in newly 
hospitalized patients arriving from suspected MRSA high-risk countries (Warren et al., 
2004). However, for the screening of MRSA outbreaks in hospitals, high throughput test- 
ing is required and the costs per sample should be greatly reduced. This could be achieved 
by the automation of sample processing and real-time PCR, not just for high throughput 
testing, but also for STAT testing. Completely integrated systems (GeneXpert, Cepheid) 
are already available for the latter, which enable nucleic acid extraction and real-time PCR 
in a fully automated manner within 1 hour. 

Applications for clinical virology 
So far, molecular diagnostics has had the greatest impact on clinical virology, due to the 
fact that numerous viruses are not, or only poorly culturable, including HPV, rotavirus and 
the coronaviruses. There is an obvious role for real-time PCR in the specific and sensitive 
detection of these viruses (Gunson et al., 2006; Niesters, 2002; Niesters, 2004). Another 
group of viruses successfully detected by real-time PCR are culturable, but sometimes 
slow growing like cytomegalovirus (CMV), human metapneumovirus (hMPV), and para- 
influenzavirus 4 (HPIV4) (Sumino et al., 2005; Templeton et al., 2004). Here, a major 
advantage of PCR is that negative results are also known within a day, whereas this may 
take up to 14  days using cell culture. As an alternative, rapid agglutination and antigen 
detection assays have been widely used to decrease result turn-around time in diagnosis. 
However, despite the fact that these methods are fast and simple, sensitivity is lacking 
compared to real-time PCR assays. Rapid antigen-negative samples may become positive 
in real-time PCR with CT values of 25-30. Nevertheless, those rapid tests with reliable 
positive results will still have a limited place in routine clinical microbiology. However, 
because of the lack of sensitivity it is only a matter of time before fast real-time PCRs will 
replace these rapid assays in clinical virology, 

Viruses which can be propagated in cell culture and which grow relatively fast might 
also be detected by real-time PCR when a more rapid diagnosis is preferred in combina- 
tion with the detection of other agents in the differential diagnosis (Schmutzhard et al., 
2004; Gunson et al., 2006). PCR detection is indicated for these viruses when clinical 
specimens are not suitable for culture or volumes are limited, e.g. Herpes simplex virus 
(HSV) type 1 and 2, Varicella zoster virus (VZV) and human enterovirus detection in 
cerebrospinal fluid (CSF) (Stranska et al., 2004; Rabenau et al., 2002; Rand et al., 2005; 
Petitjean et al., 2006). 
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In many laboratories real-time PCR is performed in adjunct to culture. Though viral 
culture is more specific for certain viruses, its lack of speed and sensitivity justifies replace- 
ment by real-time PCR in routine clinical virology (Schmutzhard et al., 2004; Scheltinga 
et al,, 2005; Templeton et al., 2004; Boivin et al., 2004). The cell culture facilities could 
focus on those samples where no agent has been detected using a wider range of cell lines 
as in 24% of the cases with a clinical diagnosis of pneumonia and 10% of severe pneumonia 
cases in which no etiologic agent can be detected by PCR (Figure 7,2), 

In the near future, a package PCR approach to detect all the relevant pathogens for a 
specific illness might rapidly provide proof of a viral infection so that no antibiotic therapy 
needs to be given or can be stopped. Package multiplex tests for respiratory infections, gas- 
troenteritis, sexually transmitted diseases, and infectious neurological disorders could be 
assembled for eficient diagnosis. However, multiplexing 10- 15 different pathogens using 
current real-time PCR formats is not feasible in routine diagnostics but splitting them up 
into multiplex reactions of three to four targets is (Templeton et al., 2004). Nevertheless, 
to improve the cost effectiveness, there is a strong need for a new generation of technology 
which is rapid, sensitive and can handle high-level multiplexing. 

Applications for clinical bacteriology 
In most clinical microbiology laboratories molecular diagnostics of bacteria was mainly 
restricted to non-culturable and poorly culturable bacteria, such as Chlamydia trachomatis, 
Bordetella pertussis, Bordetella parapertussis, Bartonella henselae and Tropheryma whipplei 

.................... .......... 

.................... .......... 

.................... . . detected 
Mixed ~nfection . . . . . . . . . .  

Conventional Multiplex 

Figure 7.2 Comparison of the laboratory diagnoses in a group of 105 patients with radiograph 
confirmed pneumonia. With conventional methods such as culture, serology and antigen 
detection (left bar) a pathogen could be detected in 49.5% of the cases, whereas using multiplex 
real-time PCR (right bar) this number increased to 76.2%. In 93% of severe cases (grade IV 
and V pneumonia) a diagnosis could be made. Mixed infections were detected in 26.8% of 
the cases by real-time PCR and were associated with more severe disease (Templeton et a/., 
2005). 
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(Sloan et al+, 2005). However, it has become increasingly accepted to use real-time PCR 
assays for the detection of culturable, but slow-growing bacteria, such as Mycobacteria 
tubevculosis complex (Ortu et al., 2006; Takakura et al., 2005; Espy et al., 2006). Implemen- 
tation of M. tuberculosis PCR has been hampered by the fear of false negative results due 
to possible PCR inhibitory factors in sputum samples, False negativity in a patient with 
a clinical diagnosis of tuberculosis can be greatly reduced by testing more samples from 
a single time point and more frequent sampling in time, resulting in improved clinical 
sensitivity. 

For some applications, real-time PCR detection has replaced conventional diagnos- 
tic methods, e.g. the detection of the respiratory pathogens Chlamydophila pneumoniae, 
Legionella pneumoniae and Mycoplasma pneumoniae (Raggam et al., 2002; Morozumi et 
al., 2006; Pitcher et al., 2006; Welti et al., 2003)+ For other targets real-time PCR is still 
performed in adjunct to culture (M.  tuberculosis complex), despite the fact that real-time 
PCR is more sensitive and faster. Culture remains important to determine the antibiotic 
susceptibility of bacteria and to detect a broader spectrum of pathogens. In the case of 
selective culturing for particular bacteria such as Mycobacteria or MRSA, real-time PCR 
can be used for faster screening. Due to the high negative predictive value of PCR, only 
those samples found positive in PCR will subsequently be monitored by culture for confir- 
mation and subsequent antibiotic susceptibility testing. In other instances, culture plates 
have to be analyzed for weeks according to laboratory guidelines to ensure that clinical 
samples are really negative for all the other pathogens not detected by PCR, 

Most bacteria are easily cultured and grow overnight, but in some instances more 
rapid diagnosis by PCR is preferred. Detection of MRSA directly in clinical specimens 
by real-time PCR in adjunct to culture has proven to be faster and more cost-effective in 
comparison to culture alone (Warren et al., 2004); PCR negative patients can be released 
from isolation and surgery rooms can be reopened due to the high negative predictive 
value (NPV) of MRSA real-time PCR, ensuring that nosocomial spread of bacteria has 
not occurred (Nilsson et al., 2005; Fang and Hedin, 2003). In the case of positive MRSA- 
real-time PCR, repeated testing on follow-up samples is indicated as well as confirmation 
by culture to prove that the MRSA is viable. A drawback of this screening assay is the 
false positive results due to the detection of coagulase-negative staphylococci which can 
also carry mecA or methicillin-resistant S. epidermidis, Therefore, new assays with bet- 
ter positive predictive value in addition to high NPVs are required. Other avenues being 
explored include the recently developed MRSA PCR based on the staphylococcal cassette 
chromosome harboring the mecA gene (Francois et al., 2004; Huletsky et al., 2004) and 
detection of additional virulence genes in MRSA (McDonald et al,, 2005). Unfortunately, 
using the scc-mec elements as target elements for MRSA detection also generates some 
false positive results. 

As previously mentioned, real-time PCR will have a prominent role in future STAT 
testing. A clinically valuable application is the rapid real-time PCR detection of group B 
streptococci (Uhl et  al., 2005; Straka et al., 2004) in pregnant women just before delivery, 
SO that only infected women will receive antibiotic treatment and transmission to the 
infant is avoided. Cost benefit studies will ultimately determine implementation of this 
diagnostic assay. 

Future developments in multiplexed real-time PCR assays enabling the simultane- 
ous detection of more pathogens will most likely have an impact on the use of cultures 
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in routine clinical microbiology. Ideal future multiplexed assays will be able to detect all 
clinically relevant pathogens for certain diseases such as meningitis (Uzuka et al., 2004), 
respiratory illness (C. pneumoniae, L. pneumoniae, M. pneumoniae, and also including viral 
pathogens like Influenza virus A and B, h R S v  parainfluenzaviruses type 1-4) (Scheltinga 
et al., 2005; Hind i~eh  et al., 2005; Khanna et al., 2005; Templeton et al., 2004), or sexually 
transmitted diseases (C. tracbomatis, gonococci, Tricbomonas vaginalis, Treponema palli- 
dum, H S V  and HPV). In the latter package, the targets will be divided into a"discharge" 
or "ulcerous" package. Multiplex real-time PCR assays that are able to predict antibiotic 
susceptibility or resistance as an alternative to culture are not to be expected in the near 
future. Therefore, culture will retain its importance for investigating positive real-time 
PCR results. Alternatively, automation of routine culturing as already achieved for blood 
cultures could lead to cost reduction, have additional value with regard to the detection of 
viable pathogens and to determine the antibiotic-susceptibility pattern of bacteria. 

Applications for clinical mycology and parasitology 
Fungi are still rarely detected by real-time PCR in routine clinical microbiology with the 
exception of Aspergillusfumigatus infections in immunocompromised patients (Halliday et 
al,, 2005; White et al., 2006; Bretagne and Costa, 2005; Jordanides et al,, 2005)- Culture of 
yeast is often problematic as well. Pathogens like Pneumocystis jiroveci, the causative agent 
of PCP (Pneumonia caused by I? carinii, its previous name) are diagnosed by real-time 
PCR in many laboratories and these assays have replaced direct staining and microscopy. 
A major problem is the high level of asymptomatic Pne~rnoc~stis carriers resulting in true 
positive results usually with high CT values, Therefore, this assay is often used as a screen- 
ing tool, where positive results are confirmed by staining as well. Again, the high NPV is 
what justifies the use of PCR. 

In general, fungi can be cultured, but they grow slowly. Detection by real-time PCR 
would greatly reduce the turn-around time in diagnosing these infections. For example, 
real-time PCR for dermatophytes used directly on clinical specimens of dun, hair or nails, 
which targeted the conserved 18s ribosomal D N A  and interspacer region would enable a 
fast selection between dermatophyte positive and negative samples and could potentially 
replace conventional culture and fluorescence microscopy. However, implementation of 
this real-time PCR is awaiting comparison studies with conventional methods. The genetic 
heterogeneity of the clinically important dermatophytes complicates a general approach, as 
many different assays may have to be designed. 

Parasites like Plasmodiumfalciparum, Toxoplasma gondii and Entamoeba histolytica are 
to date mainly detected by rapid, direct immunoassays, but real-time PCR has also been 
used. Routine diagnostic applications of real-time PCR have been described in differen- 
tiating infection with Entamoeba histolytica from the benign Entamoeba dispar, which is 
quite difficult by microscopy (Kebede et al+, 2004). Recently, multiplex real-time PCR for 
Giardia lamblia, Entamoeba histolytica and Cryptosporidium parvum has been applied for 
simultaneous detection of these parasites (Verweij et al., 2004). 

Genotype and mutation analysis 
Real-time PCR has been successfully used for the identification of microbial genotypes. For 
HSV detection, different PCR assays have been described (Corey et al., 2005; Stevenson 
et al., 2005). In assays targeting the thymidine kinase gene it is difficult to differentiate be- 



244 1 Claas eta/. 

tween HSV type 1 and type 2 due to the high homology between the nucleotide sequences 
for this gene, Other assays use type-specific primers and   robes which can either be used 
in two single PCRs or a duplex PCR assay (Weidmann et al., 2003; van Doornum et al., 
2003; Ryncarz et al., 1999). In addition, real-time PCR assays have been developed which 
target the DNA polymerase gene using one set of primers and hybridization probes, after 
which HSV-1 and 2 differentiation can be made by melting curve analysis (Whiley et al., 
2004). SYBR" Green I detection can also be used instead of probes, but specificity will be 
reduced, as there is no probe confirmation. Although melt-curve analysis provides some 
specificity, it lacks the stringency of a probe. However, when a suitably heterogeneous target 
for a specific group of pathogens exists, real-time PCR using SYBR Green in combination 
with melting curve analyses will be able to differentiate genotypes, avoiding the need for 
different genotype-specific probes. The use of multiple probes is hampered by the limited 
number of fluorescent labels that can be monitored simultaneously to date. However, 
real-time PCR applications have been able to differentiate between seven different Can- 
dida species (White et al., 2003). Extensive laboratory and clinical evaluation studies are 
required to prove the specificity of the melting temperatures and their diagnostic value. 

Besides genotyping, real-time PCR technology is suitable for the fast and specific 
detection of mutations in microorganisms. This might be of particular clinical interest 
in the area of antimicrobial resistance (McDonald et al+, 2005; Lawson et al., 2005) and 
virulence (Fitzmaurice et al., 2004). A specific mutation (S315T) in the katG gene of M. 
tuberculosis has been associated with high level isoniazid resistance and mutations in rpoB 
gene for rifampin resistance (Kocagoz et al., 2005; van Doorn et al., 2003). A simple real- 
time PCR assay has been described using melting curve analysis of hybridization probes 
which can easily differentiate between the wild-type and mutated katG gene. Alternatively, 
assays employing TaqMan or TaqMan-MGB probes have been successfully developed for 
the same purpose (Lawson et al., 2005; van Doorn et al,, 2003) (Lawson et al., 2005; 
van Doorn et al., 2003). With the increasing use of drugs for either the treatment of or 
prophylaxis against infection, the prevalence of resistance, or our understanding of it, may 
increase in the future; specific PCR assays might contribute to a better prediction of the 
response to therapy, allowing the timely switching to alternative therapies. For simple low 
number nucleotide polymorphisms, real-time PCR can be an option, However, usually 
more mutations are associated with resistance in both viral and bacterial targets (Gilbert 
et al., 2002; Fluit et al., 2001), which will be hard to analyze using real-time PCR probes. 
In those cases, DNA arrays of large multiplex systems like Lurninex beads (Luminex 
Corporation) are better suited as multiple mutations can be detected simultaneously. 

Quantitative applications of real-time PCR in routine 
diagnostics 
One of the major advantages of the real-time PCR is the quantitative nature of the assay. 
Conventional PCR could be used quantitatively through a complicated competitive PCR 
set-up as applied in the commercial Roche COBAS A M P L I C O R  MONITOR assays 
for HIV-1, HCV and hepatitis B virus (HBV). The specific target and a calibrator were 
simultaneously amplified using the same primers, but detected using different probes. The 
ratio of the PCR products was used to quantify the unknown target. This was implemented 
in routine diagnosis and significantly improved patient management. The analytical range, 



Real-time PCR in Routine Microbial Diagnostics 1 245 

however, was limited. The HBV MONITOR assay had an analytical range of 2 x lo2 to 
2 x lo5 copies per ml. In H B V  infections, viral loads of over 1 x lo7 copies are not uncom- 
mon and can only be reliably quantified by diluting the samples and retesting. In real-time 
PCR, the CT value is related to the original amount of target present in the sample and 
an analytical range of lo8 to lo9 can be routinely achieved. As a result, most companies 
are implementing real-time PCR protocols in their commercial kits for quantitation of 
these pathogens. For example, Roche is replacing their successful COBAS AMPLICOR 
lineage with the COBAS TaqMan technology that can be connected .to the automated 
Ampliprep extraction platform via a docking station. This provides a fully automated line 
from sample to result. A similar approach is employed by other companies such as Abbott, 
with a combination of the mlOOO isolation and m2000 amplification units, and Corbett 
Research with the X-Tractor Genem/Rotor-Gene" combination, 

Quantitative PCR (qPCR) is implemented in the clinical microbiology laboratory for 
several applications in which information is provided on the clinical consequences, the risk 
of contagion, and the status of antimicrobial therapy. Although most applications can still 
be found in virology developments in other areas of microbiology are occurring rapidly. 
There are roughly three fields in which qPCR results can be applied for routine diagnosis 
and contribute to patient treatment. First, in patients with chronic infections; second, in 
immunocompromised patients with reactivation of endogenous viruses; and third, in dif- 
ferentiating colonization from infection in commensally present pathogens, provided the 
microbial load has been linked to disease severity. 

Chronic infections 
QPCR is widely used in monitoring chronic infections with HIV, HCV and HBV, Espe- 
cially for HIV, the first target of commercially available quantitative microbial PCR assays, 
the benefits of monitoring the HIV RNA load in plasma have become an important part 
s f  patient management. The well-known kinetics of HIV and the CD4+ cells in an HIV 
infected patient and the effect of highly active antiretroviral therapy (HAART) are shown 
in Figure 3. Patients are monitored frequently to ensure that the viral load is still undetect- 
able or to rapidly identify increasing viral loads that may be the result of replication of a 
resistant virus. With proper medication and the proper attitude of the patient with respect 
to adhering to the treatment regimen, H I V  infection can now be transformed to a chronic 
disease without progression to AIDS. As a result of this improved patient management 
the mortality rate, unfortunately in the Western world only, has decreased significantly. In 
the Netherlands this reduction was from 3.8 to 0.7 per 100 person-years between 1996 
and 2000 (van Sighem et al., 2003) (Figure 7.3). 

Another virus causing chronic infection is HCV In the acute phase of illness, the 
symptoms resemble those of hepatitis A and B infection but the majority of cases will sub- 
sequently convert to chronic hepatitis. In the decades that follow, about 20% of the chronic 
infections progress to cirrhosis and 5% to hepatocellular carcinoma (Heathcote, 2004)+ 
Recent developments, including diagnosing the load of hepatitis C virus in blood, have 
enabled improved therapeutic strategies in patients with chronic HCV infections and liver 
cirrhosis (Saadeh and Davis, 2004). Determining the initial HCV viral load in combina- 
tion with the genotype, permits an optimized treatment protocol with PEG-Interferon and 
ribavirin. The kinetics of the viral load reduction in combination with the HCV genotype 
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Figure 7.3 Natural course of HIV RNA level in plasma and the number of CD4 cells following 
infection with HIV (panel A) and effects on these parameters after initiation of HAART (panel B). 
NB. HIV viral loads value of 0 .001~  1000 copies/ml should actually read "less than 50 Clml," 
which is the limit of detection of the assay. 

provides information on the chance of a sustained response in the patient, predicting a 
long-term suppression of the virus and thus a better prognosis, Genotype 1 viruses require 
48 weeks of therapy with a 50% chance of sustained response, whereas non-genotype 1 
(particularly 2 and 3) viruses have a 90% chance of a sustained viral response after only 24 
weeks of therapy (Hayashi and Takehara, 2006; Thomas, 2006). The reduction of the viral 
load over time predicts the chance of a sustained response or a relapse of the disease. If 
the reduction is too slow, the costly treatment can be terminated early as success is unlikely 
(Lee et al., 2002; Heathcote et al., 2000; Wong et al., 2003; Manns et aL, 2001). 

Quantitative viral load measurements are also used in the treatment of hepatitis B 
virus infections (Gish and Locarnini, 2006; Suzuki et al., 2006). Persistent infections 
can result in chronic persistent hepatitis and eventually liver cirrhosis and hepatocellular 
carcinoma, Treatment with lamivudine and adefovir has been used in clinical practice and 
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its effectiveness is being monitored using viral load data. Recently, resistance to these an- 
tiviral~ has developed and entecavir has been added as a new treatment option in patients 
with lamivudine resistant viruses (Matthews, 2006; Zoulim, 2006). 

Commercial interest has contributed to the availability of reliable diagnostic tests 
for the blood-borne viruses described above. Viral load monitoring has been available 
since the mid 1990s when the HIV assay was launched. Viral load assays for monitor- 
ing blood-borne viruses have since been implemented in most routine virology diagnostic 
laboratories. 

Reactivating viruses 
Introduction 
'The role of real-time PCR procedures in improving microbiological diagnosis is more 
clearly shown in a second group of viruses that reactivate from latency and cause clinical 
complications in immunocompromised patients. 'The main representatives are the members 
of the family Herpesviridae, but human adenoviruses (HAdV) and polyomaviruses have 
also been described as causing post-transplant complications and have therefore become 
important diagnostic targets. Some of these infections can be treated by effective antiviral 
therapy or other treatment options. Patients can be treated in different ways. One approach 
is to start treatment based on clinical symptoms, i.e. to start therapy once complications 
have been observed. Although this can be effective in some cases, sometimes it is too late 
as will be discussed. 

CMV and EBV 
A second approach to administering treatment is the prophylactic use of antiviral therapy. 
CMV infection in immunocompetent individuals can be asymptomatic or result in mono- 
nucleosis-like illness. 'The virus remains latently present in monocytes and can reactivate 
in immunocompromised patients, resulting in fatal disseminated disease in solid organ 
transplant patients with a special tropism for the transplanted organ: hepatitis after liver 
transplantation, gastroenteritis after transplantation of the intestines etc (Manez et at., 
1995; Pate1 and Paya, 1997). These more severe diseases are mainly observed in primary 
infection of seronegative transplant recipients receiving a graft from a seropositive donor, 
Prophylactic use of acyclovir or ganciclovir has resulted in a decrease of symptomatic CMV 
infections in these patients. Additional advantage of this approach is that the treatment is 
also effective for some other herpesviruses such as HSV (Slifkin et al,, 2004). Although 
antiviral prophylaxis is common practice in many countries, it obviously results in un- 
necessary, costly treatment of many patients and increases the possibility of developing 
resistance. Therefore, in our opinion, pre-emptive therapy is the best and most cost-effec- 
tive alternative. 

Until recently CMV pre-emptive therapy was guided by the pp65 antigenemia assay 
which detected pp65 expression on peripheral blood mononuclear cells (PBMCs). 'This 
assay has since been replaced by monitoring CMV DNA in blood or plasma using qPCR 
(Cortez et al,, 2003; ~eruez-Ville et al*, 2003). Thresholds have been defined and included 
in treatment protocols and subsequently the effect of treatment can be efficiently moni- 
tored (Ikewaki et al., 2005; Kalpoe et al., 2004; Mori et al., 2002). 
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For Epstein-Barr virus (EBV) pre-emptive therapy has been successfully applied as 
well. This virus has a seroprevalence of 90% in the normal population and latent virus 
remains present in B-cells. The virus can cause malignant transformation of cells and EBV 
D N A  has been detected in Hodgkin's lymphoma (Gandhi et al., 2006; Gallagher et al., 
1999) and nasopharyngeal carcinomas (Lin et al., 2004; Hong et al., 2004; Lo et al., 1999). 
The result of chemotherapy treatment can be analyzed using qPCR as the EBV D N A  load 
predicts survival' or relapse after chemotherapy treatment. EBV reactivation does not re- 
sult in infectious disease complications but has been associated with post-transplantation 
lymphoproliferative disorders (PTLD) in solid organ transplant patients (Hadou et al., 
2005; Orii et al., 2000) and SCT (Aalto et al., 2003; van Esser et al., 2001). Pre-emptive 
therapy is guided by EBV D N A  load determined by qPCR. Therapy consists of reduction 
of immunosuppression, treatment with anti-B-cell monoclonal antibodies (rituximab) 
or donor lymphocyte infusion and the kinetics of EBV D N A  load is used to determine 
the efficacy (Lankester et al., 2002; Wagner et al., 2004; van Esser et al., 2002). Frequent 
monitoring and reactive treatment of at-risk transplant patients has significantly reduced 
EBV-associated mortality. 

Application of quantitative real-time PCR assays for diagnosing these two herpesvi- 
ruses has been shown to be effective and has been widely implemented in routine diagnos- 
tics. What material should be tested is a matter of continuous debate. Although arguments 
can be provided to test whole blood, as these viruses are PBMC-associated, using plasma is 
common practice in many laboratories (Wagner et al., 2001). Detection in plasma is more 
standardized, especially in SCT patients, as the number of cells in whole blood may vary. 
Secondly, although D N A  in plasma is not a direct indication of active replication, it does 
reflect replication of C M V  and EBV somewhere in the patient, 

Other herpesviruses 
After HIV, herpesviruses have the most treatment options available including the antiviral 
drugs, acyclovir, ganciclovir, famciclovir, cidofovir, foscarnet and other derivatives. As a 
result, most herpes infections will be treated after diagnosis of the virus, these days mainly 
by qualitative, real-time PCR. The group of alphaherpesviruses, consisting of HSV-1, 
HSV-2 and VZV, has a tropism for muco-epithelial cells resulting in clear clinical lesions. 
The viruses may also cause severe and even fatal disseminated infections and encephalitis 
in neonates and immunocomprornised patients, So far, there has not been a role for quan- 
titation of viral loads in the diagnosis of infections by members of the subfamily Alphaher- 
pesvirinae, although some attempts have been made for HSV in CSF (Whitley, 2006). 

For some other members of the herpesvirus family the clinical significance is still 
unclear. Quantitative real-time PCR studies are undertaken to establish their involvement 
in clinical complications in the immunocomprornised patient where they are frequently 
detected. Most data have been generated on Human herpesvirus 6 (HHV-6), discovered 
in 1986 in blood cells and assigned to the subfamily Betaherpesvirinae. HHV-6 can be 
found in T-lymphocytes and N K  cells. HHV-6 is the etiological agent of exanthem subi- 
tum (roseola infantum) which occurs in the first two years of life. The virus can also be 
transmitted congenitally, crossing the placenta and can even be inherited after integration 
in the ~arenta l  chromosomes (Daibata et al., 1999). This integration may play a role in 
long-term clinical consequences (Clark et al., 2006). Severe HHV-6 infections such as 
hepatitis and encephalitis have occasionally been described in immunocompetent patients 
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(Birnbaum et al., 2005; Cacheux et al., 2005; Harma et al,, 2003; Portolani et al., 2005; 
Soto-Hernandez, 2004). In these cases, real-time PCR has been used in the follow-up of 
the patients and has shown a decrease in viral load after antiviral treatment or repeated 
transplantation of the liver. Obviously, with a seroprevalence of approximately 90%, 
HHV-6 reactivation is common and has been reported in 30-50% of SCT patients within 
two to four weeks after transplantation. Reactivation of HHV-6 has been suggested to be 
associated with pneumonitis, delayed neutrophil engraftment and graft versus host disease 
(GVHD), Attributing significance to viral load data has been attempted but more data are 
required to prove the association (Boutolleau et al., 2003; Ljungman et al., 2000). Other 
complications, such as encephalitis, have been reported in isolated cases, and the virus has 
been found in biopsies of renal transplant patients (Gupta et al., 2003; Rayes et al., 2005). 
However, in other studies no significant clinical symptoms have been found in association 
with HHV-6 reactivation (Kidd et al., 2000; Ward, 2005). Quantitative real-time PCR 
can be used to monitor HHV-6 viral DNA load and the effects of treatment (Gautheret- 
Dejean et al., 2002), However, further follow-up studies are required to define the clinical 
implications of this infection. 

Human Herpesvirus 7 (HHV-7) which is closely related to HHV-6, was also initially 
isolated from blood cells and from saliva. Although rarely associated with clinical illness, 
the virus has been implicated as a co-factor for CMV disease in kidney transplant patients 
(Kidd et al., 2000; Osman et al., 1996). Clinically important reactivation has not been 
described in immunocompromised patients (Yamada, 2001; Griffiths et al,, 2000; Pascher 
et al., 2004). 

Human herpesvirus 8 (HHV-8) is a member of the subfamily Gammaherpesvirinae 
and was discovered in the biopsy material of AIDS patients with Kaposi's sarcoma (KS). 
In addition, it has been found in association with a type of B-cell lymphoma and with 
rnulticentric Castleman's disease. Prolonged immunodeficiency results in KS and there- 
fore HAART prevents KS by preventing progression to AIDS in HIV infected patients 
(Cattelan et al., 2005). A prolonged state of immunodeficiency is also induced by chemical 
immunosuppression after transplantation and as a result KS has been found in both solid 
organ transplant patients and SCT patients (Huang et al., 2003; Mitxelena et al., 2003; 
Luppi et al,, 2000; Szende et al., 1997). HHV-8 can be detected in PBMCs from 64% of 
normal children and up to 80% of adults (Kikuta et al., 1997). Disease development is the 
result of reactivation of HHV-8, and using real-time PCR, HHV-8 copy numbers and the 
number of positive cells have been correlated with more severe disease and disease progres- 
sion (Pellet et al., 2002; Song et al., 2004). Quantitative real-time PCR has been used 
to monitor HAART treatment of KS, but also rituximab treatment of HHV-8 related 
lymphomas (Corbellino et al., 2001; Po20 et al., 2000; Song et al,, 2004). 

Adenoviruses 
Adenoviruses are a common cause of infections during childhood and in people in close 
communities where it causes gastrointestinal, respiratory or conjunctival disease which is 
usually self-limiting HAdV result in asymptomatic, latent infections in lympho-epithelial 
tissues with a potential to reactivate in immunocompromised patients. 

Reactivation of HAdVs has been reported to cause dissemination and subsequently 
severe complications in pediatric stem cell transplant recipients as recently reviewed by 
Ison (Ison, 2006). In a retrospective study in a cohort of 328 consecutively transplanted 
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children, 37 cases of HAdV infection (11%) were diagnosed which resulted in 17 cases 
of HAdV-related disease and seven (2.1%) fatal cases (van To1 et al., 2005a; van To1 et al., 
2005b). Once H A d V  dissemination results in clinical complications such as enteritis or 
hepatitis, therapeutic options are limited. Recently, quantitative real-time PCR has been 
added as a tool to improve patient management by monitoring HAdV D N A  loads after 
transplantation (Lion et al., 2003; Heim et al., 2003; Leruez-Ville et al., 2004). As the 
genus Mastadenovirus contains 51 serologically distinct types affecting humans, designing 
a general real-time PCR assay is complicated by the heterogeneity of the viral genome. 
Most primers used today have been selected from the hexon gene and for optimal, catch-all 
analyses multiplex approaches are required (Claas et al., 2005; Gu et al., 2003). 

Another problem in applying qPCR is the lack of standardization. Due to primer and 
probe heterogeneity, viral loads may be subtype-dependent: the presence of mismatches 
in the primer or probe region from a patient with, for example HAdV serotype 31, will 
result in higher CT values and thus lower viral loads if the standard is for a virus with 
identical sequence to the oligos such as HAdV5 (Claas et al., 2005). Despite these draw- 
backs, real-time PCR has been proven to generate valuable information for SCT patient 
management. 

Quantitative real-time PCR showed that once clinical disease became overt, H A d V  
viral D N A  loads of up to 10" copies per ml of plasma could be detected (Lankester et al., 
2002a; Claas et al., 2005). Patients at risk of a disseminated fatal HAdV reactivation could 
be quickly identified. A very powerful antiviral agent is required for treatment of patients 
with a viral load greater than lo1' copies DNA/ml, a 99% reduction of virus load still 
leaves 10' copies per ml. The antiviral agents ribavirin and cidofovir inhibit HAdV repli- 
cation in vitro (Morfin et al., 2005; Naesens et al., 2005) and in animal models (Lenaerts 
et al,, 2005). Although antiviral therapy by ribavirin or cidofovir has been advocated for 
treatment in SCT patients, the effectiveness of treatment has not been convincingly shown 
(Lankester et al., 2004; Naesens et al., 2005; Ison, 2006). The main omission in the stud- 
ies claiming successful treatment is that reduction in viral load itself is no proof of the 
treatment's effectivity as shown in Figure 7.4. High viral D N A  loads can be cleared with 
or without antiviral agent as a result of effective immune reconstitution of N K  and T cells 
(Heemskerk et al., 2005). Thus, data on immune reconstitution together with HAdV load 
should be used to guide optimal treatment of the patient, Detection of HAdV D N A  as a 
tool for predicting and preventing complications by H A d V  infection should be performed 
quantitatively. D N A  viremia without symptoms is not uncommon and therefore a thresh- 
old of lo3 copies/ml plasma in the absence of immune reconstitution has been defined as 
a starting point for pre-emptive therapy. In clinical practice, effective treatment consists of 
tapering immunosuppression or donor lymphocyte infusion (van To1 et al., 2005a; Ison, 
2006). In monitoring its effects, qPCR provides the objective data on the effectiveness of 
this treatment by showing reduction of HAdV D N A  load with time. 

Polyomavirus, BKV 
BK virus (BKV) is another DNA virus that has been included in routine screening proce- 
dures mainly in follow-up of renal transplant patients. This polyomavirus was first isolated 
in 1971 from the urine of a renal transplant patient and although the mode of transmis- 
sion is unknown, seroprevalence of up to 100% has been reported (Reploeg et al., 2001). 
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Figure 7.4 Use of qPCR to monitor HAdV viral load (solid lines) in the course of dissemination 
of HAdV and the effects of antiviral treatment in pediatric SCT patients. Panel A shows patient 
1 who received ribavirin from week 4 to 7 which was apparently effective in decreasing the 
HAdV DNA load and permitted subsequent engraftment as shown by the increased number 
of lymphocytes (dashed line). However, patient 2 (panel B) shows clearance of HAdV without 
antiviral treatment but in combination with immune reconstitution and patient 3 (panel C) is a 
fatal case of HAdV dissemination despite treatment with ribavirin and cidofovir for 10 weeks, in 
the absence of immune reconstitution (Lankester et al., 2002; Heemskerk et a/., 2005) 



BKV has a clear tropism for the genitourinary tract and in immunocompetent individuals 
some cases of cystitis have been reported. Hemorrhagic cystitis in bone marrow transplant 
patients has been associated with increased BK viral loads in urine (Priftakls et al., 2003; 
Azzi et al., 1999) and plasma (Erard et al., 2005) as determined by real-time PCR. A 
variety of predominantly renal complications have been found in immunocompromised 
patients (Wu et al,, 2006). BKV nephritis usually develops around 9 to 14 months after 
transplantation of the kidney and the majority of cases of BKV associated nephropathy 
(BKVN) develop within a year of transplantation with a prevalence of 1 to 10% (Hirsch 
et al., 2001), BKV reactivation has been described as the cause of graft loss in kidney 
transplant patients, but with an unknown prevalence (Wu et al., 2006). 

Traditional diagnosis of BKV infection or reactivation is made by cytological detec- 
tion of so-called "decoy cells" in urine. However, these cells with an enlarged nucleus and 
basophilic inclusions can also be present without clinical symptoms, A definitive diagnosis 
of BKVN relies on the detection of BKV associated pathology of the kidney (Drachenberg 
et al,, 2004; Drachenberg et al., 2001). 

QPCR assays have been developed for monitoring BKV DNA in urine, blood and 
biopsies from renal transplant patients. Viremia as well as viruria is common (Bressollette- 
Bodin et al., 2005). BKV DNA can be detected in urine prior to detection in plasma but 
the presence of BKV in urine or blood does not always result in BKVN (Randhawa et al+, 
2005; Si-Mohamed et al., 2006)+ Again, thresholds may have to be defined to determine 
an increased risk of developing BKVN (Priftakis et al., 2003; Azzi et al., 1999; Herman et 
a[,, 2004; Randhawa et a[., 2004). In biopsies, all BKVN cases had more than 59 copies of 
BKV DNA per cell but clearly biopsies are too difficult to obtain to use them for screening 
procedures. Although serum or plasma have been used as screening material to identify 
patients at risk for BKVN (Randhawa et al., 2004; Limaye et al., 2001)) recently combined 
urine and plasma screening were recommended for this diagnosis. Detection of viral loads 
of 1 x lo4 copies/ml of BKV DNA in plasma and 6.5 x lo5 copies of VP1 mRNA per ng 
of total RNA in urine for more than three weeks is considered highly suggestive of BKV 
infection therefore screening every two to four weeks is recommended (Hirsch et al., 
2005). 

QPCR has been shown to be effective in monitoring the effect of treatment. BKV 
viral loads decline after the reduction of immune suppression or following nephrectomy. 
Antiviral treatment of nephritis and nephropathy by cidofovir were accompanied by the 
reduction of BKV DNA loads (Hirsch et al., 2001; Randhawa et al., 2002). Cidofovir 
has in vitro activity against polyomaviruses (Andrei et al., 1997) but its nephrotoxicity 
makes its use controversial in patients with renal complications, However, it has been used 
successf;lly and low dose treatment is recommended (Hirsch et al,, 2005). Another agent, 
leflunomide, also has in vitro activity against BKV and may be another option for antiviral 
treatment (Josephson et al., 2006). 

Standardization 
Quantitative real-time PCR has proven to be a valuable addition in managing reactivating 
viruses in the immunocompromised patient, first by assessing the risk of infection and 
secondly by monitoring the effect of intervention. In addition, the assays will play a role in 
further elucidating a potential etiology for some of the viruses in post-transplant complica- 
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tions. However, in the broad implementation of these assays, better standardization of 
the reference materials used for quantitation is required. The World Health Organisation 
(WHO)-defined standards for HBV, H C V  and parvovirus B19 have been made available, 
resulting in standardized reporting of the viral loads for these agents (Saldanha et al., 2001; 
Saldanha et al,, 2005). In reporting viral loads of all other viruses, the load is calculated on 
the basis of many different standards including cultured virus titers, electron microscopy 
determined virus particle numbers and plasmid DNA copies. As a result, defining clinically 
important thresholds is nearly impossible and is laboratory dependent. Although some 
standardization can result from participation in well-defined proficiency panels, even the 
standards from these panels are no universal reference. This is an important issue to keep 
in mind when defining thresholds for initiating pre-emptive therapy. 

Infection versus colonization 
Real-time PCR was shown to improve the diagnosis of community acquired pneumonia, 
mainly by improving the detection of atypical bacterial agents and viruses (Templeton et 
al,, 2005)+ Streptococcus pneumoniae and Haemophilus injuenzae are a main cause of severe 
pneumonia, as was shown in this study as well. These bacteria were diagnosed by conven- 
tional bacterial culture which is fast and simple for these pathogens, However, for a uni- 
form approach, molecular detection of these agents has been considered. This application 
is complicated by the fact that there is a high level of colonization of these pathogens in the 
population, resulting in positive PCR results in healthy controls. Quantitation has been 
advocated as the key to successful diagnosis of these infections (Kais et al., 2006). Based 
on the quantity of pathogen detected, infections may be differentiated from colonization. 
Because the median load in infected patients is higher than the median load in colonized 
controls, the diagnosis in the individual patient is complicated by the overlapping CT values 
(due to a high degree of variation in CT values in both groups) resulting in inconclusive CT 
values and subsequent microbial load (K.E. Templeton and E.C.J, Claas, unpublished). 

Similar problems are observed when detecting group B streptococci in pregnant 
women (Honest et al., 2006) or Pneumocystis jiroveci as a cause of pneumonia (Larsen 
et dl., 2002). Quantitative detection gives a clear impression of the status of the presence 
of the microorganism, but it cannot be considered conclusive. In the latter applications, 
it is mainly the high negative predictive values of the assays that are used in the routine 
microbiology laboratory* 

Conclusions 
The famous journal Science named the heat-stable Taq D N A  polymerase that PCR em- 
ploys, as its first "Molecule of the Year" in 1989. It was not until 1992 that the first com- 
mercial tests, the COBAS AMPLICOR Chlamydia trachomatis Test (CT) and later the 
COBAS AMPLICOR HIV-1 MONITOR Test were introduced outside of the United 
States. Dr. Kary Mullis received the Nobel Price for Chemistry for PCR technology in 
1993. Since molecular diagnostics seriously entered routine clinical microbiology only a 
decade ago, the developments have been rapid and revolutionary (Gilbert, 2002). In fact, in 
the majority of routine clinical microbiological settings, "conventional" PCR is considered 
out-dated and has been replaced by real-time PCR technology. This technological shift is 
promoted by the many industries providing test systems for molecular diagnosis and all 



254 1 Claas et a/. 

new developments are directed toward detecting infectious diseases in real-time, Detection 
of any target for which the sequence is known can be achieved by real-time PCR (Espy et 
al., 2006). The many different applications and advantages of using real-time PCR have 
been outlined in this and the other chapters. In this part, we have focused on molecular 
diagnostics in routine microbiology laboratories. Clearly, real-time PCR has become an 
important tool in the diagnostic laboratory and has rapidly conquered a central role in 
the laboratory, with increased sensitivity and results in a relevant timeframe as the major 
advantages. 

Development of real-time PCR, like many other new developments, has been acceler- 
ated by war and terrorism, resulting in, for example, portable machines for real-time PCR 
analysis (Holland and Kiechle, 2005). The Cepheid SmartCyclerTM is a commercially avail- 
able combination of 16 individual thermocyclers designed by the US Army. The handheld 
advanced nucleic acid analyzer (HANAA) is a portable real time thermal cycler unit 
conducting rapid heating and cooling of plastic reaction tubes, sufficient for four simul- 
taneous reactions. Although the system is specifically employed to detect bioterrorism- 
related outbreaks of anthrax, it is also used for the detection of other bacterial pathogens 
(Higgins et al., 2003). However, one can easily imagine that portable machines will also 
be used at the bedside in clinical settings, increasing the speed of laboratory diagnosis. 
In fact, the developments in miniaturized portable machines are progressing rapidly and 
there are several portable machines (e.g. RAPID (ruggedized advanced pathogen identi- 
fication device; Idaho Technology Inc., U.S.A+) on the market (Spitzack and Ugaz, 2006; 
Song et al., 2006; Liao et al., 2005). One feature of the RAPID system that makes it 
particularly attractive is its web-enabled software and potential for wireless broadcast that 
allows transmission of data in real-time from the analysis site back to a command centre 
(specialized laboratory). 

For application in routine diagnostics, it is important that all new developments in 
technologies run in parallel, and include: (i) advances in D N A  and RNA automated 
extraction and purification, (ii) improved target detection, including instrument technol- 
ogy and primer/probe design and (iii) high-throughput as well as small-scale analysis. An 
increasing number of large industries are becoming players in this market, Apart from the 
"old diagnostics firms such as Roche, Abbott, bioMerieux and Bayer, less conventional 
industries are moving into this area, such as Philips, General Electric and Siemens, who re- 
cently acquired Bayer. Their experience and know-how in electronics and medical systems 
may provide new impacts and strategies for molecular diagnosis of infectious diseases. For 
Philips a further area of research in the field of molecular medicine is the'klectronic blood 
test" using a chip (biosensor). Until very recently, patients who are suspected of having 
meningitis had to wait for up to three days for the test results, Molecular diagnostics now 
allow the genetic detection of the pathogen to be determined within half an hour. This 
means that, instead of prescribing broad-spectrum antibiotics, targeted treatment can be 
started immediately, resulting in a shorter treatment time. 

In a large number of clinical microbiology laboratories almost 80% of clinical virology 
is already based around molecular diagnostics. As progress in technological development 
is extremely fast, the importance of molecular diagnosis for the whole field of clinical 
microbiology is increasing. Improved knowledge of host genetic factors that influence 
the severity of infection and or disease will make microbiological diagnosis a multidis- 
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ciplinary field. The speed, sensitivity, specificity and information from other areas will 
have an enormous impact on hospital logistics, and laboratories should be prepared for 
these new advances in the diagnosis of infectious diseases. In fact, diagnosis of infectious 
diseases will become more and more complex. New technologies will provide further 
information on the pathogen and the patient. Diagnosis and treatment will not only be 
based on multiplex detection of the pathogen in relation to the clinical picture. Additional 
information will be collected on the virulence of the pathogen and its susceptibility to 
treatment options, but also the susceptibility of the patient to the pathogen and the pa- 
tient's pharmacogenomic make-up and even pathogen and patient-related environmental 
factors. All this information will be combined together and result in optimal, individu- 
alized treatment protocols for accurate treatment of the infection and the disease. Until 
that can be achieved, the number of applications of real-time PCR in routine microbial 
diagnostics will further increase. Molecular diagnostics and especially implementation of 
real-time PCR has significantly contributed to the development of the medical microbiol- 
ogy laboratory by providing sensitive diagnostics for the patient in a clinically relevant 
time-frame. 

Future trends 
'The field of molecular diagnostics is evolving rapidly. An important step in its further 
maturation is ongoing automation by coupling automated extraction procedures to real- 
time PCR amplification. Especially further standardization of extraction procedures is an 
important issue. Although so-called "total nucleic acid" isolations are available, different 
samples may still require different pre-treatment steps. For example, in a multiplex real- 
time PCR gastroenteritis panel, uniform procedures can simultaneously amplify viral, 
bacterial, and parasitic targets, once the nucleic acid is isolated, However, to recover DNA 
from the cysts of parasites, obviously more stringent methods are required than in releas- 
ing RNA from noroviruses. A universal protocol may be very hard to achieve. For this 
reason, many companies use separate kits for the isolation of RNA, DNA and for difficult 
samples. Standardization in this part of the procedure would mean a giant leap forward in 
automating and therefore streamlining molecular diagnostics. 

Apart from real-time PCR technology, multitarget detection devices are ready to be 
used in microbiology as well. 'Theoretically multiplex PCR of many more targets than 
the current maximum of six in real-time PCR can be achieved, 'Thousands of targets can 
be detected in microarrays (Bryant et aI+, 2004), and in a system employing the xMAP 
technology (Luminex corporation) theoretically 100 different targets can be differentiated. 
Although microbiological applications are possible, both approaches lack sensitivity for 
detection of pathogens directly in clinical material. Therefore, as they both represent post- 
PCR, end-point detection systems after labeling/ampIification, they are actually a step 
back from real-time PCR. 

Designing a four-target multiplex real-time PCR without reducing the sensitivity for 
each of the individual targets requires extensive analysis of interactions between all prim- 
ers and probes. Retaining sensitivity in a multiplex for 40 targets will be a huge challenge. 
When all the primers are present alongside DNA from clinical material including human 
chromosomal DNA, non-specific PCR products are likely to be generated and will reduce 
the efficiency of the PCR. 
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Nanotechnology is another promising application in molecular diagnosis. Smaller, 
faster platforms can be applied for real-time PCR. Reaction volumes of a few microliters 
or even nanoliters (BioTrove, BioTrove Inc., Woburn, USA) can be subjected to real-time 
PCR amplification. Most likely, these are of limited value for application in detection of 
pathogens due to the simple fact that, because of the small input volume of nucleic acid 
into the amplification, the sensitivity will be too low. Indeed, if using smaller input vol- 
umes, one needs more copies/ml to avoid false negative results, In the isolation procedure 
for clinical samples, a certain amount of buffer is required for the elution of nucleic acids. 
An input of 1 nanoliter of nucleic acid into the nano-application would require at least 
1 copy to be present in every nl of the eluted nucleic acid from the clinical sample. If 
the elution volume is for example 50 pl (= 5 x lo4 nl), 5 x lo4 copies would have to be 
present in this 50 p1 of eluted nucleic acids. Depending on the input of clinical sample, the 
sensitivity would be 5 X lo4 C/ml if 1 ml of plasma was used, or with an input of 200 pl of 
plasma 5 x 5 x lo4 = 2.5 X lo5/ml. With the current qPCR approaches, sensitivities of 50 
copies per ml can be achieved. Other, even more advanced, technological developments are 
in progress in which pathogens can be detected without any need for amplification using 
nanotechnology. 

A major new direction is single molecule detection, using single molecule spectros- 
copy by, for example, scanning probe microscopy (SPM). In fact, new technology in which 
automated extraction is coupled to portable detection systems will advance us into a new 
diagnostic dimension. 

Eventually, diagnosis of microbial infections may become a bedside activity with results 
available for immediate measures to be taken. Microbiological expertise remains required 
for a proper interpretation, i.e. the clinical impact, of these results, 
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Web resources 

SPM 
http://www.mobot.org/jwcross/spm/ 
Information on Scanning probe microscopy 

RAPID 
http://www.idahotech.com/rapid/index.html 
'The Ruggedized Advanced Pathogen Identification Device (RAPID), an instrument us- 
ing LightCyclerm Instrument technology. A portable, impact resistant instrument based on 
Lightcycler technology, allowing field identification of pathogens. 

Luminex  corporation 
http: / /www.luminexcorp.com/ technology/ 
xMAP technology: high throughout detection of multiple targets. 
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httP://www.arrowtechinc.com/bio%20seeq.htm 
Example of Handheld Advanced Nucleic Acid Analyzer 

In vitro diagnostics (IVD) 
http://www+fda.gov/cdrh/oivd/regulatory-overview.html 

Overview of how the US Food and Drug Administration regulates IVD. 

QCMD 
http://www.qcmd.org/Index2.htm 
Quality Control in Molecular Diagnostics: proficiency panels for laboratories performing 
routine molecular microbiological testing, 
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Challenges Facing Real-time 
PCR Characterization of Acute 
Respiratory Tract Infections 
Ian M. Mackay, Katherine E. Arden, Michael D. Nissen, and 
Theo P. Sloots 

Abstract 
The age of reliance upon in vitro cell culture for routine laboratory diagnosis of respiratory 
virus infections has well and truly passed. We are much more comfortable with the ap- 
plication of molecular methods to detect and characterize the most common and frequent 
infectious agents of humans. The increased acceptance of molecular tools is not at the 
complete expense of other biological or serological methods; they will always have a place 
in microbiology, however the era of the high-throughput laboratory has driven the use of 
faster, more sensitive and more specific methods to diagnose viral pathogens, Unfortunately 
these methods have some inherent limitations and the use of molecular techniques poses 
a number of serious problems to overcome, especially apparent in the area of respiratory 
virus detection and characterization. The scope and diversity of respiratory viruses mean 
that scientists in this field have to design and evaluate their own assays "in-house" because 
commercial options are extremely limited. 

The question of our ability to reliably detect so many viruses and so much subtle 
nucleotide variation is at the forefront of assay design and implementation problems, and 
we must address this aggressively. We are also faced with the extreme difficulty of quantify- 
ing respiratory viruses from essentially acellular fluids, secreted from within the host onto 
its surface (albeit a humid, highly convoluted invagination housed within our body) which 
we sample using a variety of collection methods. Quantification is further complicated by 
issues of specimen quality, handling and storage. Recently, the appearance of newly identi- 
fied viruses, or NIVs, have both challenged and stymied respiratory virus real-time PCR 
assay designers and will undoubtedly continue to do so into the foreseeable future. We 
also see that real-time PCR cannot be used in isolation; for maximum success it must be 
accompanied by nucleotide sequencing, phylogenetic analyses and constant vigilance over 
the relevant literature. There is also a driving need to delve into the increased co-detection 
of multiple viral sequences and the ill-defined impact of quasispecies variation on oligo- 
nucleotide design. Real-time PCR is a mature technology and an extremely useful one for 
the study of acute respiratory tract infections yet it is not the perfect tool. In the meantime, 
we have much work to do in order to make best use of what we have available today. 
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Introduction 
Acute respiratory tract infections (ARTIs) are the most common infection of humans 
and have been recorded throughout history. ARTls most frequently occur among children 
where they cause an average of two to twelve episodes of illness per annum with a 20 to 
30% chance of lower respiratory tract infection (LRTI) developing in any  articular year 
(Glezen et al., 1971; Wright et al., 1989; Kusel et al., 2006). Viruses are the most frequently 
detected microorganism associated with ARTIs and yet the most common; and also some 
of the first discovered, remain poorly characterized, Rapid diagnosis of infection byl'respi- 
ratory viruses" can mean the difference between limiting the severity of an illness by rapidly 
deploying supportive measures in a hospital environment, or having to undertake invasive 
clinical and laboratory investigations and toxic"shotgun'' therapies to manage advanced ill- 
ness, It is clear that ARTIs are responsible for a sizable drain on health care budgets, both 
at the level of the individual and the state. 'Ihe financial burden is recognized not simply in 
terms of patient and family costs (e.g+ prescription and non-prescription medications and 
general visits) but also health care sector costs (e,g. drug and consultation 
subsidies, specialized hospital equipment ~urchases and emergency department resources) 
and other, no less important costs (e.g, time spent away from the carer's usual activities or a 
reduction in the efficiency of their performance). As any parent of a sick child will know, it 
is not long before the household's little index case has company* However the parent often 
does not know the identity of the virus(es) associated with the illness, the likely method 
of transmission, how long ago the infection was acquired, how often this or a similar virus 
rnay infect their children and when a drug to treat the infection or a vaccine to prevent its 
acquisition will be available. Addressing these questions hinges upon the comprehensive 
characterization of every virus involved in ARTI and molecular methods play an essential 
role in this task, 

Laboratory diagnostics and retrospective and prospective epidemiology studies follow 
characterization, aided by a mix of other molecular, serological and in  vitro cell culture 
techniques. If a thoroughly characterized virus attracts enough attention due to its high 
prevalence, the severity of its associated illness or the rapidity of its emergence and spread, 
it may become the focus for antiviral or vaccine development projects. But everything relies 
upon the accurate initial detection of the virus(es). 

Most of the viruses present in patients with ARTI have an RNA genome, e.g. the 
human coronaviruses (HCoVs; 2298, OC43, NL63 and HKUI) ,  picornaviruses (rhi- 
noviruses and enteroviruses) and paramyxoviruses (human respiratory syncytial virus, 
human metapneumovirus, measles virus, and parainfluenza viruses). Most prominent are 
more than 100 antigenically distinct human rhinoviruses (HRVs). The respiratory viruses 
have been assigned pathologic characteristics in ARTI based on the diagnostic techniques 
of the day and these roles have since become dogma; "HRVs and HCoVs cause upper 
respiratory tract infection (URTI; e.g. the common cold)," "human respiratory syncytial 
virus (HRSV) is the most common cause of more severe and costly LRTIs resulting 
in illness,'' particularly bronchiolitis, but also including wheezing, croup, bronchitis and 

pneumonia; influenzavirus type A (IFAV), influenzavirus type B (IFBV) and many other 
viruses induce a clinical syndrome-"influenza-like illness"-basically described as fever, 

cough and fatigue. Culture and immunofluorescence methods are seemingly still used by 
some as the front line diagnostic approach for studies of acute respiratory illness, supple- 



Real-time PCR and respiratory viruses 1 271 

mented by PCR assays in an apparently ad hot fashion (Garbino et nl., 2004b; Chiu et al., 
2005; Scheltinga et al., 2005; Sumin0 et al., 2005). In practice such a spectrum of testing 
may simply indicate that additional investigations for a new pathogn employing the most 
modern techniques available at the time made use of a previously tested, well-defined 
frozen specimen population. But there are also those studies which have not looked for 
one or more important respiratory viruses, weakening associations made between the 
targeted virus and any illness in the study population (Heim et al., 2003; Oosterheert et 
al., 2005; van der Hoek et al., 2005; Bouscambert-Duchamp et al., 2005; Agapov et al., 
2006). Occasionally studies focus on the function or novelty of the particular real-time 
PCR assay, which is laudable, unless they also extrapolate from the data an association 
between viral load and signs and symptoms of illness for a specimen population that has 
been incompletely screened for all likely microorganisms (Heim et al., 2003; Hamelin et 
al., 2005). 

It would be worthwhile re-examining partially tested specimen populations with 
modern molecular methods to update these data for all other possible respiratory viruses, 
no matter how innocuous we may currently perceive them to be, If such testing is not 
performed either in retrospect or prospectively, it will forever remain difficult to apply an 
overall clinical severity ranking to respiratory viruses since their prevalence of infection, 
seasonal distribution, spectrum of associated symptoms and thus the precise role of the 
virus in disease will not have been accurately defined, 

The literature is clear in defining classical diagnostic assays as less sensitive than the 
current molecular tests and this can be further seen in Table 8.1 where real-time PCR 
assays can be up to 100-fold more sensitive than i n  vitro culture methods (Garbino et 
ul., 2004a; Templeton et al., 2005; Gunson et al., 2005; van Kraaij et al,, 2005). As the 
frequency of these assertions increases, it is now time to address the question of what im- 
pact additional detections have on patient outcome, i+e. to re-visit our definition of clinical 
relevance for all respiratory viruses in light of the increasing rate of laboratory diagnoses 
using PCR technologies. 

In this chapter we aim to list and discuss those troublesome issues specific to the 
development and application of real-time PCR methods to detect viruses associated with 
ARTI, whether their role as pathogens is clearly demonstrated or not, Most of these assays 
are developed "in-house" since the vast number of respiratory viruses, the assignment of 
many viruses to a category of mild disease-causing potential, and the rate at which new 
viruses are being found has limited the development of comprehensive commercial diag- 
nostic solutions. The mission of the current generation of researchers and assay developers 
should be to create and employ new tools to enhance our ability to diagnose all respiratory 
viral infections, without preconception, and to better understand the impact of each virus 
on clinical illness. If we do not update our knowledge and our diagnostic capabilities, we 
may be forced to play catch-up after the discovery or emergence of more life-threatening 
respiratory viruses, 

Pedantry and PCR 
In every speciality there are those who like to ensure the correct use of language in order 
to convey the proper message. Some reject such focused, academic correctness as un- 
necessary. We believe that real-time PCR for respiratory virus study engenders a number 
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of situations where clarity is very important, especially because the assays generate data 
that are interpreted by both the scientific and clinical communities; terminology must be 
identifiable for each group. Therefore to aid the process we will touch on some terms that 
can be a cause for dispute when preparing or reviewing manuscripts. 

As a result of the PCR process we produce a single amplified species representing the 
target nucleic acid sequence which we call the "amplicon." We have no way of determining 
the re~licatiile status of the virus from the ~roduction of an amplicon, We cannot even say 
with certainty that the template was detected from an intact virion; the target may have 
originated from intracellular viral fragments phagocytosed into a host cell, or amplified 
from nucleocapsid protein-associated free RNA. In short we cannot say from a positive 
PCR result that a patient is currently "infected" (invaded by and hosting the replication 
of a virus; without regard to the host's clinical status) by the respiratory virus of interest. 
What we may state is that the viral RNA or DNA has been "detected in the patient's 
specimen. Similarly, if we have multiple PCR positives from the one patient specimen, we 
cannot say that the patient has a "co-infection," rather the results indicate "co-detection" of 
the viral RNA or DNA templates. We can also say little about the clinical impact of that 
detection when it occurs from a patient with illness that manifests at a different anatomical 
site. For example, nasopharyngeal aspirates and swabs are specimens frequently used for 
respiratory virus screening, but a positive in one of these upper respiratory tract (URT) 
specimens collected from a patient with a clinical diagnosis of bronchiolitis or some other 
illness associated with the lower respiratory tract (LRT; Figure 8.1), may not alone be used 
to define an association between bronchiolitis and the target virus. Such an association 
may be suggested but until the virus is found to replicate in that particular tissue, prefer- 
ably causing some sort of disruption of the tissue that would attract the attention of a local 
immune response, no stronger link can be made. It is important to discriminate correctly 
since it is possible that an immune reaction triggered by viral infection in the URT could 
indirectly affect the LRT, eliciting signs and symptoms of infection in the absence of acute 
viral replication in that tissue (Vile et al., 1995). 

A confusing if not exasperating habit in the real-time PCR literature is to define two 
pairs of primers used in the same reaction vessel, or even one pair with two oligoprobes, as 
a "multiplex PCR assay." While strictly true, it is not in keeping with the spirit of the no- 
menclature established by conventional multiplex PCR assays which earned the multiplex 
title by detecting and discriminating six to eight microbial targets from a single reaction 
(Quereda et al., 2000; Coiras et al., 2003; Mackay et al., 2003a; Syrmis et al., 2004; Coiras 
et al., 2004; Mackay et al., 2006b). Further detracting from the term is the fact that some 
multiplex real-time PCR assays only detect one target microorganism and an unrelated 
internal control. We propose and support the use of"dup1ex" to describe such assays, with 
three or more microbial targets truly deserving of the multiplex real-time PCR assay label. 
The distinction is not a trivial one; there have been few truly multiplexed assays reported 
for respiratory viral diagnostics, and seriously addressing this deficit is long overdue. 

The next issue concerns the large number of "quantitative" real-time PCR assays that 
are performed in the absence of an internal control or without a method to account for 
inter-tube fluorescence variation due to pipetting errors, reagent batch changes during as- 
say setup or non-specific fluorescence quenchers present in the purified specimen. Because 
of these short-comings, such assays should really be called semi-quantitative because un- 
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Figure 8.1 A schematic representation of the human respiratory tract. The upper and 
lower respiratory tract (URT/LRT) and the components of the ear are indicated as  are major 
anatomical sites of interest. Beside the schematic are the approximate locations of upper and 
lower respiratory tract diseases associated with infection by respiratory viruses. *Recurrent 
attacks of shortness of breath and wheezing due to spasmodic contraction of the bronchi 
attributed to infection. 

controlled real-time PCR is not an innately quantitative technique. The truly quantitative 
assays are well-controlled with standards chosen to reflect the target organism. As we will 
discuss later, quantifying respiratory virus templates may not be possible in any case so this 
is a contentious point, nonetheless it should be made clear from the outset. 

Phylogeny is increasingly being used to subdivide respiratory viruses into groups 
which may circulate differently or have unique disease-causing potential. However the 
terminology to describe these groupings is often confusing. Over recent years we have 
tried to standardize the terms we use in publications as follows. A virusl'type" and"subtype" 
are so called because there is some phenotypic evidence of difference such as serologically 
confirmed antigenic distinctiveness or a difference in cell tropism or in vitro cultivation 
efficiency. A nucleotide sequence-derived distinctiveness can better be characterized us- 
ing the terms "lineage" and "sub-lineage" to suggest unproven groupings that are visualized 
by molecular epidemiology studies employing phylogenetic trees. We are also defining a 
viral "strain" for use in this chapter, as that instance of a virus represented by consensus 
sequence(s) obtained from a single patient specimen or culture isolate. As we will discuss 
later, a strain may itself represent a swarm of subtlety different quasispecies. Multiple strains 
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can be grouped into sub-lineages and lineages which form the viral species. Of course, one 
should always remember that lineages, sub-lineages, strains, branching patterns and even 
viral species are only artefactual aids to satisfy our human need to impose classification 
schemes. The virus is quite unaware of its place in the world-and of everything else. 

Respiratory virus discovery: new identification of old viruses 
Since the turn of the recent century, human respiratory virus discovery has undergone a 
renaissance with new identifications among the families Paramyxoviridae, Coronaviridae, 
Polyomaviridae and Parvoviridae revitalizing an area of research at its most vital more than 
half a century ago. Additional studies of many of these newly described viruses have identi- 
fied them in the majority of geographic locations they have been sought, often demonstrat- 
ing discrete circulation patterns which have surely been recurring for a long time. 

Most of the recent respiratory viral discoveries do not meet the extensive criteria 
defined by Morse and others to describe an "emerging" virus and therefore in a general 
sense they remain untitled (Murphy and Nathanson, 1994; Morse, 1995; Morse, 1997). 
Specifically, the viruses have not arisen from a breakdown in public health measures nor 
as a result of high risk, but age-old practices (such as exotic animal markets); they have 
not appeared due to changes in technology (apart from that used for viral diagnosis); they 
have not been generated by recent mutation, recombination or reassortment, nor because 
of ecologic or environmental reasons, Population movement and changes in density do not 
explain the appearance of these viruses and they have not appeared from obscurity into 
the human population because of recent transmission and adaptation of an animal disease 
from its natural host to a human host (a zoonotic event; although they may have been 
"remote" zoonoses (Twiselton-Wykeham-Fiennes, 1978)). The significance of a link to a 
zoonotic event is that most emerging viruses are zoonotic pathogens (Taylor et al., 2001; 
Woolhouse and Gowtage-Sequeria, 2005). Since many of the circumstances which lead to 
zoonoses are increasing, emerging viruses will also continue to appear and play a significant 
role in human infection, creating more challenges for real-time PCR design (Morse, 2004). 
Nevertheless, unlike the emerging viruses, interest in recently identified viruses was not 
sparked by a sudden increase in local or global prevalence, nor was it due to the release of 
bioterror agents; in fact indications suggest that these viruses are endemic within the hu- 
man population (Taylor et al., 2001). Because of these many differences, recently identified 
respiratory viruses deserve a more discerning title which better describes their endemic 
nature and implies a method of discovery, while also discriminating them from the truly 
emerging respiratory viruses. So how should we define these viruses and is there sufficient 
need to add new terminology to a field scattered with conjoined words and three and four 
letter acronyms? Most certainly there is a need and we propose that such viruses should be 
grouped into a category called "newly identified viruses" (NIVs), a description which also 
hints at the dependence on modern, non-classical techniques to identi+ and characterize 
them while avoiding any suggestion of recent zoonotic involvement. Some viruses previ- 
ously ca1led"emerging" could easily be re-classified as NIVs, including human herpesvirus 
(HHV)-6 and 7 and parvovirus B19 (Morse, 1997). How long a virus should be labeled 
a NIV is probably the topic for another book but new terminology may be useful to avoid 
incorrect use of the emerging virus label as occurs now (Su, 2004; Williams, 2005). The 
distinction would also lend greater weight to those viruses that truly are emerging and 
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which often cause acute, clinically distinctive and worrying disease outbreaks. A new 
definition would also better describe the renewed interest in searching for undiscovered 
endemic respiratory viruses. 

Many NIVs associated with the respiratory tract (respiratory N I V ~ )  have attracted 
the attention of scientists from all around the world and none more so than the human 
metapneumovirus (HMPV), which rocketed from an unknown pathogen until 2001, to 
an acknowledged major cause of ARTIs, in particular of LRTI, among children (van den 
Hoogen et al+, 2001; Fouchier et al., 2005). PCR has played the pre-eminent role in stud- 
ies of HMPV and other NIVs including HCoV-NL63, HCoV-HKUl and the human 
bocavirus (HBoV) mostly because NIVs cannot be simply cultivated but also because it 
is a more objective, specific and less specialized technique than the isolation of respiratory 
viruses using in  vitro cell culture, making it more accessible to a greater number of diag- 
nostic laboratories. The explosion in reports following the first description of each NIV in 
recent times can be in part attributed to wider access to, and an increased understanding 
of, real-time PCR technologies. PCR is frequently employed to determine the prevalence 
of NIVs in study populations (where the homogeneous nature of real-time PCR is espe- 
cially appreciated to avoid contamination that may falsely raise the apparent prevalence), 
for nucleotide sequencing and to amplify genes and gene fragments for cloning, reverse 
engineering and for individual gene expression studies. Sequencing has proven particularly 
useful to describe genetic relationships between respiratory NIV strains and other viruses 
through the use of phylogeny and is now an essential co-factor for successful design and 
implementation of real-time PCR assays. 

Clinically, the illnesses associated with respiratory NIVs do not usually produce reli- 
ably novel or distinctive signs and symptoms and they cannot yet be treated with specific 
antiviral therapies. However preliminary characterization would suggest the respiratory 
NIVs are often associated with LRTI as well as URTI, indicating that they are pathogens 
to be taken seriously rather than unimportant oversights, thus suitably rapid, sensitive and 
specific detection methods should be sought. 

Identifying past mistakes and future challenges for respiratory 
virus real-time PCR 
Until relatively recently the diagnostic laboratory's method of choice for detection of respi- 
ratory viruses was incubation of patient respiratory secretions (commonly obtained from 
nasopharyngeal aspirates, nose andlor throat swabs) with permissible primary cells or cell 
lines. This in  vitro process of virus isolation by cell culture was instrumental to respiratory 
virology in the halcyon days of the 1950s and 1960s. While it appears from the literature 
that this may still be the favored method of some laboratories publishing diagnostic and 
research studies, molecular techniques have in fact become the method of choice for the 
laboratories able to upgrade their facilities and expertise, and those in the business of rapid 
result turnaround. One early and obvious consequence of the move away from cell culture 
is the dwindling of specialized classical diagnostic virology sites and the accompanying loss 
of the expertise that comes with such lengthy and labor-intensive techniques. 

To date, serological methods have proven the most diversely commercialized and ro- 
bust diagnostic format, either for the indirect detection of a host response to a respiratory 
virus, or the detection of viral antigen in culture or from infected cells in specimens such as 
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nasopharyngeal aspirates or bronchoalveolar lavage, Serological results augment both gen- 
eral diagnostic molecular data and those data provided by research studies aiming to better 
characterize NIVs or other respiratory viruses. Apart from speed, cost-benefit and famil- 
iarity, an obvious advantage derived from use of a protein-based system is the existence of 
conserved antigenic regions among related viruses i,e. regions that do not vary significantly 
among strains of the same species or taxonomic grouping. Such antigenic conservation is 
infrequently reflected at the nucleotide level making these regions troublesome targets for 
nucleic acid-based systems. Unfortunately antigenic conservation can also be represented 
as cross-reaction; difficulty discriminating between infections caused by closely related but 
distinct viruses. Such discrimination is a desirable outcome when searching for the role of 
each individual respiratory virus in illness (Relman, 2003). 

Antigen detection methods can be performed with or without a biological amplifica- 
tion step such as in vitro cell culture. If culture is not being employed then it is necessary 
to collect cellular specimens since the cells confine virions to a small, easily identified space 
that aids immunofluorescent detection; but such cellular specimens are not common to 
all clinical settings. Unfortunately rapid respiratory virus antigen detection is relatively 
insensitive and one may need to confirm negatives using another assay, which abrogates 
any benefit of speed for those patients still suspected of harboring a respiratory viral 
infection (Falsey and Walsh, 2006; Kuypers et al,, 2006), In addition to detection, sero- 
logical methods have traditionally been used to classify respiratory viruses into groups 
or "serotypes" either by targeting antigenic markers using characterized antibodies or by 
investigating whether viral infection can be neutralized. The latter examines whether bind- 
ing of a characterized antibody can preclude cellular entry and replication of a virus. PCR 
methods can also confirm serotypes at the genetic level but with increased objectivity and 
speed compared to the complex and lengthy neutralization methods (Oberste et al,, 1999; 
Ledford et al,, 2004). 

Where have all the multiplexes gone? 
Multiplex PCR would seem to be an ideal tool for the detection of respiratory viruses and 
yet relatively few applications have been reported for real-time PCR, When employed, 
PCR has permitted the rapid and specific discrimination of multiple amplicons repre- 
senting different viral genes or strains, resulting in an increasing number of reports of 
microbial co-detections among 25% or more of study specimens (Brouard et al., 2000; 
JuvCn et al., 2000; Papadopoulos et al., 2002; Maggi et al,, 2003; Peltola et al., 2006). This 
is not surprising considering it is often extremely difficult to achieve even single virus isola- 
tions from clinical specimens using in vitro cell culture methods, let alone discriminate 
co-infection of a cell-line. Mixed infections have been reported to play important roles in 
some disease states, as has been shown for community-acquired pneumonia where the 
sensitivity of real-time PCR could more readily detect multiple infections among 105 
adults than attempted isolation of the same viruses from throat swab and wash specimens 
using in vitro cell culture (Templeton et al., 2005). However real-time PCR has not always 
found multiple detections to be associated with discernibly different clinical symptoms as 
was reported from a study of 23 children under five years of age with suspected LRTI who 
provided NPA and sputa specimens (van de Pol et al., 2006). 
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When expertly rolled out in multiplex format, real-time PCR has the potential to be 
a formidable screening tool for viruses in ART1 (Gunson et al., 2005). unfortunately very 
few comprehensive and truly multiplexed real-time PCR assays have been published. In 

one report HMPV, HRV and an internal control could be co-amplified impacting 
on assay sensitivity (Scheltinga et al., 2005). Inhibition of amplification was detected in 8 
of 358 (2%) mostly nasal swab and throat wash specimen extracts provided by patients 
with ARTI. Technical issues seem mostly to blame for so few respiratory multiplexes and 
include the time investment required to optimize a multiplex system, the interference 
caused by overlapping fluorescence emission spectra and, most importantly, the impact on 
assay sensitivity caused by competition between multiple templates. Anecdotally, multi- 
plex capability is often a deciding factor when purchasing a real-time instrument; but the 
literature would suggest this pre-purchase requirement is rarely utilized, 

Relevant issues for clinical relevance 
Characterization of the causative agent of an infectious disease is the foundation upon 
which treatment and control strategies are built. Possibly the biggest obstacle to widespread 
implementation of real-time PCR for respiratory virus screening is the unknown clinical 
relevance of some positive respiratory virus PCR results, Koch's postulates, developed dur- 
ing his studies of anthrax and tuberculosis, were established to guide the identification of a 
specific microbial cause for infectious disease, and were additionally employed to convince 
sceptics that microorganisms were capable of causing such disease (Falkow, 2004). Not 
surprisingly, after more than a century the postulates are difficult to apply when seeking to 
define relationships between molecularly detected respiratory viruses and clinical illness in 
the host. However, as we're reminded in an expert review by Fredricks and Relman, strict 
adherence was never Koch's intention; rather the postulates were meant to be a prompt for 
discussion of the best way to implement the technology of the day to identify and define 
an association between microorganism and illness (Fredricks and Relman, 1996)+ Koch's 
original postulates required that the microorganism could be found in every case of the 
disease but not in non-diseased tissues, thus excluding a fortuitous or non-pathogenic 
role. The postulates also required that a microorganism isolated and purified from a dis- 
eased host be capable of inducing that disease upon infection of a healthy body. However 
a number of viruses are not described by these circumstances, including many respiratory 
viruses. Infectious clones may address this issue in the future. In the mean-time, if the virus 
cannot be isolated, it cannot be purified and used to infect another subject. Furthermore, 
if the virus in question causes severe respiratory illness in certain populations, e.g. the very 
young or the immunocompromised, it would be ethically unconscionable to infect subjects 
and replicate such disorders. 

The HRVs are a particularly confounding group for molecular diagnostics and when 
applying Koch's postulates, since they are reportedly detected by PCR in the absence of 
symptoms (Pitkiiranta et al., 2005). However, Nokso-Koivisto et al. (2002) presented a 
patient follow-up study that demonstrated symptoms within three to six weeks of detec- 
tion (Turner, 1998; Jartti et al., 2004a). For the HRVs and perhaps other infectious agents, 
PCR data may prove to be a more direct indicator of infection in the absence of illness, 
than symptoms. In this context, symptoms are the likely result of an immune response to 
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infection and so only indirectly identify infection; their absence does not preclude the pos- 
sibility of viral replication while their presence does not assure replication has continued 
after an initial stimulation of the immune system, Real-time PCR will play an important 
role in identifying all types of illness but to determine clinical relevance, PCR should be 
performed alongside assays that quantify the subject's immune responses to determine 
the role of host immunity in moderating viral replication post-infection and in producing 
symptoms. 

Well-controlled studies are clearly required to address the issue of relevance, particu- 
larly since other reports suggest that the presence of viral nucleic acid is uncommon among 
normal populations. HCoV RNA has been detected for up to 14 days after symptomatic 
infection but no detections could be made from an asymptomatic control group (van Elden 
et al., 2004). Similarly, respiratory viruses were only detected from 4% of the bronchoal- 
veolar lavage specimens of asymptomatic controls using real-time PCR but were detected 
in a significantly higher 55% of symptomatic lung transplant patients (Garbino et al., 
2004a). Furthermore, in the latter study detection of a virus among this hospitalized and 
immunocompromised population was often associated with a worsening of pulmonary 
function, lasting for months afterward (Nokso-Koivisto et al,, 2002)+ Without knowing 
the modifying impact on clinical illness or the degree of cross-protection provided by 
pre-existing immunity to HRV species among older children and adults, it is difficult to 
concede that sub-clinical carriage is a proven feature of the HRVs or for the HCoVs, 
Largely because of molecular data on shedding, it has been proposed that picornavirus 
PCR is too sensitive to be a clinically relevant tool; by comparison, successful isolation of 
HRV by in vitro culture is commonly associated with symptomatic illness (Gwaltney Jr, 
1982). Unfortunately no studies have quantified individual viral loads in HRV-shedding 
patients using real-time PCR and such simple studies would go a long way to address the 
issue. High viral load in asymptomatic patients would be extremely surprising whereas low 
viral load in immunocompetent patients with subclinical illness would be less remarkable. 

The divided opinion on the role of some respiratory viruses in ARTIs is also affected 
by the types of populations that have been sampled, the different time-points in an illness 
at which sampling has been performed and, importantly, the nature of the screening assays 
employed. Again the HRVs serve as a good example since their isolation came at a time 
when the hunt for common cold agents was progressing rapidly, Today, HRVs are still 
mostly considered to be agents of relatively inconsequential human illness, largely because 
previous study results have framed our understanding of the etiology of their infections. It 
should be acknowledged that older children are sometimes included in the control groups 
for molecular studies of viral shedding and again the presence of pre-existing immunity 
plays an unquantified role in moderating the signs and symptoms of infection (Jartti et 
al., 2004a; Pitkaranta et al., 2005). Interestingly, our group and others using PCR have 
described HRVs as the sole microorganism detected in specimens from patients with 
suspected LRT involvement (Papadopoulos et al., 2002; Hayden, 2004; Arden et al., 2006; 
Kusel et al., 2006). Far from comprehensive, the use of populations that most likely had 
established immunity to at least some HRVs might have led to a significant but long-held 
under-estimation of the role of HRVs in serious illnesses located in the URT and LRT. It 
is noteworthy that even HRSV, a long-known cause of LRTI and associated illnesses, has 
also been reported in patients with upper respiratory tract infection, yet we do not doubt 
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the importance of HRSV as a significant pathogen (van Benten et al+, 2003). It would be 
most interesting to re-visit the role of HRVS among very young immunocompetent chil- 
dren who experience infection for the first time. Hopefully in time the same importance 
will be attributed to the HRVs, classical HCoVs and NIVs. ?he role of real-time PCR 
will be an important one for completing the necessary studies to address this issue and 
applications should be considered a priority for the most frequently identified microorgan- 

isms in ARTIs. 
Another virus that escapes definition by Koch's postulates is the most recently de- 

scribed coronavirus, HCoV-HKU1, which has not yet been isolated by in vitro cell culture 
(Woo et al., 2005a; Woo et al., 2005b; Vabret et al., 2006; Lau et al,, 2006; Sloots et al., 
2006; Arden et al., 2006). Koch's postulates are also difficult to apply when faced with 
PCR detection of two, three or four microbial targets in the one patient specimen. If 
these detections are in fact all from active infections then it seems likely that there will be 
some interplay betweerf the organisms, if not a combined effect that impacts on the host. 
Perhaps in the near future we will find that the extent of co-infection dictates the severity 
of respiratory illness rather than the role of individual viruses as is the commonly held 
belief now. 

Fredricks and Relman proposed additional thoughts and guidelines for the establish- 
ment of causal relationships between microorganisms and disease (Fredricks and Relman, 
1996). Using these as a core, we have drafted our own guidelines that may better apply to 
respiratory NIV infections investigated using real-time PCR technology. These, as with 
other variants of Koch's postulates, are meant to aid our struggle to understand what role, 
in particular, respiratory viruses play in clinical illness based on our current, potentially 
limited understanding and how we employ the diagnostic tools we have available, 

P In the majority of cases, viral sequences of interest should be found in clinically ill 
subjects and not in clinically well subjects. The definition of illness should be broad 
enough to encompass low-level symptoms including headaches and general malaise, 

2 A positive respiratory virus PCR result should be repeatable using at least one ad- 
ditional assay targeting a different region of the viral genome. 

3 Viral sequences should be sought in tissues other than those appropriate to their cur- 
rently understood biological characteristics because the complete biology of a virus 
may not be known. 

4 At the least, amplicon sequences should be sought to permit comparison with similar 
viruses as an aid for taxonomic placement. A complete genome sequence should be 
attempted. 

5 Viral load in a particular patient at a particular time should usually be proportional 
to the degree of clinical illness. Exceptions include immune over-reaction to infection 
which manifests as continuing signs and symptoms, even after viral load has begun to 

decline. 
6 A single positive PCR result in an asymptomatic patient should not by itself be taken 

as an indication of asymptomatic infection. Complete patient history should be sought 
and follow-up testing undertaken, 

7 A causal relationship may be more likely with the detection of microbial sequences in 
an asymptomatic patient who goes on to develop respiratory illness. 
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8 If multiple viruses are detected in a single specimen, additional specimens should be 
collected for testing. Quantitative PCR should also be employed to determine the 
most actively replicating virus(es). Additional cases of both single and multiple infec- 
tions should be sought for comparative study of clinical outcomes. 

9 Nucleotide sequences should be sought at the cellular level by demonstrating specific 
in situ hybridization of microbial sequence to areas of tissue pathology and to vis- 
ible microorganisms or to areas where microorganisms are presumed to be located 
(adapted from Fredricks and Relman, 1996). 

10 All attempts to isolate the molecularly detected virus in culture should be made. 
Successful isolation of the virus can be identified using quantitative PCR to demon- 
strate at least a two loglo increase (26-fold decrease in CT value) in template concen- 
tration compared to the value at day 0, post.infection, Viral load should increase with 
increased cytopathic effects, 

11 All other known respiratory viruses should be excluded, or their role in ART1 ac- 
counted for, prior to making an association between a particular respiratory NIV and 
clinical illness 

Quantification of respiratory viruses: what's the hold-up? 
The application of real-time PCR technology has been relatively slow to quantify the 
concentration of respiratory viruses in patient specimens, at least by comparison with 
conventional PCR methods or similar techniques employed for quantification in HIV or 
in human gene research. The paucity of new developments and of commercial support 
is most likely due to the variability of clinical specimen collection methods, nucleic acid 
extraction systems, the improper care and storage of nucleic acid extracts and the infre- 
quency with which the quality of the extracted template is assessed prior to testing. This 
last was ~erformed by only a third of questioned quantifiers who wished to avoid false 
negatives or unusual differences in RNA load caused by poor quality template (Bustin, 
2005). Quality testing can be performed using a spectrophotometer, bioanalyser or by gel 
electrophoresis (Fleige and P f d ,  2006). Internal controls, as described in detail in Chap- 
ter 4, hold an essential position in real-time PCR. O r  at least they should; unfortunately 
they are only now becoming more widely described and are still poorly implemented. As 
we saw from Table 8+1, approximately one third of real-time applications employ such a 
control. The use of an inhibition control would not only identify false negatives (com- 
plete amplification failure due to inhibition rather than an absence of template), but also 
partial inhibition which could render viral load estimates equally invalid. In ARTIs, an 
additional control is essential to address the variability in specimen collection; a sampling 
control. Unfortunately this control does not yet exist. A sampling control would consist of 
a marker present in the wash or buffer fluid that could account for the dilution effect of 
patient fluids on the material used to buffer the collected specimen or that used to wash 
the sampled area and it would permit determination of the recovery efIiciency of wash 
material. The marker would be quantified as a normalizing agent before or after extraction. 
Such a marker should not interfere with the screening assay and would clearly need to be 
innocuous and easily detectable. 
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We make the argument that microbiology which includes the study of viruses, bac- 
teria, fungi and parasites, and in our case respiratory viruses in particular, uniquely chal- 
lenges molecular diagnostics due to the sources of template. For example, to sample blood 
or tissue you do so by breaching the body's front line defensive tegument to collect from 
an essentially sterile environment. Blood consists of cells, and these are easily sampled, 
concentrated and quantified permitting the use of cell number as a denominator for gene 
quantification studies. Respiratory specimen collection is performed both figuratively and 
literally, in the dark. The respiratory tract is exposed to the outside environment; essen- 
tially a deep invagination of the tegument, but one with an enhanced secretory function 
that creates an humidified and, in different regions, mucous, cilia or surfactant-coated 
environment whose hnction, among other things, is to trap all foreign objects. There is no 
question that we currently obtain enough specimen to detect infection and even to isolate 
the organism when possible, but we lack precise collection methodology. The impact is 
that comparison of viral load between samplings of the same patient, different patients or 
between separate laboratories is not currently possible. This could be addressed using a 
sample control which would permit collection volume to be used as a denominator for virus 
quantification. Unfortunately another hurdle exists; infectious virus can exist both inside 
and outside the cell as intact virions and as nucleic acid associated with capsid protein in 
a non-particulate form, While we could perform a separate quantification to determine 
cell number in each specimen, we are next left asking ourselves whether we should express 
viral copy number per cell or per unit volume, or both? Since no studies have been done to 
assign meaning to any of these approaches and since we cannot determine the percentage 
sf  virus associated with either the intracellular or extracellular fraction, it seems impossible 
to accurately determine respiratory viral load in a reproducible manner. 

Several more addressable technical problems can be found among the examples pre- 
sented in Table 8.2. These examples illustrate that most quantitative real-time PCR assays 
for the study of respiratory viruses seem to perform absolute quantification, meaning 
that they report the specific number of genome copies or equivalents per unit of measure. 
The assays achieve this by employing previously quantified and characterized synthetic 
templates amplified at the same time (i.e+ in the same instrument run) but as an external 
standard or calibration curve. However, claims of absolute quantification should be exam- 
ined carefully because most fall short of meeting the stringent requirements for true quan- 
tification. For example, on some occasions DNA templates are used as the standard for 
RNA virus quantitative assays, in other instances a standard curve is amplified externally 
without employing replicates of each concentration or without a calibrator or normalizing 
control that can monitor and correct for inter-tube, inhibition-unrelated differences in 
amplification. Other studies do not employ an internal control to monitor for the presence 
of amplification inhibitors at all. Perhaps it is time to re-visit the co-amplification format 
which was the hallmark of competitive quantitative PCR but adapt it for real-time PCR as 
was recently reported for a piscine nodavirus (Grove et al., 2006). This was by far the most 
accurate way to monitor the amplification of a target template in its day. 

Quantification by PCR requires very careful handling of the RNA to ensure no loss 
or degradation of template. In contrast, experience has taught us that this does not hold 
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Table 8.2 Applications of quantitative real-time PCR to study viruses in ARTls 

Level of Quantification 
quantification Viral target(s) standard Reference 

Not stated HCoV-229E and HCoV- None (van Elden et a/., 2004) 
OC43 

Absolute HCoV-229E and HCoV- External*, T7 cRNA (Vijgen et a/., 2005) 
OC43 

Absolute Bat-CoV External, plasmid DNA (Lau et a/., 2005b) 

Absolute SARS-CoV External, plasmid DNA (Poon et a/., 2003) 

Absolute HCoV-NL63 External, plasmid DNA (Chiu et a/., 2005) 

Absolute HCoV- N L63 External, IVT RNA (van der Hoek et a/., 2005) 

Absolute HMPV External, plasmid cDNA (Ma et a/., 2005) 

Absolute HHV-7/HHV-6 External, plasmid DNA (Yamamoto et a/., 2005) / 
(Tanaka et a/., 2000) 

Absolute HAdV External, plasmid DNA (Heim et a/., 2003) 

Absolute HMPV External, plasmid RNA (Deffrasnes et a/., 2005) 

Absolute HMPV External, plasmid RNA (Maertzdorf et a/., 2004) 

Absolute HMPV External, plasmid RNA (Sumino et a/., 2005) 

Absolute HMPV External, plasmid RNA (Agapov et a/., 2006) 

Absolute HRSV, HPIV-1, HPIV-2, External, plasmid RNA (Kuypers et a/., 2006) 
HPIV-2, IFAV, HMPV, 
H AdV 

*External standards are amplified in separate tubes from the viral templates; IVT- in vitro 
transcribed; CoV-coronavirus; SARS-Severe acute respiratory syndrome; HMPV-Human 
metapneumovirus; HAdV-Human adenovirus; HHV-human herpesvirus; HPIV-human 
parainfluenzavirus; IFAV-influenzavirus 

true for qualitative respiratory virus real-time PCR. While most studies highlight the need 
to carefully collect, extract and store nucleic acid extracts; in practice, even with RNA 
viruses, PCR lets one get away with a multitude of short cuts, while still retaining the 
required qualitative result. One reason for this flexibility is provided by the tendency for 
real-time PCR assays to employ very small target regions (down to essentially the length 
of two primers and an oligoprobe) such that genome or even gene-length respiratory viral 
RNA need not be present for successful amplification. Of course one should never take 
these short cuts when patient diagnoses are the outcome or for quantitative applications. 
However research laboratories are sometimes faced with stretching resources, be they 
reagents or specimens; we have on several occasions resuspended an "empty," previously 
frozen specimen tube in the desperate hope that we can amplify just one more time-and 
been rewarded with success. In our experience, with care and luck, an entire (and hitherto 
unknown) viral genome can be amplified from less than 100 pL of nucleic acids, represent- 
ing less than 300 pL of a patient's diluted nasopharyngeal aspirate. 

Succesful monitoring of viral replication during attempts to isolate or propagate respi- 
ratory viruses using in vitro cell culture can result from the application of real-time PCR. 
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For viruses that are fastidious, grow very slowly or to low titers, qualitative or quantitative 
detection of the viral genome is a much faster and more sensitive method to follow the 
progress of viral growth than monitoring cultures for cytopathic effects (Freymuth et al., 
2005). The technique is especially valuable when attempting to culture a NIV, for which 
the precise nature of the cytopathic effect is uncharacterized, making an objective measure 
of virus growth essential. The benefit of a quantitative or semi-quantitative approach is that 
the initial viral inoculum (day 0 post-infection) can be used to define a baseline threshold 
cycle (CT) value (Schildgen et al+, 2006). In this way true viral replication can be identi- 
fied using purified nucleic acids collected on subsequent days post infection by identi$ing 
reduced CT values compared to the inoculum. 'This is an important observation since in 
our experience the inoculating viral RNA can linger in culture even after multiple culture 
medium changes and even following the passage of infected cultures to new flasks. 

Of  relevance to quantification is the need for careful consideration when using in 
vitvo cell culture-derived material for PCR standardization. Culture can be a very eficient 
amplification system and the high rate of virus production under near ideal conditions can 
surpass the levels of virus produced within an immune competent host. This creates the 
possibility that an increased spectrum of quasispecies (discussed below), adaptive mutants 
or incomplete viral particles will accumulate which, because of sequence variation, may or 
may not be detected by PCR. The excessive amount of RNA present in culture is exempli- 
fied by reports of real-time PCR detection limits described in fractional terms e.g. lop2 to 

cell culture infective doses (TCID) or plaque forming units (Scheltinga et al., 2005; 
Chui et al., 2005). Clearly there is more amplifiable template present than is suggested by 
indicators of infectivity. 'This has negative implications when claims of real-time PCR as- 
say sensitivity and quantification are based on the use of a titrated virus stock. Accordingly 
we prefer and recommend employing a quantified synthetic template to determine the 
analytical sensitivity of a real-time PCR assay. Diluting this template in a matrix similar to 
that of the original patient specimen should permit identical amplification efficiency. 

Respiratory virus template variation: can assay design keep pace with viral 
variation? 
A theme of inadequacy runs throughout this chapter due to the many holes in our under- 
standing of respiratory viruses and ARTIs. In particular we do not know the impact of 
multiple active infections on the host's immune system, We're not even certain that mul- 
tiple active infections occur; highly sensitive PCR assays may be detecting the remnants of 
a previous infection. We also have no accurate grasp of how many more distinct respiratory 
NIVs and emerging respiratory viruses we will find in the future. Neither can we be sure 
how our understanding of the classical respiratory viruses and their contribution to illness 
will change as a result of our increased implementation of real-time PCR. The future may 
show us that current estimates of 20 to 30% of specimens from patients with suspected 
ART1 containing more than one microorganism were the thin edge of the wedge. Perhaps 
we will one day be able to say with certainty that infection by one respiratory pathogen 
permits subsequent infection by another, or the development of more severe illness caused 
by another respiratory pathogen, as has been suggested from real-time PCR investigations 
of pneumococcal disease (Peltola et al., 2006). Whether a virus is first or last to infect, 
or present in both roles will also be interesting to learn, Real-time PCR could play an 
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essential role in contributing answers to these and other issues in respiratory virology if 
we can surmount some important design and implementation obstacles, which we will 
discuss below. 

'The task of designing real-time PCR assays capable of detecting the extensive viral 
variety inherent to respiratory viruses and then ensuring that the assays remain capable 
of detecting all those variants for more than a single respiratory season is a daunting 
one, especially for the poorly characterized historical viruses and the NIVs (Gardner 
et al,, 2003). 'There are benefits in using "conserved regions," referring to those regions 
evolutionarily maintained within a viral group, because they encode products or provide 
structures that are essential for viral infection, replication or propagation, Unfortunately, 
regions conserved at the amino acid level and therefore useful for serological methods, 
rarely translate (pardon the pun) to equivalent conservation of the encoding nucleotide 
sequences. Because amino acid coding is a redundant process, synonymous changes often 
arise; variation occurs in the terminal position of the nucleotide triplet that does not result 
in a change to the encoded amino acid. 'These nucleotide changes will obviously cause 
hybridization problems for primers and, unless part of a typing assay, for oligoprobes, 
which is the main reason conserved protein regions are only worth our attention if they are 
proven to reflect conservation of the underlying sequence, A poignant example is provided 
by our four year study of HMPV in Brisbane, Australia (Mackay et al,, 2006a). Using our 
first HMPV real-time PCR assay (Mackay et  al., 2003b) we would most likely have failed 
to detect 19% to 76% of HMPV positives in a particular year. In practice this would have 
resulted in the average prevalence dropping from 7% during each of the four years studied 
to 4.0%, 4.1%, 3.0% and 1.6% for 2001,2002,2003 and 2004 respectively. These changes 
reflected the drift in predominant viral lineages and sub-lineages away from the lineage A 
strains that predominated initially. Because we learned early on in the testing process of 
the existence of lineage B strains and additional sub-lineages, we were able to employ more 
inclusive real-time PCR assays to detect all the known HMPV sub-lineages and more 
comprehensively determine the role of HMPV in ART1 (discussed in more detail in the 
applications section), 

An area slow to take up real-time PCR applications is the genotyping of respiratory 
viruses. While single nucleotide polymorphism (SNP) detection has been widely accepted 
and has proven very useful for human molecular studies, it has not proven as useful to 
respiratory virology. 'This is certainly not for lack of characterized targets; HRSV is well 
known for its division into two serologically distinct types with multiple sub-lineages and 
the situation is similar for the human adenoviruses (HAdVs), HRVs, human enteroviruses 
(HEVs) and the human parainfluenzaviruses. 'The jury is still out on many of the NIVs, 
but our studies and those of others suggest that dichotomous lineages of HCoV-NL63 
and HCoV-HKUI, HMPV, HBoV and even novel lineages among the HRVS do exist. 
'The virological and clinical relevance of most of these genetic groupings remains to be 
determined using serological techniques and epidemiological studies. Nonetheless abstract 
phylogenetic groupings help us to improve our molecular tools permitting detection of the 
complete spectrum of variants that exist for each viral species. Unfortunately it seems that 
much of the viral variability we know of is not reproducible enough to be useful for the 
foundation of n~olecular genotyping assays for respiratory viruses. 
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Nucleotide sequencing: the essential accompaniment for improved assay 
performance 
Grouping related viruses into genetic lineages is the most common outcome of sequencing 
of respiratory virus amplicon. While very few of these data have proven to be of clinical 
relevance, a ph~logenetic tree has become an obligatory figure in publications presenting 
epidemiological data using molecular methods. In this context such figures serve to alert 
the assay designer to the scope of sequence variation in the region under study. Identifying 
viral variability provides us with the option of avoiding it when designing real-time PCR 
assays. The benefits derived from this approach depend entirely on the target region cho- 
sen and its role in the viral replication process. The point should be made that not all genes 
or gene fragments provide acceptable targets for phylogeny, although in our experience, 
many do. Highly conserved nucleotide sequences are well suited for situating real-time 
PCR primers and oligoprobes; however they make poor targets for phylogeny studies. 
To be of use, molecular epidemiology targets should encompass all variants of the virus 
under study and this can be shown on a phylogenetic tree as diverse branching patterns. 
However if the region chosen does not represent all variants, the designer may be left with 
the false impression that little or no variation exists and design their assays accordingly. 
A practical example is provided in Figure 8.2 whereby two nucleotide sequences of the 
HMPV polymerase protein gene, of very different lengths, are used to define lineages and 
sub-lineages using prototype viral strains. 'The use of a gene fragment of insufficient length 

HMPV A 1  

HMPV A2  

I -MMPV 82 

HMPV 81 

I APV A 

HMPV 6 2  

HMPV 61 

HMPV A 1  

HMPV A2 

Figure 8.2 Comparison of amplicon lengths for use in m~lecular epidemiology studies. A less 
defined phylogenetic pattern is apparent when a 92 nt amplicon derived from the HMPV large/ 
polymerase gene (A) is aligned and used in Neighbour joining analysis to determine patterns 
of viral strain similarity, compared to using a longer 6018 nt amplicon (6). This is indicated by 
improved nodal values, indicating better subdivisions in the latter tree. Only the prototype virus 
for each sub-lineage is included; HMPV A1 (GenBank accession number AF371337), HMPV 
6 2  (AY297748), HMPV A2 (NC-004148), I-NPV 61 (AY525843) and Avian pneumovirus type A 
(APV A; AY640317). 
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leads to non-representative, or at least unclear, branching patterns for some or all of the 
four sub-lineages of HMPV, whereas the larger fragment demonstrates each sub-lineage 
clearly. This is not to say that small amplicons are of no value, however phylogenetic trees 
resulting from their use should, whenever possible, include additional characterized refer- 
ence sequences to ensure the branching patterns are valid, We prefer to use phylogeny 
targets of at least 150 nt in length-preferably 200 nt to 500 nt. Otherwise, and perhaps 
additionally, these patterns should be compared to the results of similar studies using 
different gene targets from the same respiratory virus strains to ensure similar patterns 
occur. The fragment length we recommend has the additional benefit of permitting easy 
sequencing of both complete amplicon strands with only a single primer pair. 

Nucleotide sequencing is also being more frequently employed to support assertions 
that real-time PCR positives obtained during a respiratory virus study are not due to 
amplicon carry-over contamination. However, for such reasoning to be believable a caveat 
needs to be introduced and addressed. The region chosen for sequencing must exhibit 
enough variability between strains of the target virus to permit convincing discrimination 
from a clonal contaminating amplicon. If we take as an example our own sequencing stud- 
ies of the HBoV NS1 gene (Figure 8.3), it is clear that across the 245 nt gene fragment, 
very little nucleotide variation occurred, in fact only a single nucleotide difference differ- 
entiated some Australian strains from one of the prototype HBoV strains, It is therefore 
conceivable that we detected a single instance of HBoV and then went on to contaminate 
our PCR mix-making laboratory with traces of its amplicon manifesting as subsequent 
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Figure 8.3 A nucleotide alignment (A) of two prototype HBoV strains (Stl, St2) and three 
Brisbane, Queensland strains (QPID) and (B), the corresponding nucleotide sequence identity 
matrix for the HBoV NSI amplicon (values represent fractional identity). GenBank accession 
numbers for HBoV prototype strains St1 -DQ000495 and St2-DQ000496. Prepared using 
BioEdit version 7. 
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positives, resulting in the production of identical sequences. However this was not the 
case as we proved by detecting and sequencing additional, more variable gene fragments to 
confirm that these detections were in fact true EIBoV positives. Without those additional 
data however, the sequenced region did not vary enough to exclude the possibility that the 

positives were caused by contamination. 
A sequencing approach to confirm true positivity is not possible when targets are 

derived from highly conserved viral genes. An example of this is provided by the coronavi- 
ruses which have regions of extremely conserved nucleotide sequence within the l ab  open 
reading frame (ORF); so conserved, in fact, that one could again be forgiven for thinking 
that amplicons from multiple strains had arisen from an amplicon contamination event. 
Another downside to targeting these islands of conservation becomes apparent if one tries 
to reduce expenses and target a region that is ideal both for detection and for molecular 
epidemiology. Extensive conservation will stymie that approach, as will the propensity 
for real-time PCR assay designers to develop very small, sub-loo nt amplicons. Ideally a 
dual-purpose target region would contain conserved sites for primer binding which span a 
region of variable sequence. Alternatively, the target should be long enough to encompass 
at least some region of variability, permitting accurate phylogenetic results. We utilized 
such a region for our HMPV studies encompassing the 3' terminus of the phosphoprotein 
coding sequence through to the 5' region of the matrix coding sequence (Mackay et al., 
2004; Mackay et al., 2006a)+ 

Highly conserved regions of sequence may also lure the designer into a false sense of 
security. The previous coronavirus ORF lab  example appears ideal for the location of a 
comprehensive pan-HCoV assay (i.e. an assay capable of detecting all known HCoVs) 
however the region also exhibits extensive similarity to human genomic DNA sequences, a 
common feature among viral genes, which can result in many unwanted amplicons of vari- 
GUS sizes when employed as a diagnostic screening tool, especially for cellular specimens. 

Secondary structure: tying knots in assay design 
Once a suitable target region of the respiratory virus has been identified, a search for puta- 
tive secondary structures can easily be performed to examine a single strand of the RNA 
or DNA sequence using mfold (http://www.bioinfo.rpi.edu/applications/mfold/). If the 
presence of secondary structures is predicted, and if those predictions represent reality (re- 
member the program, just gives probable and possible outcomes, with no guarantee these 
occur in practice) then such structures may confound the progress of reverse transcriptase 
or PCR polymerase and/or the hybridization of oligonucleotides, resulting in lowered am- 
plification efficiencies, decreased oligoprobe-generated fluorescence or even complete assay 
failure (Gunson et al., 2006; Hoebeeck et al., 2006). Among the picornaviruses, multiple 
stem-loop secondary structures are predicted in the native R N A  form of the 5' untranslated 
region (Figure 8.4d). The virus makes use of these structures for ribosome-independent 
transcription initiation but this region is also frequently employed as a diagnostic PCR 
target (Halonen et al., 1995; Lonnrot et al., 1999; Jartti et al., 2004b). It is evident from the 
following example that even after cDNA and amplicon are produced, secondary structure 
will remain an obstacle for oligonucleotide hybridization in some regions thus care should 
be taken when locating primers and choosing cycling temperatures (Figure 8.4a-c). 'The 
use of this region may be contributing to underestimation of the prevalence, and therefore 
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Figure 8.4 A single-stranded DNA or RNA representation of the Coxsackievirus A21 5' 
untranslated region demonstrating the secondary structures which form at (A) 42°C (possible 
reverse transcription temperature), (B) 55°C (possible primer annealing temperature) and (C) 
72°C (possible polymerase extension temperature) using a Na+ concentration of 50 mM and 
Mg2+ concentration of 2.5 mM, compared to (D), the predicted RNA structure at 42OC in 1 M 
Na+. These structures could confound oligonucleotide hybridization and the reannealing of 
double-stranded amplicon. The termini of the sequence are indicated. Derived from GenBank 
accession number D00538. Predicted DNA structures generated by the mfold web server 
(http://www. bioinfo.rpi.edu/applications/mfold/). 

importance, of these viruses in ARTI. Unfortunately little sequence is available from ad- 
ditional genetic regions to investigate the possibility of better PCR targets and for the 
picornaviruses at least, designing a genus-specific primer pair is next to impossible using 
the sequences available. 

At the time of writing, respiratory NIVs were genetically better characterized than 
many classical respiratory viruses. There were four complete HMPV genomes, three 
HBoV, two HCoV-NL63 and more than 20 derived from HCoV-HKU1 strains, housed 
on the GenBank database. The emergent SARS coronavirus was represented by more than 
100 genomes. Astonishingly, only five complete HRV genomes existed on GenBank, de- 
spite the discovery of these viruses nearly half a century ago. Since these viruses constitute 
the largest single genus of viruses causing human respiratory illnesses, as far as we know 
to date, this lack of sequencing seems to indicate that we have a great deal of work to do to 
better detect and properly characterize the viruses we now know exist, let alone what lurks 
beyond our current knowledge. 

Primer selection: as simple as another pair of primers, another assay? 
When selecting primers from the literature, there may be significant concerns for their 
reliability, especially if it is clear that they have been incompletely evaluated, i.e. the oligo- 
nucleotide and magnesium concentration-optimized assay has been tested on some known 
target virus positive and negative specimens but not against all possible strains. Alterna- 
tively, an optimized and evaluated real-time PCR assay may not have been validated or"put 
into the field in comparison to a gold standard assay where it will face amplifying template 
from many different tissues, possibly extracted, stored and handled in different ways, that 
may even have been combined to make screening easier (see Pooling resources below). No- 
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where is this more obvious than when reviewing respiratory picornavirus RT-PCR assays, 
Because of the difficult, expensive and tiresome issue of obtaining virus or viral templates 
for almost 200 antigenically distinct viruses, a smattering of the members of the genus 
Rhinovirus or Enterovirus is usually all that is examined during evaluation and to date most 
of these studies have employed conventional RT-PCR (Gama et al., 1988; Gama et al,, 
1989; Aruda and Hayden, 1993; Santti et al., 1997; Lonnrot et al., 1999; Papadopoulos 
et al., 1999a; Loens et al., 2003; Kares et al., 2004; Grutke et al., 2004; Scheltinga et al., 
2005). A cursory glance at sequence alignments for these viruses highlights the extreme 
nucleotide diversity between members of these genera but also the paucity of sequence 
data available for each virus, making accurate assay design in many genomic regions next 
to impossible. It is these issues which make it so essential to interrogate a new molecular 
assay thoroughly to ensure efficient amplification of all the expected targets, If, for ex- 
ample, an assay detected only 80% of strains, how could we say what role the remaining 
20% of strains play in clinical illness, their impact on effective therapeutic design or their 
involvement in co-infection? We must address all viruses using the same basic diagnostic 
technologies or else we perpetuate potentially false beliefs rather than continually question 
them and adjust them wherever necessary. Molecular assays will be useful only if dynami- 
cally maintained through a cyclical process of design, optimization, evaluation, validation, 
performance monitoring and then re-design as required. 

We and others often choose to employ a conventional PCR approach when commenc- 
ing the study of a new respiratory virus because this is a less expensive method for trialing a 
range of primers in a variety of combinations (Vabret et al., 2006). Once the first target has 
been shown to be appropriate, we move on to develop more assays targeting other regions 
of the genome in order to confirm our preliminary findings, and then develop the best of 
them into real-time PCR assays. 'This approach works better if the virus in question has 
been precisely characterized. For respiratory NIVs or poorly characterized classical viruses 
the process can be long and involved because discrepant results between assays may require 
additional, confirmatory assays to be developed. Nucleotide sequencing is also required 
throughout the procedure. Nonetheless this approach begins to address the challenges 
presented by viral variation, particularly the complicated role played by viral quasispecies. 

When designing a new real-time assay it is important to analyze one's oligonucleotides 
using the Basic Local Alignment Search Tool (BLAST) via the internet (http://www. 
ncbi,nlm.nih.gov/blast/). This in silico process compares the oligonucleotide sequences 
against the GenBank database maintained by the National Center for Biotechnology 
Information (NCBI, USA), as if performing a gigantic multiple sequence alignment* 'The 
GenBank database contains more than 130 gigabases of volunteered sequence and permits 
a peek into the specificity of a primer. The first problem often identified by this process is 
the striking similarities between the complete or partial respiratory virus oligonucleotide 
sequence and human genomic D N A  sequences which may manifest practically as non- 
specific amplification. We have frequently encountered problems with assay design among 
the paramyxoviruses, picornaviruses and particularly when designing  an-tropic assays for 
the coronaviruses, The problem may be reduced when acellular or poorly cellular mate- 
rial is used but in respiratory specimens, many cells may be sloughed, scraped, washed 
or otherwise abraded out of this anatomically complex system. In Figure 8.5 we use the 
entire HCoV-HKU1 nucleocapsid gene as an example of how difficult it can be to find 
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KEY FOR CANDIDATE 20'mer OLIGONUCLEOTIDE SPECIFICIN 

- HCoV-HKUI is the most likely BLAST match 

ii The 3' 15nt of the 20'mer are also homologous to HGD . . . . 
V 1 or more 3' nucleotides are HCoV HKUI-specific but 5' terminus is also homologous to HGD 
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Figure 8.5 A schematic representation of the HCoV-HKUI nucleoprotein (N) gene. Short 
oligonucleotide sequences (each 20mer is indicated by one of three symbols) were subjected 
to BLAST analysis starting from nucleotide position 2 (A) or shifted downstream and started 
again from nucleotide position 5 (6) in order to test the effect of shifting each 20mer. The 
analysis found few sites that were solely specific for HCoV-HKUI oligonucleotide hybridization 
but many that were likely to cross-react with human genomic DNA (HGD) to some extent. 

coronavirus-specific oligonucleotide sequences for a real-time PCR assay design. The easi- 
est approach to avoid trouble would be to move the oligonucleotide sequence up or down 
the target sequence and continue to do so until only suitably specific BLAST matches 
result, but as shown in the figure using two different starting points to test the impact of 
different sequence compositions, this outcome may not always eventuate. Of course, the 
suitable oligonucleotide must then satisfy all the necessary design constraints (see Chapter 
2). Briefly, the occasions when one is locked into a particular viral target sequence or gene 
region include: 

1 When adding an oligoprobe sequence between an existing, validated primer pair 
2 When amplicon size constraints are important, e.g. if BLAST results situate the most 

specific primer pair 1000 nt rather than the intended 100 nt apart, then the relative 
importance of cross-reactivity must be re-considered 

3 When it is the least non-specific region of viral sequence 
4 When secondary structures in adjacent template regions and in the resultant oligo- 

nucleotide sequences preclude good assay design elsewhere 

5 When overly GC-, AT- or sequence repeat-rich regions in adjacent sequences preclude 
assay design 

It must be noted that no amount of in silico preparation can guarantee the desired per- 
formance of a primer pair and/or oligoprobe, nor should it completely deter one from ap- 
plying a primer pair despite bad reports from software. Our laboratory has many examples 
of assays designed to detect respiratory viruses in which the oligonucleotide primers match 
only the intended target by BLAST but non-specific amplification is apparent when view- 
ing the amplicon. Nucleotide sequencing reveals it to be of human origin. Ultimately, new 
oligonucleotides must be tested against all likely viral targets during the assay's evaluation 
phase to determine suitability. 

One may be forgiven for expecting that non-specific amplification, especially that as- 
sociated with human genomic DNA can be dismissed by simply examining the amplicon 
size; this is not always the case. Not only can a non-specific product of the size expected 
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to represent the viral target result from human genomic DNA amplification but single 
oligonucleotides can also function as both forward and reverse primers (by binding to 
different strands), increasing the chance of producing non-specific amplicon. Such a 
process may also be intentionally used to detect unknown targets in a technique called 
arbitrarily primed (AP) PCR (Williams et al+, 1990; Welsh and McClelland, 1990; Welsh 
et al., 1992). While AP-PCR studies usually employ primers that are not designed with a 
specific target in mind, in our experience a virus-specific primer can also produce the same 
result as using AP-PCR. Unfortunately the major benefit of a homogenous PCR system 
has encouraged a less welcome outcome; a suitable fluorescence curve is often taken as 
suficient confirmation of specific amplification (Chui et al., 2005). If one does not examine 
an agarose gel during the optimization and evaluation of a new real-time PCR assay it 
is impossible to know whether unintentional products have been produced. While the 
influence of unrelated product formation may have little or no impact on the qualitative 
capacity of an oligoprobe-based real-time PCR assay, there is no question that serious 
consequences result when the assay is deployed for quantitative purposes. The unwanted 
and unmeasured drain on PCR reagents and the production of additional amplification- 
inhibiting by-products will affect how the PCR begins and progresses and these phases 
need to be performing optimally for real-time assays to produce valid data for quantitative 
respiratory virus real-time PCR. 

These examples serve to illustrate that PCR is a tool that occasionally stumbles with 
the reliable detection of even those sequence which we have previously characterized. For 
certain, we can use sequence degeneracy reduced stringency and a number of other mo- 
lecular approaches (Gao and Moore, 1996) to tease our oligonucleotides into amplifying 
sequences that we do not precisely know, but these approaches will not serve to reliably 
detect virus in a high-throughput diagnostic laboratory setting, where patient treatments 
are reliant upon the results. 

Pooling resources to save money 
One approach to reduce expenses for respiratory testing is to batch specimens; taking 
aliquots from a number of extracts and combining them in a single tube for testing by 
PCR. As shown by the example in Figure 8.6, the reduction in testing may be significant, 
especially during1bff peak" respiratory virus seasons. However during peak seasons for the 
virus of interest, the benefit may be lost as there are so many specimens to test that it may 
simply be easier and of more clinical benefit to test them as they arrive. An unwanted side- 
effect of pooling is the possibility of an increase in the total amount of inhibitors or human 
genomic DNA in each tested pool when compared to testing each specimen individually. 
For this to occur some of the specimen extracts would need to be free of inhibitors and 
human genomic DNA in order for their amplification to be affected by an average increase 
in these substances as a result of pooling, However, if all specimens have some amount of 
one or both substances, the dilution effect (1:9 in the example below, and our preferred 
ratio) should negate any cumulative effect. More likely is that pooling specimens dilutes 
out either factor. The exact number of specimens which can be combined depends on the 
specimen matrix and requires careful investigation to ensure that diluting an extract by 
approximately one loglo will not leave weak positives below the assay's limit of detection. 
While reagent expenses can be reduced using a specimen pooling approach there is an 
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Figure 8.6 (A) Schematic representation of a hypothetical pooling system employed to minimize 
the specimen testing load. Specimens are placed into an X by Y grid, in this example, 9 x 9. An 
aliquot from each specimen in row A to I is added into a tube at the end of each respective row 
(PI to P9). Similarly, columns 1 to 9 are pooled (PI 0 to P I  8). Only the pools go on to be tested. 
In the "of f  season for a particular respiratory viral target, or for viruses with low prevalence in 
the study population or the general community, a result pattern such as that in (B) may occur. 
Pools P2 and P I  4 were positive, so it is likely that the specimen present at the junction (marked 
with an "x") of the two coordinates will be the cause of the positive PCRs. This result required 
testing of 18 pools plus a confirmatory test of the one suspect positive specimen versus 81 
individually screened specimens. In the peak season for a particular respiratory virus or for 
ubiquitous viruses, a much higher prevalence may occur as depicted in (C). In this example, 
18 pools were tested revealing 13 positives (P2, P4-6, P8-13, P I  5, and P I  7 and 18) that 
correlated with 42 possible positive specimens requiring confirmatory testing. Of these only 
7 are required to be positive to satisfy the pattern; however there may be more than a single 
positive per pool so all 42 must be screened. Without pooling, only 21 more specimens would 
have required tested, making the time required to construct, document and test the pools and 
then perform the confirmatory pool testing of questionable benefit to the routine laboratory. 

associated increase in personnel time for pool construction unless a liquid handling robot 
is available (Johnson et al., 2002). Also, the laboratory needs to have a sufficiently high 
specimen throughput to ensure delays due to pooling do not detrimentally impact on re- 
sult turnaround times. Since high throughput is often the reason cited for sample pooling 
in the first place, this issue should not be a major concern. 

Points to consider when taking a respiratory virus real-time 
PCR assay to the publisher 
Anecdotal evidence would suggest it is increasingly difficult to publish one's respiratory 
virus study data. In practice, limited space in the handful of relevant journals with re- 
spectable impact factors means more than three quarters of manuscripts are rejected after 
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internal review. To be acceptable one must therefore write as tightly as possible about one's 
novel assay or study-excluding the discussion of anything beyond strictly relevant detail. 
#en a real-time PCR that detects respiratory NIVs or poorly characterized respiratory 
viruses is ~ublished, the precise function of that assay must be made clear because that 
role may influence how others employ the assay. Its role should also dictate the necessary 
level of detail to be included. The main point to consider is whether the assay is to be 
used as a tool for preliminary investigations of a respiratory virus or whether the assay 
will perform as a frontline prospective diagnostic tool. If publishing a novel assay for 
~reliminary investigations, authors need to include data on the usefulness of the assay for 
retrospective prevalence and molecular epidemiology studies. If presenting a diagnostic 
tool, the results of which may have direct clinical relevance, possibly even affecting patient 
management, additional data are required from comprehensive sensitivity testing in addi- 
tion to that from optimization and evaluation testing and i n  silico and in  vitro investiga- 
tions, to demonstrate the minimal likelihood of cross-reaction with human genomic DNA 
or other microorganisms+ Specificity testing is common to both applications of a real-time 
PCR assay and occurs during the evaluation phase when the primers are tested against all 
genetically related viruses as well as those microorganisms likely to occur during the same 
season, or in the same host tissues. 

Clearly defining the assay's role also raises another issue unique to the respiratory virus 
hunter: How does one validate a real-time PCR assay for a respiratory NIV, especially if 
yours is the only laboratory to have made the discovery? With luck, similar viruses exist and 
can be used as a scientific and clinical model to aid assay and study design. If it is impossible 
to obtain positive material then one should develop several assays targeting and sequencing 
distinct genetic regions of the virus to provide the best possible backup to ensure positives 
are true, and to help develop second generation assays capable of detecting more strains. A 
useful next step is to make synthetic templates appropriate to the viral target region and 
nucleic acid type. These can take the form of one or more large oligonucleotides if viral 
template is unavailable (Horton et al., 1990; Dillon and Rosen, 1990), otherwise purified 
amplicon or amplicon inserted into plasmid and biologically expanded are equally useful. 
'The latter have the added benefit of being renewable and the PCR template is less likely to 
suffer from storage-related degradation of the termini than is amplicon alone. Additional 
measures must be employed to ensure false-positives do not occur via contamination from 
such highly concentrated template sources. 

For studies addressing questions of viral prevalence, such as "what is the detection rate 
of new respiratory virus X in specimens from the LRT" (Lee et al., 2006), it seems sensible 
to us to apply fewer, but no less stringent, criteria to the assay development component 
and focus more on the results generated and to further characterize the virus and patient 
population since there may be little or no precedent in the literature, Recent experiences 
has shown us and others that early assays will detect only a portion of the total respira- 
tory NIV strains circulating at the time and site of a particular study and they are likely 
to provide only a partial snapshot of endemic prevalence. It should not be necessary to 
over-develop an assay to address the example question, since in all likelihood the assay 
will be discarded once further studies of virus X are reported, which applies equally to 
poorly characterized respiratory viruses and NIVs. For example, inter-seasonal variation 
occurring due to the cycling of respiratory viral variants within a communityis most 



298 i Mackay eta/. 

likely caused by the hosts developing strong immune memory and thus some degree of 
protection to recently acquired viral strains which may manifest as sub-clinical infection, 
or entirely protect from infection. Such herd immunity may preclude virus X variant "y" 
from circulating one year because it predominated in the previous year. However since 
all variants will contribute to the prevalence of virus X, the ultimate real-time PCR assay 
should be capable of detecting each of them with equal efficiency. 

Permitting manuscripts that describe prevalence or virus characterization studies 
some assay evaluation leeway might aid the increased reporting of more descriptive in- 
vestigations, rather than dismissing such studies because they do not present the ultimate 
diagnostic assay or the most well-optimized, evaluated and validated real-time PCR assay, 
However, this is a topic of debate, and one's choices are eventually influenced by one's 
peers, should a manuscript eventuate. 'The conclusions from studies using first generation 
assays permit validation or further development of subsequent assays with the caveat that 
none of the assays may be capable of detecting all strains of the respiratory NIV under 
investigation, and that a suitable assay may not be available to do so for some time. In this 
way, an incremental, and hopefully global process of comprehensive assay development can 
occur for each respiratory virus be it NIV or historical, 

Study populations: better to look forward or backward? 
Because there have been so few truly comprehensive studies to detect respiratory viruses 
by real-time PCR we have little to no data to confirm how many concurrent infections 
a host may harbor nor the clinical impact to a patient harboring an active population of 
multiple respiratory viruses. Complicating factors for the design of studies to address 
these issues include the choice of retrospective or prospective specimen populations and 
the uneven number of hospital-based versus community-wide studies, 'There is an urgent 
need for more community-based studies to re-visit the role of respiratory viruses in ART1 
using real-time PCR in order to get the most comprehensive picture of patient outcomes 
and health-care impacts. However, studies of both populations are equally essential. To 
perform more of one study than the other is to poorly define the scope of illness associated 
with infection by a particular respiratory virus, 

Prospective studies can be considered to provide more reliable clinical and demographic 
data, since the data are not influenced by recall bias i.e. the assembly of reviewed data with 
a view to a desired outcome. 'These studies may also have the benefit of ongoing access to 
the patient which helps if further sampling is required. Retrospective studies mean trying 
to piece together laboratory and clinical data from previously collected samples, different 
clinicians who may ask different questions, take down different notes, recommend different 
therapies and have a greater or lesser tendency to admit a patient to hospital rather than 
send them home without identifying a cause for disease. Study bias is also introduced by 
holes in retrospective data caused by a lack of access to some specimen records or because 
specimens were misplaced, stored incorrectly or completely consumed during previous 
testing, resulting in variable specimen quality and thus inconclusive or absent results. 

However, retrospective testing is invaluable to identify whether emerging respiratory 
viruses such as the SARS-COV have occurred previously in humans and for respiratory 
NIV studies to characterize their prevalence and to define parameters for the design of 
future ~rospective epidemiology studies. 'The term1>etrospective" may itself be a confusing 
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term if used in relation to testing of a specimen population. For example, one may look for 
a respiratory NIV among a frozen specimen population that was previously collected in 
a prospective manner thus the clinical, demographic and socioeconomic data should still 
be sound so long as the original study was for a related illness. Is this a retrospective or 
prospective population when used for respiratory NIV screening? To clari+ this terminol- 
ogy it might be useful to talk about the chronology of the study discriminating between 

the clinical component and the testing component, 
Additional prejudice can arise from snapshot or poorly planned respiratory virus 

PCR-based studies exemplified by reports that draw conclusions from tightly defined 
time-periods, usually the peak respiratory season, when prevalence values are well above 

the annual mean. While these data need reporting, they should always be clearly put into 
context. Alternatively, a population with a particular clinical illness may be the study target. 
Once again viral prevalence may be disproportionately elevated or lowered. Such data are 
not always helpful when determining the overall role of a respiratory virus in ART1 and 
can lead to over or under-estimation of the virus's prevalence and therefore importance. 

How many primers does it take to detect one virus: the 
quasispecies conundrum 
When designing assays for respiratory viruses (or any human pathogen) it is easy to forget 
that our intended target for PCR is not the only genome in town+ In particular an RNA 
virus infection is the result of receiving and incubating an evolving population of quasispe- 
cies (quasi-; resembling or having a likeness to) of variable genome sequence also known 
as "mutant swarms" (Jenkins et al., 2001; Mullan et al., 2004). 'The practical extent of this 
variation is currently unclear for respiratory viruses but RNA virus quasispecies popula- 
tions have been described as the most rapidly mutating, highly variable and genetically 
versatile life forms on earth (Holland, 2006). For simplicity's sake, drawing upon our own 
experiences and without data to the contrary, we will not consider respiratory virus qua- 
sispecies variation to affect the lineage or sub-lineage classifications, but they may hinder 
attempts to further sub-classify viral sequences e.g. the sub-, sub-lineage. When consider- 
ing quasispecies, one should first adjust one's thinking of a "wild-type" virus or a newly 
identified virus from something that has a single, often-detected nucleotide sequence to 
that of a distribution of genomes which can be statistically defined but not individually 
determined (Domingo, 1998). The potential for a detrimental impact on real-time PCR of 
predominantly RNA respiratory viruses is concerning. A worst case scenario could be that 
sequence variation affects, to some extent, the way oligonucleotides hybridize to any viral 
gene target, with the scope of quasispecies variety depending on host immune factors, the 
severity of illness and the spectrum of inoculating quasispecies introduced into the new 
host (human or cell). At best there will only be a few genes with sequence that varies from 
the consensus, and such variation could be overcome by designing assays for additional dis- 
tinctive targets as we discussed earlier. It is certainly clear that since molecular biology was 
first applied to virus characterization, we have been able to detect the same viral species, 
lineages or sub-lineages repeatedly over time and between locations, suggesting a certain 
amount of conservation of these artefactual groupings. We should also acknowledge that 
this pattern could simply be perpetuated by our choice of target and manifested in the 
primers we employ, 
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There can be no doubt that the constant evolution of RNA viruses produces com- 
pletely new genome permutations, aside from quasispecies variation, that will necessitate 
the constant development and upgrading of molecular diagnostic tools (Steinhauer and 
Holland, 1987)+ 'These new variants may also exist as populations with greater or lesser 
virulence. Mullan et al. described the following strategies to increase the likelihood that 
the amplicon produced by PCR originated from a single virus strain; they may also prove 
useful to investigate the role of quasispecies in ART1 (Mullan et al,, 2004): 

1 Use RNA from a plaque-purified viral isolate. 
2 Sequence numerous RT-PCR products obtained by limiting dilution of cDNA or 

RNA. 
3 Sequence 20 clones obtained from a plasmid library constructed by shotgun cloning 

of the PCR amplicon. 

For several reasons these options are unsuited to the clinical microbiology labora- 
tory. Firstly, time and resources are at a premium and it is not usually the mandate of the 
diagnostic laboratory to embark upon research studies, Secondly it is not always possible, 
even for a research laboratory, to isolate virus using in vitro cell culture since little original 
material may remain and what does remain may have been over-handled, improperly 
stored or repeatedly freeze-thawed. It should also be remembered that the main reason 
NIVs have not been characterized until recently is because they are not easy to grow using 
in vitro culture techniques, if they grow at all. 'Thus the third approach may be the best for 
researchers. 

If the virus does grow it is possible that the strain which adapts best to the in vitro 
cell culture environment is not the same molecular strain predominating and causing ill- 
ness within the host. Additionally, a plaque-purified "clone" may still develop quasispecies 
variation. One should also remember that a predominant viral strain suited to growth in 
one cell type, may not be suited to growth in another. 'That example could presumably be 
extended to different human hosts with differently primed immune responses and to cases 
of multiple infection by different virus species each having a specific tropism (Novella et al., 
1995). The impact of these points suggests: 

1 An isolate propagated from a patient's specimen may not have an identical sequence to 
that determined from the original PCR-positive specimen. 

2 Primers designed to a culture-adapted virus may amplify patient strains of the virus 
with reduced efficiency and could even amplify a group of cpasispecies with enhanced 
efficiency resulting in a limited view of the overall variability of the respiratory virus 
species under study. 

3 A single sequence derived from RNA respiratory virus strains will most likely repre- 
sent an average or consensus of the quasispecies present in the extract (Domingo et a[., 
2006). 

The result could be considerable for PCR-based diagnostics, with the possibility of 
confusing our understanding of the target virus's contribution to respiratory illness by 
underestimating its prevalence. These points serve to further indicate why accurate respi- 
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Figure 8.7 Sequence variation and the impact on PCR efficiency. A multiple alignment of 
fragments of the HCoV-NL63 l a  coding sequence. The NL63 prototype sequence (top) is 
compared to strains detected in Queensland, Australia (Q). If the prototypical sequence were 
used to design an oligonucleotide primer (filled box), it is apparent that variation in some 
Australian strains (Q03-1604, Q03-1403, Q03-1903 and Q03-6819) would cause inefficient 
primer hybridization and possibly under represent these strains. However, a primer designed 
further downstream (open box) would overcome these effects. Another example could be a 
sense primer (filled box) used in combination with an hydrolysis oligoprobe (open box) for the 
purpose of quantitative PCR. The reduced efficiency of amplification due to the nucleotide 
variation at the 3' end of the sense primer would make accurate quantification extremely 
difficult. Even worse would be the case whereby an antisense primer (open box) and hydrolysis 
oligoprobe (filled box) were located as shown leading to poor oligoprobe hybridization and 
subsequent hydrolysis of the probe if targeting the same strand. GenBank accession numbers 
are indicated. 

ratory virus quantification by real-time PCR is virtually impossible. In Figure 8.7 we pro- 
vide some hypothetical examples of the impact of sequence-related bias whereby primers 
designed to the first published sequence of a newly identified coronavirus, HCoV-NL63, 
could have been foiled by sequence variants we detected in Brisbane, Australia. 

A major implication of viral quasispecies and the unknown extent to which respiratory 
NIVs may be affected by them is that we may not be able to make concrete assertions link- 
ing clinical severity to infection by a particular genetic sub-variant; at least without defin- 
ing the scope of quasispecies sequence variation and finding that it is relatively insignificant 
compared to that in a sub-lineage. Furthermore, today's molecular approaches are likely 
to be under-representing the scope of viral variation and we may be laying the framework 
for ill-informed rational design of antiviral drugs. Only time will tell, but addressing these 
issues might also help to explain why some respiratory viruses such as HPIV-4, IFCV 
and HCoV-229E reportedly circulate with such low prevalence (Bellau-Pujol et al., 2005; 
Vijgen et al., 2005; Lau et al., 2005a). Perhaps these prototype viruses represent the tip of 
a pyramid of representative strains that have not yet been isolated by in vitra cell culture or 
escaped molecular detection because of overly specific methods. 

Applications of real-time PCR for characterization of viral ART1 
Respiratory NIVs have been both a testing and a proving ground for real-time PCR 
technology during investigations of respiratory virus infection, to the extent that many 
"better characterized or historical respiratory viruses have yet to be given the attention 
they deserve from modern molecular tools. Real-time PCR is every bit as usehl as conven- 
tional PCR for detecting viruses present in any tissue, which the literature tells us means 
that virus detection may be achieved from all types of infectious respiratory illnesses. 
Confusingly, some studies leave the impression that real-time techniques are innately more 
sensitive than conventional PCR, however these studies are rarely performed using the 
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same primer pairs, reagents or thermal cycling conditions, leaving such claims in serious 
doubt. Nonetheless, there is no argument that detection of a   articular respiratory virus 
by PCR is more sensitive than isolation of that virus using i n  vitro culture. In the following 
sections we will review how real-time PCR has been used together with or instead of i n  
vitro cell culture to re-examine the roles of some historical respiratory viruses and to begin 
the definition of roles for the NIVs in ARTI. 

Where real-time PCR has made its first significant impact on diagnostic respiratory 
virology is result turnaround time. This increased speed is essential for quick onset, rapidly 
disseminating illnesses such as ARTIs which cause outbreaks in hospitals, schools, aged 
care facilities and among the military. Speed will continue to be important in the future 
when rapid cohorting of infected patients will be required to quickly terminate the trans- 
mission cycle of zoonotic or bioterror-related viruses in community and hospital settings, 
or at least to exclude the involvement of known viruses in such disease outbreaks. Little 
benefit is gained from using in  vitro culture to test for respiratory viruses and respiratory 
NIVs under outbreak conditions since culture results are not available in a timeframe 
clinically relevant for patient treatment (Adcock et al., 1997)+ Real-time PCR is often 
touted as providing the ability to quickly generate results thus avoiding the unnecessary 
use, cost and side-effects of shotgun antibiotic therapy. However it may be that it does not 
in practice achieve this outcome because the results do not yet commonly impact on clini- 
cal decision-malung (Oosterheert et al., 2005). Evidence that diagnostic speed does matter 
has been available even before real-time PCR's expanded role e.g. comparison of rapid 
antigen testing to in vitro cell culture found the faster method reduced antibiotic usage by 
52% and saved 26% of the cost of hospital care (Woo et al., 1997). However, this study 
also showed that even rapid HRSV testing did not prevent the continuation of antibiotic 
treatment for infants less than two months of age. 

As presented in Table 8.1, published real-time PCR assays to detect RNA respiratory 
viruses are divided in the way they prime reverse transcription. Assays either employ a two- 
step process using a separate reverse transcriptase and polymerase, or a single-tube (one- 
step) approach combining reverse transcription with PCR amplification in an optimized 
and proprietary buffer. 'The former approach is approximately three loglo more sensitive 
and less likely to produce variable results using known positive specimens, however very 
few investigators have described the best way to proceed for respiratory virus detection 
(Corless et aL, 2002; Kares et al., 2004). Because of the heavy reliance upon RT-PCR 
in respiratory virus real-time PCR, it is important to ensure the reverse transcriptase 
system one chooses works well since reported eficiencies can range from 90% down to less 
than 25% depending on target, enzyme and reaction conditions (Stihlberg et al., 2004a; 
Stihlberg et al., 2004b). Many applications of real-time PCR in detecting a respiratory 
virus have used either SYBR" green I or dual-labeled hydrolysis probes (Gunson et al., 
2006; Table 8.1). Increasingly, the applications apply a third or fourth oligonucleotide in 
the form of a fluorogenic oligoprobe, most often the TaqMana or TaqMana-MGB oligo- 
probes (Table 8.1). As we have seen, subtle sequence variation or more dramatic genetic 
variants will stymie, to varying degrees, the hybridization of one or more of the oligo- 
nucleotides and in particular, those fluorogenic chemistries which specialize in detecting 

polymorphisms such as the T ~ ~ M ~ ~ - M G B "  and molecular beacons. However our experi- 
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ence with respiratory viruses indicates that even a well optimized assay may occasionally 
amplify, by varying degrees, spurious fragments and primer dimers which make the use of 
non-specific fluorogenic chemistries undesirable. The same table also shows that overall, 
the use of non-fluorescent quenchers is replacing that of the florescent quenchers, bringing 
with them the added benefit of improved multiplexing, but that the range of fluorophore 

and quencher combinations is diverse. 
Since real-time PCR is frequently the frontline diagnostic tool for fastidious and 

' newly identified viruses, it is easy to see how prevalence data could be significantly under- 
estimated by developing or adopting a molecular assay too early in the characterization 
process of such viruses* We will next review the literature as it applies to the real-time 
PCR detection and characterization of some historically under-characterized viruses and 
the respiratory NIVs. 

Family Picornaviridae 
Whilst relatively few NIVs currently populate this virus family, it does contain the most 
frequent infectious agents of humans, the HRVs. Among children, at least six infections 
and five illnesses per year can be attributed to these viruses (Winther et al., 2006) and 
because they are so ubiquitous they contribute significantly to data describing co-detec- 
rions (Tsolia et al., 2004; Arden et al., 2006). Nevertheless, the epidemiology of individual 
members of this family is woefully under characterized, except to place many of them 
into a category of mild pathogens generally associated with simple head colds or other 
mild forms of ARTI, 'This is despite their abilities to replicate in tissues obtained from 
the lower respiratory tract, under similar conditions, in vitro (Papadopoulos et al., 1999b; 
Papadopoulos et al., 2000). Real-time PCR has quickly confirmed the ubiquity of the 
picornavirus positive-sense, single-stranded RNA genome, particularly the HRVs, in 
both URTIs and LRTIs, and has demonstrated that, using suitably designed primers, the 
historical requirement for a range of permissive cell lines and cell culture techniques can 
be overcome (van Kraaij et al., 2005). Real-time RT-PCR has been reported to be 10-fold 
more sensitive than conventional RT-PCR utilizing the same primer set for the detection 
of HRV plasmid D N A  or viral RNA (Dagher et al., 2004). Unfortunately, interpretation 
of this comparison was complicated by the use of different magnesium concentrations and 
a proprietary buffer for the SYBR Green I real-time PCR. 

Because of the relative paucity of protein coding sequences on GenBank and the small 
number of sequences from variants of each prototype virus, the few real-time assays de- 
tecting picornaviruses to date have targeted the 5' untranslated region (Kares et al., 2004; 
Scheltinga et al., 2005). Unfortunately this region suffers from extensive similarity among 
all members of the picornaviruses, so in the past, conventional PCR assays targeting this 
region have been used for all-round detection of picornaviruses, but not for discriminating 
between H E V  and HRV (Kares et al., 2004). Some respiratory virus studies employing 
real-time PCR do not include testing for HRV at all (Chiu et al., 2005; van der Hoek et al., 
2005) while others may demonstrate some"weak,"generally undesirable signals contributed 
by the sequences of members of the genus Enterovirus (Kares et aL, 2004; Scheltinga et al+, 
2005). Real-time PCR assays that reportedly detect all HEVs sometimes discriminate 
between polio- and non-polio enteroviruses without providing greater speciation (Kares 
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et al., 2004). Such approaches may even require a second assay to detect HRV where a 
positive HRV result excludes the presence of HEV This approach does not allow for the 
possibility of dual picornavirus infections from each genus, or even from the same genus. 

Currently, clinical management for respiratory infections by members of either genus 
is similar, so there is little to be gained clinically from a discriminating assay. However 
there is much to be said from an epidemiological standpoint for clarifying the role of these 
viruses in ARTI, although the implied need for real-time PCR testing of each serotype 
individually represents significant time, technical effort and expense. We have found that 
for selected individual HRVs a prevalence of 2% may be common (unpublished data). 

Findings generated by studies of bronchoalveolar specimens from patients hospitalized 
with ARTIs show HRVs to be the predominant infectious agent and that infection may 
be associated with high morbidity, particularly in lung transplant patients and in patients 
with community acquired pneumonia (Garbino et al., 2004a; Templeton et al., 2005). 
Pneumonia is the most common infectious complication among patients undergoing stem 
cell transplants, and HRVs also contribute the greatest number of these infections (van 
Kraaij et al., 2005). 

Three serotypes of the human parechoviruses (HPeV) have been described to date 
and assigned to the genus Parechovirus in the family Picornaviridae (Ito et al., 2004). Two of 
the serotypes were formerly called human echoviruses 22 and 23, and the other is a NIV 
A range of respiratory symptoms have been reported among pediatric patients infected by 
these viruses (Boivin et al., 2005; Abed and Boivin, 2006). Real-time PCR has success- 
fully detected HPeV from the throat swabs of young culture-negative children (Corless et 
al., 2002). These and several other studies (Heikkinen et al., 1999; Ruohola et al., 2000; 
Faustini et al., 2006) suggest that HEVs play a greater role in ARTI than is currently 
thought. 

Because real-time PCR applications are so infrequently employed to study picorna- 
viruses, research is needed to focus in earnest on the role of this family in all the clinical 
manifestations of ARTI. 

Family Coronaviridae 
The genus Coronavirus has doubled the number of endemic respiratory viruses it includes 
thanks to recent discoveries. Real-time PCR serves an obvious role for these extremely 
fastidious viruses which cannot practically be isolated from primary clinical material 
(van Kraaij et al,, 2005). It took the emergence of the severe acute respiratory syndrome 
coronavirus (SARS-CoV) to spark interest in the historical respiratory HCoVs, a group 
largely forgotten by modern testing. Real-time PCR studies permitted the first detection 
of HCoV positive-sense, single-stranded RNA from LRT specimens and have proved 
ideal for rapid detection of HCoV-229E and HCoV-OC43, which is especially important 
when dealing with and treating patients suffering from pneumonia (Garbino et al., 2004a; 
Templeton et al., 2005). Viral loads in hospitalized patients of all ages reportedly ranged 
from lo4 to lo7 copieslml in HCoV-OC43 infections and lo4 copieslml in the single 
HCoV-229E infection (Vijgen et al., 2005). Real-time PCR detected several more posi- 
tives than conventional PCR, although different assays were used for each format making 
comparison difficult. 
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Mean viral loads of 2.1 x lo6 detected during HCoV-NL63 sole infections were asso- 
ciated with croup (laryngotracheobronchitis) in one study (van der Hoek e t  al., 2005) but 
no association was found with severity of disease by another, despite viral loads pealung 
at the beginning of clinical illness (Chiu e t  al., 2005). Definitive associations with specific 
disease entities could help the clinician request appropriate laboratory testing menus and 
generally aids clinical diagnosis in an area where many infections result in similar symp- 
toms. 'The latter study also demonstrated that a specific real-time PCR assay was more 
useful to diagnose HCoV-NL63 than was a conventional pan-CoV assay which failed to 
detect half of all instances of HCoV-NL63. Furthermore, the study also demonstrated 
significantly lower HCoV loads from patients with co-incident HRSV or HPIV-3 detec- 
tions, possibly suggesting competition between multiple viruses for the same target cells, or 
an enhancement of innate immunity resulting from previous viral infection which moder- 
ated subsequent viral replication. It might also suggest that HCoV-NL63 is simply an 
opportunistic pathogen making use of a depleted or recovering immune system following 
primary infection by HRSV or HPIV-3. During one early study of HCoVHNL63, a mo- 
lecular variant from New Haven in Connecticut, USA entitled "NH" was associated with 
Kaposi's sarcoma, However a number of subsequent publications have cast the association 
in doubt due to lack of corroborating evidence, also highlighting that there was no evidence 
to suggest that HCoV-NH differed in any significant way from the prototype virus which 
might have been an explanation for its proposed unique clinical association (Shimizu et al., 
2005; Chang e t  al., 2006). 

HCoV-NL63 has proven to be extremely difficult to isolate using in v i t v o  culture so 
the successful application of real-time PCR to identify two suitably permissive cell lines 
(LLC-MK2 and Vero-B4) was a welcome result (Schildgen e t  al., 2006). 

'The SARS-CoV is an emerging virus rather than a NIV and one that has been the 
subject of more publications than any other emerging virus in such a short time period. 
This chapter will not seek to list these studies as the SARS-CoV literature has itself 
been extensively reviewed elsewhere (Lau and Peiris, 2005; Kahn, 2006; Serrensen et al., 
2006). However, real-time PCR methods have proven useful to cluantify SARS-CoV 
load in patient specimens and these tools continue to improve upon the sensitivity of 
earlier real-time PCR assays (Keyaerts e t  al., 2006; Petrich e t  al., 2006). The initial and 
continuing characterization of SARS-CoV benefited from automated nucleic acid extrac- 
tion and liquid handling systems which enhanced the already rapid real-time PCR result 
turnaround and further reduced the chance of false positive results, The pathogenesis of 
SARS-CoV was clarified with the determination that most viral RNA was present in the 
lower respiratory tract (Poon e t  al+, 2004). 'Therefore it followed that correct sampling was 
required to maximize the sensitivity of PCR assays for this target. Also, real-time PCR 
permitted detailed evaluation of some of the pre-PCR steps, showing that kit-based auto- 
mated systems could be imprecise and yield less RNA than manual extraction procedures 
and highlighed the need for further validation and development in this area (Chiu e t  al., 
2006). Similarly, quantitative real-time PCR identified that the very high viral loads in 
feces made it the specimen of choice during the second week of illness. 'The association was 
then made between early positive, high viral load specimens, and more severe clinical out- 
comes. Real-time assays permitted the detection of SARS-CoV prior to seroconversion 
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but also highlighted that very low loads of this virus could be present (Poon et al., 2003). 
The missing host for the SARS-CoV has been hypothesized to be bats and closely related 
bat-CoVs have since been found in a broad range of bat species, including the bat-Coy 
HKU3 where replication attains levels of lo7 copies/mL (Lau et al., 2005b). 

Fam i l y Paramyxoviridae 
The human metapneumovirus fits the criteria for a respiratory NIV ~ e r f e c t l ~ ;  a recently 
detected virus associated with a range of unremarkable respiratory illnesses ranging from 
mild to severe. The virus was largely characterized by a range of molecular means and is 
endemic within the community (van den Hoogen et  al., 2001). To date, HMPV has had 
more studies published about it than any other respiratory NIV and since its first report 
there have been many detection, molecular epidemiology and pure virology papers pub- 
lished, using a raft of in-house real-time PCR assays (Table 8.1). Our own foray into the 
study of NIVs began here and we learned some hard lessons about developing real-time 
PCR assays early on in the characterization process for this negative sense, single-stranded 
RNA virus, While our first real-time PCR assay was designed to detect all known se- 
quences present on GenBank (Mackay et al., 2003b), we soon learned that these sequences 
represented only a fraction of the HMPV genetic sub-lineages that we now know exist. 
'Thereafter, Maertzdorf et al. presented a new real-time PCR assay and compared its per- 
formance to our own and to a modification of the original RT-PCR assay described in the 
first report identifying HMPV (Maertzdorf et al., 2004). The comparison demonstrated 
for the first time that both early-generation assays were indeed less efficient at detecting 
the strains for which no sequences were available when design was undertaken, and we 
were later able to confirm this for our own assay (Mackay et al,, 2004)- Nonetheless, the 
early implementation of a molecular assay for the detection of a NIV should still be a goal 
we strive for; so long as we understand the perils faced by the early-adopter. It is important 
to identify a N I V  in the local population so we may begin to examine its clinical impact 
among patients with ART1 and to encourage clinical microbiology laboratories to consider 
adding this, or a second-generation assay to their diagnostic menus. Waiting for the'perfect" 
assay is analogous to postponing the purchase of a computer until a future-proof system . 
is available; it will be a long and non-productive wait. However, once an assay's failings are 
identified it should not be employed as a frontline screening tool, Unfortunately the use of 
first-generation assays, or a variant of them, is still being published, despite their reported 
shortcomings (Scheltinga et al., 2005; Bouscambert-Duchamp et al., 2005; Jacques et al., 
2006; Choi et al., 2006). 'The result of using an assay incapable of detecting all four sub- 
lineages with equal eficiency may be a world-wide underestimation of HMPV prevalence, 
particularly for the type B subtypes, thus providing the perfect example of the problems 
faced when attempting to diagnose NIVs using PCR. One approach proposed to side-step 
this problem might be to study specimens using a lineage-specific assay from a time-pe- 
riod when only that lineage circulated (Sumino et nl., 2005)-although that 
requires a foreknowledge of which lineage is circulating at what time. Since we now know 
that all four sub-lineages can circulate each season, that approach will undoubtedly con- 

tribute to further underestimation of the total HMPV prevalence. 'The Maertzdorf assay 
described above was recently validated by our own extensive screening and sequencing 
~roject  investigating over 10 000 specimens across a four year period (Maertzdorf et al., 
2004; ~ a c k a ~  et af., 2004; Mackay et al., 2006a). Examination of the 724 HMPV posi- 
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tives we identified indicated that the lineages and sub-lineages of this NIV, like HRSV 
before it (Peret et al., 1998; Choi and Lee, 2000) and we suspect most respiratory viruses, 
varied in their prevalence usually with a different sub-lineage predominating each year. 
Such   re dominance patterns suggest that antigenicity plays a likely role in the l~urvival" of 
the sub-lineages but no data yet exist to support this. Implementing a ~ e l l - ~ ~ ~ i ~ i ~ e d  and 

evaluated real-time PCR assay can also yield unexpected new results with the to 
make us question dogma; in our case, H M P V  was unexpectedly detected more frequently 
than HRSV during some years among our large, predominantly pediatric, hospital and 
clinic-based population. 

Since we now know that the prevalence of each H M P V  sub-lineage does cycle over 
time, we can better understand how these viral sequence sub-clusters, which are detected 
every year, and in different locations might maintain their existence. Our data would argue 
against brand new HMPV sub-lineages routinely arising each season either as a result 
of quasispecies variation, immune selection or due to import from another country. 'The 
evidence indicates that all strains circulate to some degree each year, even at a single study 
site like ours, Very long-term international collaborative studies could be used to identify 
whether completely new lineages do arise over time and if the old lineages fade away. 

An unusual application of real-time PCR was reported for monitoring the neutral- 
izing effects of newly developed monoclonal antibodies directed toward H M P V  (Ma et al., 
2005). Results indicated suppression of full blown replication despite lo3 viral copieslpg 
of RNA remaining in an in vitro cultured monkey kidney cell line that was viral-protein 
negative. Real-time PCR assays have also proven useful for following the replication of 
HMPV in culture to identify which cell line supports the notoriously slow growth and 
mild cytopathicity of this NIV (Deffrasnes et al., 2005). The results indicated viral loads 
reaching up to 10'' copies/mL. By comparison, children less than 12 months of age are 
more likely to have respiratory viral loads greater than lo6 copies/mL than specimens 
from older children (Kuypers et al., 2006). 

When different real-time PCR assays employing SYBR Green I were compared, the 
HMPV N and L genes appeared to be the best diagnostic targets. However the compared 
assays targeted five different genes, used two or three primers per target, and the rela- 
tively large amplicons varied in size from 928 nt (nu~leo~rotein) ,  876 nt (phosphoprotein), 
778 nt (matrix), 758 nt (fusion) to 549 nt (large/polymerase) which may have had an 
impact on the comparative amplification efficiency of the assays (C6t6 et aL, 2003). 'The 
nucleoprotein-gene assay was found to be the best and was subjected to further optimiza- 
tion. It could detect lo2  copies of synthetic RNA per reaction with a dynamic range of 4 to 
5 loglo of input template. The Maertzdorf assay has also contributed data describing that 
H M P V  infections occur three-fold less often than HRSV infections among patients with 
chronic cardiac or pulmonary disorders (Carrat et al., 2006). Another study found that 
HMPV occurred half as often as HRSV in patients presenting to the emergency depart- 
ment for pneumonia or acute exacerbation of chronic obstructive pulmonary disease, but 
with similar   re valence to IFAV (Hamelin et al., 2005). 

Future trends 
The immediate future for real-time respiratory virus PCR is relatively clear. 'The wide vari- 
ety of viral targets will require a variety of assays. And those will have to be kept updated. 
We hope that multiplexed real-time PCR assays will become more commonplace as this 
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will reduce the number of individual reactions required, the subsequent expenses involved 
and the wear on instruments due to constant use. It would also seem sensible that a dedi- 
cated research and development capacity become the norm for clinical microbiology labo- 
ratories, ensuring that all molecular assays perform optimally and that new in-house assays 
are eficiently and reliably developed, evaluated, validated and deployed as required. 

The use of microarrays will undoubtedly have a significant impact in the future, but in 
the meantime efforts must be made to increase their sensitivity and reduce their cost, per- 
haps by mass marketing or by reducing their range to tailored arrays such as anrespiratory 
array." Also in the near future is the increased use of xMaps technology employing a spec- 
trally diverse population of fluorogenically labeled polystyrene beads coupled to different 
protein- or nucleic acid-based probes (Luminexs corporation) to solve the complexities of 
detecting multiple respiratory viruses. Template amplification of some sort is still required 
but if sensitivity could be increased this technology would permit the direct screening of 
a single patient specimen for a multitude of respiratory viruses and these technologies will 
quickly come into their own. Perhaps "sneeze-on-a-stick" diagnostics are just around the 
corner. 

The role of the antigen could also rise to dominance again if a concerted effort was to 
be made to develop reliable, recombinant antibodies to detect multiple targets from all the 
respiratory viruses. More reliable applications for antigen detection would help to temper 
the volatility of PCR resulting from its vulnerability to nucleotide sequence variation. 

Conclusion 
Respiratory viruses are associated with the most common (number of afflicted people) 
and frequent (afflictions per person) infections of humans world wide. Severe illness pre- 
dominantly occurs in young children, the elderly and certain "at risk" populations. Despite 
this, the majority of serologically distinct viral agents, most notably the picornaviruses, 
have not been investigated using molecular testing by real-time PCR. Considering the vast 
benefits of increased diagnostic speed and specificity, this is somewhat surprising although 
problems abound for this molecular technology when it is applied to respiratory viruses, 
The issues for concern can be largely defined as those related to the sequence, quality, 
origin and amount of the template, those relating to slow rate of development of multiplex 
real-time PCRs and those issues that could be addressed by the routine incorporation of 
internal controls in these assays. 

Respiratory viruses are the most diverse target population yet encountered by real-time 
PCR assay designers and it seems that the more we characterize them, the more difficult 
it becomes to be confident in our choice of oligonucleotides and fluorogenic chemistries. 
Many respiratory NIVs cannot be classified as emerging viruses, but rather are endemic 
viruses due a separate classification. But whatever we call them, these NIVs are directly and 
significantly contributing to an already overwhelming diagnostic menu and new diagnostic 
approaches would be welcomed. Indirectly, the NIVs have taught us that the application 
of real-time PCR assays should follow an incremental process, and that no assay for an 
RNA virus will ever be entirely complete. One thing made very apparent however, is that 
real-time PCR technologies have matured along with our understanding of their use. Real- 
time PCR is an ideal tool for better structured screening studies and now it only remains 
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for us to better implement our tools to glean the answers we need. Hopefully five years 
from now we could re-visit this subject and find these issues addressed, 
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Web references 

Euminex corporation 
http://www.luminexcorp.com/ 
Creators of xMAP technology. A high throughout system employing color-coded beads 
(microspheres) which can be manipulated for detection of multiple targets. Detection oc- 
curs through a flow cytometry-based approach using compact analysers, 

GenBank 
http://www+ncbi.nlm.nih.gov/Genbank/index.html 
A massive genetic sequence database housed at the National Centre for Biotechnology 
Information run by the National Institutes of Health, USA, 

mfo ld 
http://www.bioinfo.rpi.edu/applications/mfold/rna/form~+cgi 

A free-access internet web-server housing software that predicts possible DNA and RNA 
secondary structures and represents those predictions in graphical form. Emphasis on 
'predictions." 

Picornaviridae online 
http://www.picornaviridae.com/ 
Housing background information about members of the family and linking to study 

groups and news. 

Eurogen tec 
http://www.eurogentec.be/code/en/what.asp?pkidwhat = 103 
A useful description of black hole quenchers (BHQ); beneficial for design of multiplex 
real-time PCR assays. 

Validated real-time PCR primer database 
http://www.realtimeprimers.org/ 
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An online database of oligonucleotides, including some for microorganisms, that may be a 
useful starting point for developing a new real-time PCR assay, 
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Rapid Detection of Bioterror 
Agents 
Andreas Nitsche 

Abstract 
The detection of infectious agents is one of the most important tasks in the modern 
diagnostic laboratory. Many PCR-based methods for clinically relevant infectious agents 
have been implemented in routine diagnostics during recent years. However, due to the 
discussions about biowarfare and possible bioterrorist attacks, an arsenal of additional 
agents now has to be identified in a rapid and reliable manner by the diagnostic labora- 
tory. In recent years, natural infections with pathogens such as Yersinia pestis or Bacillus 
antbracis have occurred only sporadically in humans and their diagnosis was restricted to 
selected expert laboratories. Since the anthrax letter attacks in 2001 the further abuse of 
these pathogens for bioterror is feared and their identification has become a routine task 
in expert laboratories. Similarly, variola virus, which was eradicated by a global vaccination 
program at the end of the last century, has not been considered as a realistic infectious 
threat for the last 25 years. But today, variola virus is the most dangerous viral candidate 
for bioterrorism and diagnosis and the treatment and prevention of poxvirus infections are 
of heightened public interest. 

These re-emerging pathogens have posed no global danger to the human population 
until recently therefore methods to verify their presence have not been developed dur- 
ing recent decades. Real-time PCR based methods are promising to fill this gap rapidly. 
This chapter gives a brief summary of the present applications of real-time PCR for the 
diagnosis of infectious agents of bioterrorism. 

Introduction 
Since the anthrax-containing letters were sent to US-Americans in autumn 2001, the 
problem of bioterrorism has attracted increasingly more attention in politics, public 
forums and science. In total five people died and it became clear that bioterrorism had 
become a reality (Jernigan et al., 2001). Several potential agents and pathogens, including 
viruses, bacteria and toxins, have since been described as bioterrorism (BT)-relevant and 
in addition to countermeasures such as vaccination, prophylaxis and therapy, a rapid and 
reliable diagnosis is a prerequisite for a reasonable risk assessment of suspected specimens 
(Hicks, 2003). 
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Classical biochemical or culture-based methods have been well established in expert 
laboratories for the direct detection of several BT-relevant ~ a t h o ~ e n s  (Lim et al,, 2005). 
However, these methods have not been updated and may be laborious and time consuming. 
On the other hand, methods that include propagation or culturing of a pathogen are the 
best way to prove not only its presence but also its replication competence which cannot 
be addressed by other methods. In any case, for successful culture propagation to be used 
diagnostically there must be at least a hint of the identity of the putative   at hog en for the 
selection of adequate culture conditions. Otherwise, the presence of a pathogen can only 
be excluded by an absence of growth. Propagation of a pathogen may take days which can 
be much too long for B T  scenarios. 

By comparison, electron microscopy is a rapid method that profits from its broad 
specificity and can identify many different pathogens so long as they are present in suf- 
ficient concentrations or "loads" (Hazelton and Gelderblom, 2003). In clinical specimens 
the   at hog en loads are generally high, but for the analysis of low load specimens, such as 
environmental specimens, reduced diagnostic sensitivity may be crucial. Because electron 
microscopy can only draw conclusions about pathogen families, method variations such 
as immuno-electron microscopy are essential to permit more detailed pathogen-typing 
(Gelderblom and Bannert, 2005). For example, electron microscopy alone could only 
confirm or exclude the presence of orthopoxvirus particles in an environmental specimen 
suspected to contain variola virus but these could either be highly pathogenic variola virus 
particles or absolutely harmless mousepox virus particles (Miller, 2003). The implications 
of failing to detect the more lethal microbe during a BT-attack are obvious. 

A third direct pathogen detection approach is the polymerase chain reaction (PCR). 
PCR is an important diagnostic tool to detect nucleic acids with high specificity and sen- 
sitivity, and with the introduction of rapid real-time PCR methods, PCR has increased its 
reputation within the diagnostic field (Mackay, 2004). PCR cannot prove the replication 
competence of a pathogen or the presence of proteinaceous toxins however in a B T  setting, 
the very presence of a pathogen is often alarming and in these instances PCR is a reliable 
and valuable method for microbial detection. Of all the benefits of real-time PCR, the 
most striking advantage for the detection of BT-relevant agents is the increased specificity 
by the use of additional hybridizing probes that can be employed for rapid subsequent 
genotyping of the detected pathogen. Unlike electron microscopy in the variola virus 
and mousepox virus example above, PCR cannot identify morphological criteria, but 
special real-time PCR techniques can easily identify significant differences in the genomic 
sequence. Moreover, since real-time PCR works in a closed tube format, the risk of carryc 
over contamination with already amplified PCR product is minimized due to the lack of 
post PCR handling (Mackay et al., 2002). 'This significantly improves the degree of reli- 
ability of results generated for the analysis of such important agents. Consequently, during 
recent years several real-time PCR assays have been published that can detect BT-relevant 
~ a t h o ~ e n s  by using different real-time PCR formats and various reaction platforms. 

Although this book focuses on real-time PCR, it must be mentioned that each of 

the previously summarized techniques has its advantages and a good diagnostic facility 
should always apply a combination of real-time PCR, electron microscopy and pathogen 
propagation to rapidly and accurately identify microbial agents of bioterror. 
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Bioterrorism 
What is bioterrorism? 
A bioterrorist attack is defined as the deliberate release of viruses, bacteria, or other agents 
that can cause illness or death in people, animals, or plants, 

The ideal bioterror agent is lethal, easy and inexpensive to produce in large quantities, 
stable in aerosol with the ability to be dispersed over wide areas. For ideal bioterror agents 
there is no effective treatment or vaccine, and the agent may be communicable from person 

to person. 
Typically the agents employed can be found in nature, but technically or genetically 

modified variants with increased pathogenicity, resistance to current medicines or im- 
proved ability to be spread into the environment through air, water, or in food must also 
be considered. Release of those agents can be extremely difficult to detect and may not 
cause illness for several hours to several days. While some BT-relevant agents, such as the 
smallpox virus, can be spread from person to person, others, such as anthrax or toxins, 
cannot. 

Short outline of BT history 
Although it could be assumed that bioterrorism is a problem of today and is certainly 
much more present in the public conscience since the anthrax letters sent in October 2001, 
the use of biological agents as weapons is not a novelty, Even several hundred years ago, 
biological agents were used to support warfare (Klietmann and Ruo& 2001) although 
today's use of bioweapons stretches the conventional definition of war. 

Existing evidence suggests that ancient civilizations such as the Greeks or the Romans 
attempted to pollute the drinking-water supplies of their enemies by contamination with 
foul-smelling dead animals, a strategy that was still employed in the 19th century during the 
American Civil War (Poupard and Miller, 1992). In the 18th century a British commander 
learned that smallpox had broken out among British troops at Fort Pitt and he suggested 
that the disease could be used as a biological weapon against the native Americans. The 
plan was to pass along blankets used by smallpox victims to the native Americans. An 
epidemic of smallpox did occur among these tribes, but it was not proven that the outbreak 
resulted from biological warfare activities. 

These early attempts of biological warfare occurred long before the concept of micro- 
organisms as agents of infectious diseases was accepted. In parallel with increasing skills 
in isolation and propagation of pathogenic microorganisms, knowledge about prevention 
and eradication of infectious diseases grew, and so did their potential use for nefarious 
purposes, 

While the use of biological weapons was minimal during World War I, chemical 
weapons were developed and applied on military personnel. This led to the formulation 
of the Geneva Protocol for the Prohibition of the Use in War of Asphyxiating, Poisonous 
or Other Gases, and of Bacteriological Methods of Warfare, in 1925. This treaty banned 
the use of chemical as well as biological weapons in war. However, in the ~ e r i o d  between 
World Wars I and I1 the Japanese effort to develop biological weapons was notable. It is 
estimated that during 13 years of Japanese biological warfare research in Manchuria and 
China, 10 000 unwilling human "subjects" lost their lives (Harris, 1992). Other countries 
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attempted to developing vaccines and antibiotic drugs to combat such efforts. The United 
States began a small biological weapons program in 1942 but in 1950 they began a more 
extensive program (Christopher et al., 1997) establishing a research and development 
institute at Fort Derrick. Both the US Army and Air Force worked on biological weapons 
projects until 1969, the year of President Nixon's biological weapons disarmament declara- 
tion, 'This decision was followed in 1972 by the Biological and Toxic Weapon Convention, 
after which Western governments stopped biological weapons development. However, the 
Soviet Union started a clandestine program which reached beyond our imagination in its 
scientific, technological, and production capacity. Of particular interest was an organiza- 
tion that was created between 1973 and 1974 under the name Biopreparat (Domaradskij 
and Orent, 2006; Roffey et al., 2002b). It comprised 52 sites of extensive research, develop- 
ment and production capability for bioweapons employing an estimated 50 000 people 
over 25 years, many of them highly trained scientists and technicians. Biopreparat created 
a variety of different agents for specific strategic situations and demands, such as pathogens 
resistant to degradation by heat, light, cold, UV, and ionizing radiation (Davis, 1999) and 
the production levels were impressive. The Soviet Union stored more than 30 metric tons 
of Bacillus antbracis spores and more than 20 metric tons of smallpox virus. This potential 
was reported by a former deputy director of Biopreparat, Ken Alibek. His revelations 
described a gruesome picture of this elaborate death factory (Alibek and Handelmann, 
1999). According to his book, the former Soviet Union's warfare program included the 
aiming of SS-18 intercontinental missiles armed with anthrax and other agents at New 
York, Los Angeles, Seattle, and Chicago in 1988, 

Several bioterrorist attacks have occurred in the more recent past. In 1984, salad bars 
at two restaurants in Oregon, USA were contaminated with Salmonella species by the 
Bhagwan Shree Rajneesh group attempting to sicken citizens and prevent them from vot- 
ing in an upcoming election (Torok et al., 1997). In the late 1990s, a number of anthrax 
threats were made in the United States, but all were hoaxes (Moran, 1999). One of the 
most frightening recent terrorist attacks involved release of the nerve gas sarin in the Tokyo 
subway system in 1995. Aum Shinrikyo, the cult responsible for killing 12  people and 
injuring approximately 3800 in the sarin attack, has also attempted to develop botulinum 
toxin, anthrax, cholera, and Q fever for bioterrorist use (Olson, 1999), 

Use ofPCR as diagnostic tool in bioterrorism 
The most crucial factor in diagnosing infectious diseases is the reliability of the result 
obtained. This applies to routine clinical specimens and even more to the diagnosis of 
BT-relevant agents. But what does diagnostic "reliability" exactly mean in this context and 
what can PCR contribute to its achievement? 'There are three main criteria that determine 
the degree of reliability of the method of choice: 

1 Specificity 
2 Sensitivity/detection limit 

3 Speed 
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Specificity 
The detection of BT-relevant parhogens first of all demands a high level of specificity. It 
seems obvious that both possibilities of a false diagnostic result will have dramatic conse- 
quences for the community. A false negative result would give the agent time to be distrib- 
uted, first in close vicinity to the place of the attack but as seen for the rapid distribution of 
SARS in 2003, pathogens that are transmittable from human to human could in the worst 
case travel around the globe in a matter of hours. Countermeasures such as post-exposure 
vaccination or antimicrobial treatment could not be initiated in time and as a consequence 
many fatalities would be expected. A false positive result would not cause harm to people 
directly, but would certainly lead to panic, the initiation of appropriate countermeasures 
and finally would cause economic damage in hardly predictable dimensions. 'Therefore 
both cases have to be avoided by application of reliable diagnostic assays. The difficulty of 
developing such reliable assays is that nearly each of the known highly pathogenic agents 
potentially used for BT purposes has a close relative that is either significantly less patho- 
genic or even innocuous. Unfortunately, in most cases there are only a few differences in 
the nucleic acid sequences of such closely related agents and a B T  risk assessment depends 
on the accurate differentiation of these minimal changes. 

For example, variola virus, one of the most pathogenic viruses for humans, shares high 
genome homology with camelpoxvirus, a virus that is not able to infect humans at all, but 
causes high morbidity and mortality in its host, the camel. Also monkeypox viruses are 
much less pathogenic to humans than variola virus, but display only minor genetic dif- 
ferences. Similarly, B. anthracis has a non-pathogenic close relative called B. cereus, which 
can hardly be distinguished from B. anthracis based on genomic sequences thus bacterial 
plasmid sequences must be determined to enable reliable differentiation of the two mi- 
croorganisms. But how can such a high degree of specificity be achieved? Two approaches 
have been used to create real-time PCR assays with the required specificity for infectious 
agents, 

Specijic amplijication ofthe target ofinterest 
Oligonucleotide primers are designed to bind exclusively to the target of interest and 
amplification by PCR is monitored by an additional probe that may not necessarily be 
as specific as the primers. If significant sequence differences exist at the primer binding 
sites then the perfectly matched target is amplified while similar targets are not. However, 
once non-perfectly matching primers are elongated, they produce amplified DNA that is a 
perfectly matching target for primer hybridization in subsequent rounds of amplification, 
leading to false positive results. This may happen to primers targeting only single specific 
bases most commonly at their 3' end+ 

The  generic amplification ofa whole group or species of patbogens 
Several members of a species are amplified with the same primers indicating the presence 
of at least one member of this group. x e y  are then discriminated using selective binding 
of a type-specific HybProbe showing amplification curves only for the perfect matching 
variant, or probes that bind to all species of the group but identify single nucleotide poly- 
morphism~ (SNPs) by fluorescence curve melting analysis. The latter approach has a lower 
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risk of obtaining false positive results as long as the chosen SNPs are valid for all possible 
pathogens. However, it may fail in situations when the specimen contains mixtures of 
pathogens. Especially in melting curve analysis, the more abundant target will be clearly 
identifiable, while low amounts of a second target will not. 

Since both approaches have their strengths and drawbacks, the combination of a spe- 
cific and a generic approach should be implemented to achieve maximum reliability. Real- 
time PCR seems to be a promising technique to enable the required specificity although for 
complex genomes more than one SNP should be considered to draw final conclusions. 

Sensitivity/detection limit 
Beside specificity, the detection limit (often understood as sensitivity) of an assay is an im- 
portant criterion, It may be assumed that attacks would be carried out using high amounts 
of pathogens therefore requiring only a moderate assay sensitivity. However, the intent of 
a terrorist can only be presumed. It is unclear what effective concentration of the pathogen 
would remain for analysis after isolation and preparation of the specimen, In this context, 
the makeup of the specimen or its "matrix" and the volume in which the pathogen is deliv- 
ered will influence detection limits dramatically; the proven concentration of the detected 
pathogen therefore would not at all reflect the true number of infectious particles. Care 
must be taken to remove inhibitory compounds prior to analysis, O n  the other hand, low 
amounts of an infectious agent may be employed by a terrorist so that they intentionally fall 
below the detection limit of commonly applied assays and could be distributed unnoticed 
and spread later from human to human. In any case, the reliable exclusion of suspected 
pathogens requires a high sensitivity. And moreover, besides quantitative considerations, 
the detection of only minute amounts of variola virus particles would be alarming, since 
variola virus is restricted to laboratory use only in two centers worldwide and unavailable 
to non-authorized persons. Whatever the reason might be, sensitivity is important and 
recently published real-time PCR assays can usually detect below 10 genomic equivalents 
per reaction (Lim et al., 2005). 

The detection limit can be improved by the use of suitable specimen volumes, prepa- 
ration and purification methods and the implementation of enrichment steps. However, 
various scenarios can be assumed where this sensitivity is insufficient. On the other hand, 
the number of pathogen genomes is not identical to the number of infectious particles and 
does not at all reflect replication competence. For example, the ratio of genome equiva- 
lents to infectious particles for orthopoxviruses is at least 1:1O, e.g. within a specimen 
that contained ten detectable genomes, there would be statistically one infectious virus 
particle present. This ratio varies with the virus and with the specimen matrix which may 
significantly damage the pathogen's integrity. 

Speed 
Compared to classical direct microbial detection methods, such as growth using selec- 
tive media or propagation in susceptible cell lines, real-time PCR is extremely fast. While 
propagation may take up to several days, most of the newly developed real-time PCR 
platforms allow rapid amplification and on-line monitoring in less than one hour after the 
preparation of nucleic acid. This is impressively fast, but considering the consequences of a 
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positive result in BT diagnostics, there is no method too fast and further improvements in 
amplification speed and efficiency are needed. 

In summary, BT-diagnostics require rapid methods that combine high specificity with 
excellent detection limits. These demands are best met by real-time PCR, 

Assay evaluation 
The first steps in the development of a new assay are usually the selection of primers and 
hybridizing   robes based on the kliown target sequences. These can be deposited in public 
databases or identified from other sources. Primers and probes are selected by targeting the 
sequence that is specific for the target of interest. Reliable discrimination can be obtained 
following general design rules. Despite a careful design, the specificity of an assay must 
always be proven experimentally to ensure the significance of the chosen sequence. 

Another important question is whether further pathogen isolates exist that are not 
identical to the considered sequences and could therefore lead to false negative results. 
Unknown isolates may lack the exact sequence positions their identification should be 
based on. Therefore, every assay has to be evaluated practically with as many isolates as pos- 
sible. Unfortunately for comprehensive assay development, access to certain BT-relevant 
pathogens is highly restricted and even nucleic acids from these pathogens are difficult 
to obtain from specialized laboratories due to safety regulations. Thus, external quality 
assessment studies including BT agents have evolved in recent years that are either defined 
by the detection method or the pathogen (Niedrig et al., 2006; Niedrig et al., 2004). 

To optimize the assay's sensitivity, a lot of helpful rules for primer and probe design 
are already defined and the design of accurate, functional real-time PCR assays is no secret. 
We have described these steps in detail in Chapter 2. If the basic rules are followed, the 
common sensitivity of 10  genome equivalents per reaction can be reliably achieved with a 
number of formats under appropriate conditions. 

Considering this, it seems obvious that the establishment of acceptably reliable assays 
is not possible for every individual laboratory. Home-brew assays, although they may be 
evaluated perfectly, need to be tested regularly to ensure their functionality. This is only 
possible for facilities that actually work with the agent of interest, Therefore, to shorten the 
evaluation procedure and to enable more laboratories to perform a reliable diagnosis for a 
broad spectrum of pathogens, several ready-to-use commercial kits are now on the market. 
These luts eliminate the need for extensive primerlprobe design, optimization and evalua- 
tion and facilitate rapid detection and monitoring studies, The kits often include controls 
and only lack the specimen DNA to be tested and are a good solution for non-specialized 
laboratories to perform preliminary diagnostics. Additionally, there are innumerable sets 
of probes and primers in the literature that can be used with a number of pathogens or 

potential bioweapon agents. 

Methodsfor specimen processing 
The specimen processing and preparation of BT-relevant specimens cannot be compared 
to that of common human clinical specimens. For clinical specimens such as blood or 
serum there are numerous commercial kits available that enable the rapid purification of 
nucleic acids for use in any PCR reaction* Moreover, nucleic acid preparations of clinical 
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specimens can easily be controlled for quality by amplification of reference genes present in 
the specimen (Radonic et al,, 2004). 

In addition to the clinical specimens of suspected persons, B T  diagnostics should 
cover the analysis of powders, soils, solids and air. Since the compositions of these speci- 
men matrices are manifold and usually unknown, different methods for processing are 
required. 

Ideally the universal method of choice concentrates the target B T  agent and puri- 
fies the nucleic acid allowing analysis of all types of targets, e+g, DNA or RNA from 
viruses, bacteria or spores. In addition substances potentially inhibiting detection should 
be removed. Since a PCR positive result reflects the presence of the nucleic acid only, cell 
viability should be maintained in a portion of the specimen so that the target organism can 
be cultured for confirmation of viability, an important component of the final BT risk as- 
sessment. To date, there is definitely no single method that can address these requirements 
but various specimen preparation methods are currently under investigation (Cheun et al,, 
2003; Luna et al., 2003; Makino and Cheun, 2003). 

However, for the diagnosis of environmental samples, which are prone to contain 
contaminating traces of PCR-inhibitory substances even after appropriate preparation 
procedures, the implementation of internal controls is vitally important. Endogenous 
internal controls can prove the presence of amplifiable DNA in each reaction vessel adding 
a higher degree of reliability to negative PCR results, 

BT-relevant pathogens 

Classification 
Twelve agents have been categorized as the most dangerous if abused in BT attacks. 'These 
agents are colloquially termed the "dirty dozen" and the rapid diagnosis of these agents is 
of the highest priority. The dirty dozen includes viruses, bacteria and also toxins as listed 
in Table 9.1. 

A classification of these and further agents was proposed by the Centers for Disease 
Control and Prevention (CDC, USA) and has become widely accepted. According to this 
classification all BT-relevant agents can be assigned to three categories; A, B and C, where 
category A comprises agents of highest threat and category C those of lowest concern 
(Table 9.2). 

Table 9.1 The dirty dozen of bioterrorism 

Viruses Bacteria Toxins 

Smallpox Bacillus anthracis Botulinum toxin 
Ebola-Lassa virus Francisella tularaemia Ricin 
Equine encephalitis viruses Yersinia pestis Stapylococcus enterotoxin B 

Brucella spp 
Coxiella burnetii 

(SEB) 

Burkholderia sp p 
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Table 9.2 Classification of putative bioterror agents 

Agent Category A Category B§ Category C 

Variola virus Viral encephalitis viruses Nipah virus 
Viral hemorrhagic fevers Alphaviruses Hantavirus 
Filoviruses 
Arenaviruses 

Bacteria Bacillus anthracis Brucella species 
Yersinia pestis Burkholderia mallei 
Francisella tularensis Burkholderia pseudomallei 

Chlamydia psittaci 
Coxiella burnetii 
Rickettsia prowazekii 

Toxin Botulinum toxin Ricin toxin 
Clostridium petfringens 
Epsilon toxin 
Staphylococcal enterotoxin 
B 

- 

5 Food and water safety threats such as Salmonella spp, Shjge//a spp, Vjbrjo cholerae 

Category A Diseases/Agents 
Highest-priority agents include microorganisms that pose a risk to national security be- 
cause they can: 

be easily disseminated or transmitted from person to person; 
result in high mortality rates and have the potential for major public health im- 
pact; 
might cause public panic and social and financial disruption; 
require special action for public health preparedness. 

Category B Diseases/Agents 
Second highest priority agents include those that: 

are moderately easy to disseminate; 
result in moderate morbidity and low mortality rates; 
require specific enhancements of CDC's diagnostic and disease surveillance 
capacity 

Category C Diseases/Agents 
Third highest priority agents include emerging pathogens that could be engineered for 
mass dissemination in the future because of: 

availability; 
ease of production and dissemination; 

potential for high morbidity and mortality rates and major health impact. 
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In each of the following sections we will first give a brief overview of relevant BT 
pathogen or agent and then summarize the real-time PCR approaches that have been 
developed and/or applied to permit their diagnosis. Conventional PCR methods as well 
as classical microbiological methods will not be discussed here, 

Bacteria 
Anthrax 
Anthrax is a serious disease caused by Bacillus antbracis, a Gram-positive bacterium that 
forms spores. A spore is a robust cell that is dormant but can revive under special condi- 
tions. Consequently, spores must also be detected by diagnostic approaches. B. antbracis 
is classified as a category A bioterror agent that can infect humans by handling products 
from infected animals or by breathing in anthrax spores from infected animal products 
resulting in anthrax (Inglesby et al., 2002). Infection with gastrointestinal anthrax can 
occur by eating undercooked meat from infected animals. The spread of anthrax from 
person-to-person has not been reported. However, as happened in the United States in 
2001 when anthrax was deliberately spread through the postal system by sending letters 
with weaponized spores, anthrax can also be used as a weapon, These attacks caused 22 
cases of infection and five people died of anthrax (Jernigan et al., 2001). 

There are three types of anthrax presenting with different symptoms depending on 
the type of the disease. Symptoms can appear within seven days after contact with the 
bacterium, although inhalation anthrax may take up to six weeks to appear (Moran and 
Talan, 2003)+ 

1 Cutaneous anthrax: A small sore develops initially develops into a blister and later 
into a skin ulcer with a black central area. The sore, blister and ulcer do not hurt. 

2 Gastrointestinal anthrax: The first symptoms are nausea, loss of appetite, bloody diar- 
rhea, and fever, followed by bad stomach pain. 

3 Inhalation anthrax: The first symptoms of inhalation anthrax resemble cold or flu-like 
illness including a sore throat and mild fever. Later symptoms include cough, short- 
ness of breath, tiredness and muscle aches, 

There is a vaccine that is not yet available for the general ~ u b l i c  (Chabot et al*, 2004; 
Splino et al., 2005). However, people probably exposed to anthrax by entering contami- 
nated areas or those exposed to anthrax by a bioterror attack would get the vaccine (Little, 
2005). Antibiotics including ciprofloxacin, levofloxacin, doxycycline, or ~enicillin are 
employed for a 60-day period to treat all three types of anthrax (Brouillard et al., 2006). 
Success depends on the type of anthrax and how soon treatment begins. In most cases, 
early treatment with antibiotics can cure cutaneous anthrax since 80 percent of untreated 
people who become infected with cutaneous anthrax do not die. Gastrointestinal anthrax 
leads to death in 25% to 50% of cases while inhalation anthrax is much more severe. In 
2001, about half of the cases of inhalation anthrax ended in death (Jernigan et al., 2001). 

The recent use of anthrax in bioterrorist attacks has demonstrated the need for rapid 
and specific diagnostics. Routine culture and biochemical testing methods for B. antbracis 
have been well-established for many years, but a definitive identification may take 24h 
to 48 h or longer. PCR is a more rapid alternative, but only one anthrax specific real- 
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time PCR assay had been published before the bioterrorism attacks in October 2001 in 
Washington DC. Meanwhile, in response to that event, several real-time PCR assays have 
been published for different platforms. Because virulent isolates of B. antbracis contain 
two plasmids, the 182 kb plasmid pXOl and the 96  kb plasmid pX02, there is general 
consent that identification of genomic sequences is insufficient and should augmented by 
the amplification of unique plasmid sequences. 

The first real-time PCR assay to detect B. anthracis was published in 1999 (Lee et al+, 
1999). This assay was based on the minor-groove D N A  intercalating fluorescence dye 
SYBR" Gold that exhibits increased fluorescence when bound to double stranded DNA+ 
Unfortunately SYBR Gold cannot guarantee a sequence-specific signal and sometimes 
produces false positive results even in negative specimens, as was reported for this assay. 
Nonetheless, this study confirmed B. anthracis infection by melting curve analysis of the 
amplified capC gene and presented an artificial internal control, which is of considerable 
importance to achieve good diagnostic reliability+ Recently published real-time PCR assays 
avoid the use of intercalating dyes and prefer the use of hybridizing probes, such as 5' 
nuclease" or HybProbes probes. 

Qi  et al. 2001 used a unique nucleotide sequence of the B, anthracis rpoB gene for dif- 
ferentiation of B. anthracis by Lightcycler PCR (Qi et aL, 2001). Primers were selected to 
have one B, anthracis-specific nucleotide at each of their 3' ends, whereas two nucleotides 
were specific to the probe region. No melting curve analysis was performed however the 
assay was found to be specific for 144 B. anthracis strains and did not cross-react with 
other related bacilli (175 strains), with the exception of one strain, 

In 2002 a Lightcycler-based assay was published that can now be purchased as a 
ready-to-use kit (Bell et al., 2002), Lightcycler Bacillus anthracis kit; Roche Applied 
Science, Indianapolis, Ind.) which complete the whole analysis in less than one hour. PCR 
primers and probes were designed to identify gene sequences specific for both the pro- 
tective antigen (pagA) located on plasmid pXOl and the encapsulation B protein (capB) 
located on plasmid pX02. The pagA gene was detected in 29 of 29, and the capB gene in 
28 of 29 virulent B. anthracis strains respectively. Three avirulent strains containing only 
pXOl or pXO2, and therefore only pagA or pagB, could be detected and differentiated 
from virulent strains, 'The assays were negative for 57 bacterial strains representing a broad 
range of organisms, including Bacillus species other than anthracis (n = 31) and other 
non-Bacillus species (n = 26). The analytical sensitivity demonstrated with target D N A  
cloned into control plasmids was 1 copyIrL of specimen. 

A 5' nuclease probe-based real-time PCR for identification of B. anthracis was also 
based on the detection of the two pathogenicity plasmids, as well as one chromosomally 
encoded marker (Ellerbrok et al., 2002). BothpagA on plasmid pXOl and capC on plasmid 
pX02 were targeted and amplified with identical reaction conditions to the chromosomall~ 
located RNA ~ o l ~ m e r a s e  gene (rpoB). Importantly, there were low cross-reactions of the 
rpoB primers with B. cereus DNA, which could give false positive results if extremely high 
amounts of B. cereus were present. However, the plasmid targets were highly specific for B. 
antbracis allowing its reliable identification. The crucial benefit of this publication is that 
not only ~ur i f i ed  DNA, but also complete bacteria picked from colonies or pelleted from 
liquid cultures were subjected to PCR, avoiding time-consuming DNA preparation and 
minimizing specimen handling. TO prove replication competence of the bacteria contained 
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in the suspect specimen and to increase the target amount for PCR analysis, spores of 
B. anthracis were cultivated for a few hours in enrichment broth before PCR analysis, or 
used directly for real-time PCR. This approach took approximately two to three hours to 
confirm or exclude a potential attack following specimen arrival in the laboratory. 

As described above, the identification of chromosomal markers for rapid detection 
of B. anthracis is difficult because significant chromosomal homology exists between it, B. 
cereus, and B. thuringiensis. Beside rpoB, a second chromosomally located B. anthracis-spe- 
cific gyrA gene, was evaluated as a potential chromosomal marker for B. antbracis (Hurtle 
et al., 2004)+ A 5' nuclease based real-time PCR assay was developed for this region using 
a minor groove binding probe (MGB). 'The 5' nuclease-MGB probes are modified to bind 
very tightly to the target D N A  which allows the design of shorter probes. Such a short 
probe does not tolerate mismatches in the probe binding region and a pair of differently 
labeled   robes can therefore be used for discrimination of similar target sequences. The 
MGB assay was tested with 171 organisms including 102 Bacillus strains and was found to 
be specific for all 43 strains of B. antbracis tested, demonstrating the usefulness of gyrA as 
a specific chromosomal marker for B. anthracis, Further B. anthracis-specific chromosom- 
ally located sequences are presently under investigation for their usefulness in diagnostics 
(Bode et al., 2004). 

G m  et al. published a multitarget multiplex PCR to differentiate B. anthracis from B. 
cereus by SYBR" Green melting curve analysis (Kim et a!., 2005)+ B. anthracis specific sspE 
gene sequences as well as a shorter version of sspE representing the B. cereus group were 
selected as targets. In addition the lef gene on plasmid p X O l  and capC were amplified. A 
multitarget PCR amplifies multiple targets of one pathogen by separate PCR reactions 
that can ideally be performed under identical reaction conditions in parallel in one PCR 
run. A combination of the PCR product melting temperatures was employed to allow a 
classification of the bacillus species. Purified DNAs from 38 bacterial strains including 11 
strains of B. anthracis and 18 B. cereus group strains were analyzed. All virulent genotypes 
could be identified correctly by this assay. 

With the increasing skills in the design of real-time PCR assays and the improved 
reagents and PCR machines available to many laboratories, sensitive analysis is more and 
more a question of establishing an efficient preparation method for the specimens of inter- 
est, 

Soil is certainly one type of specimen matrix that often impairs PCR analysis. To 
detect B. anthracis DNA from soil various amounts of B. anthracis spores were added 
artificially to soil and DNA was prepared by several preparation and enrichment steps. 
Nested and real-time PCR could detect a single B. anthracis cell in 1 g of soil (Cheun et 
al., 2003). Other preparation approaches revealed a sensitivity of < 10 spores for various 
specimen matrices. Heat treatment of specimens suspended with sucrose plus non-ionic 
detergent was considered an effective spore disruption method (Ryu et al., 2003). Similarly, 
the detection of one cell of B. antbracis in 100 liters of air was shown by a simple and rapid 

procedure combining filtration and real-time PCR (Makin0 et al., 2001). 
Independent of the specimen matrix, the identification of B. antbracis should always be 

based on the multitarget amplification of genomic sequences in addition to the virulence 
plasmids* The chosen format may be adapted to the real-time PCR instrument available. 
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Yersinia pestis 
The infectious agent of bubonic, pneumonic or septicemic plague is the Gram-negative 
bacterium Yersinia pestis. The organism is motile when isolated, but becomes non-motile 
in the mammalian host. All three forms of plague have been responsible for high mortality 
rates in epidemics throughout human history. Beside Y, pestis, the genus Yersinia consists 
of 10  species, but only Y; pestis, Y, pseudotuberculosis and Y. eMterocolitica are considered to 
be pathogenic for humans (Perry and Fetherston, 1997). Y. pestis is classified as a category 
A bioterror agent, 

Naturally, fleas become infected by feeding on rodents and transmit the plague bac- 
teria to humans and other mammals. Transmission from human to human is possible 
by airborne infection when a person suffering from pneumonic plague coughs droplets 
containing the plague bacteria. Large outbreaks in humans can occur where sanitary facili- 
ties are poor. These outbreaks are usually associated with infected rats and rat fleas that 
live nearby. 

A person usually becomes ill with bubonic plague two to six days after being infected. 
When bubonic plague is left untreated, plague bacteria invade the bloodstream, spread 
rapidly throughout the body and cause a severe and often fatal disease (Koirala, 2006). 

Infection of the lungs with the plague bacterium causes the pneumonic form 
of plague, a severe respiratory illness. The infected person may experience high fever, chills, 
cough, and breathing difficulties, and expel bloody sputum, The typical sign of bubonic 
plaque, the most common form of human plague, is a swollen and very tender lymph 
gland. 

A formalin-inactivated vaccine was available for adults at high risk of contracting the 
plague. It was subsequently taken off the market by the Food and Drug Administration 
of the USA due to reduced efficiency and the risk of causing severe inflammation. First 
experiments with genetically engineered vaccines are promising (Welkos et al., 2002). 

Yersinia pestis is highly susceptible to antibiotic treatment with streptomycin. 
Gentamicin can be used if Streptomycin is unavailable. Tetracyclines and chloramphenicol 
are also effective. Unfortunately strains resistant to one or two antibiotics have already 
been isolated. Without therapy the disease progresses rapidly to death (Hernandez et al., 
2003). 

Possible target genes are either located on the Y, pestis chromosome or on one of the 
three virulence plasmids that most X pestis strains contain (Brubaker, 1972). The Y, pes- 
tis-specific 9.5-kb plasmid pPla (also pPCPl or pPst) codes for a plasminogen activator 
(Pla). Pla is important for the dissemination of Y, pestis transmitted by flea bites, because 
pPla deficient strains are avirulent in mice infected via the subcutaneous route* The 64- 
kb pCDl plasmid contains a number of genes coding for several virulence factors. 'These 
proteins are referred to as Yops (Yersinia outer proteins) and are required for full virulence 
in the mouse (Hinnebusch et  al., 2000). This plasmid is shared by all pathogenic members 
of the species Y. pestis, Y; enterocolitica and Y. pseudotubrrculosis (Cornelis et al., 1998). The 
cafl locus on the Y, pestis-specific 100-110-kb plasmid pMT1  ( ~ F r a )  encodes the highly 
immunogenic fraction 1 capsule antigen (Fl). The Y. pestis murine toxin gene encodes a 
61-kDa phospholipase protein (Hinnebusch et al., 2000), which is highly toxic for mice 
when injected, 
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The first real-time PCR assay for the detection of k: pestis was published in 1998 
(Higgins et al., 1998). This assay was based on a 5' nuclease probe and was established to 
rapidly detect and quantitate DNA from clinical specimens by targeting Pla. To prove its 
applicability k: pestis was quantified in experimentally infected Xenopsylla cbeopis fleas and 
in experimentally infected monkeys+ 

In 2000 Iqbal et al. published a Y, pestis specific assay targeting a stretch of the Pesticin 
(pst) gene (Iqbal et al., 2000). This gene is a species-specific gene located on the unique 
plasmid pPla and encodes a bacteriocin. The assay was shown to detect as few as three 
copies of pst from total Y, pestis genomic DNA. The pst probe used was positive only for 
pesticinogenic isolates and did not show complementarity with Yersiniae nor with other 
bacteria targeted and was postulated to be highly specific for E pestis. 

A further aspect beside basic detection and quantification of E pestis was presented 
in 2001 (Lindler et al., 2001). Based on FRET probes, an assay was presented to detect 
ciprofloxacin resistant (Cp(r)) mutants of Y, pestis. The detection of antibiotic resistance 
in agents of biowarfare is extremely critical in order to start appropriate therapy in a timely 
manner, First, spontaneous mutants of the attenuated Y, pestis KIM 5 strain were selected 
that showed resistance to ciprofloxacin concentration of > 1 ttg/ml. DNA sequencing of 
gyrA encoded by 65 of these mutants revealed that all resistant isolates contained one 
of four different point mutations within the cpinolone resistance-determining region of 
gyrA. The FRET-based assay was designed to detect all of these mutations by using a 
single pair of fluorescent probes with sequences complementary to the wild-type Y, pestis 
gyrA sequence. As expected, fluorescence melting curve analysis revealed decreased melting 
temperatures for the four mutant templates of between 4°C and 11°C. Optimized reaction 
conditions lead to the detection of approximately 10 pg of purified wild-type template 
DNA, or of approximately four CFU of wild-type Y, pestis KIM 5 or Cp(r) mutants, in 
crude lysates. 

~e same group published a 5' nuclease probe based assay which was performed us- 
ing the Lightcycler for the identification of resistant mutants of Y, pestis only two years 
later (Lindler and Fan, 2003). Two groups of fluorogenic probes were developed. The first 
group included a probe homologous to the wild type Y, pestis gyrA sequence with two 
corresponding probes that were homologous with two different mis-sense mutations in 
codon 81 of gyrA. The second group of probes included a wild-type probe and two corre- 
sponding probes that recognized mis-sense mutations in codon 83 of gyrA. These probes 
reacted only with the homologous DNA sequences. The 5' nuclease assay was sensitive to 
1 pg (approximately one colony forming unit, CFU) of starting template and could be used 
on semi-purified DNA. 

Two complex multitarget multiplex PCR assay were described in 2003 for the detec- 
tion of Y, pestis on the Lightcycler (Tomaso et al., 2003). Targets for PCR amplification 
included the 16s rRNA gene as a chromosomal marker, Pla, the murine toxin gene and the 
fraction 1 antigen gene (both located on the 100 kb plasmid) and bacteriophage lambda- 
DNA as an internal control. Twenty-five strains of k: pestis, 94 strains of other Yersinia 
species and 33 clinically relevant bacteria were investigated but E pestis was selectively 
identified by displaying all characteristic melting temperatures. Other bacteria yielded no 
amplification products. The lower limit of detection in a background of rat or flea DNA 
was approximately 0.1 genome equivalents. 
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A comparison of different real-time PCR detection formats for the identification of a 
Y. pestis-specific genomic sequence was published in 2005 (Chase et al., 2005). According 
to the idea that a chromosomally located marker should always be included in the PCR 
diagnosis of Yersinia, the gene region yp48 was utilized to construct a real-time PCR assay 
specific for Y. pestis or X pseudotuberculosis. 'The recently used 1 6 s  rRNA and 23s  rRNA 
sequences differed very little compared to the gene homologues of Y. pseudotuberculosis and 
could therefore lead to difficult data interpretation in some cases. The yp48 gene displays 
homology to an E. coli gene which encodes an ATP-binding component of the maltose 
transport system+ However, this gene has a 25-bp insertion that is present in Y. pseudotu- 
berculosis, but not in Y. pestis Several real-time 5' nuclease-MGB assays, SimpleProbe" and 
MGB EclipseTM probe assays for the selective differentiation of Y. pseudotuberculosis from Y. 
pestis were evaluated. The Y. pestis-specific-MGB assay distinguished X pestis from other 
Yersinia species but showed an unacceptable level of false positive detection of X pseudotu- 
berculosis. This was probably due to the tight binding of the MGB moiety at the 3' end of 
the MGB-probe that is also present in Y. pseudotuberculosis, The SimpleProbe and MGB 
Eclipse probes specific for the 25-bp insertion detected only Y. pseudotuberculosis DNA. 
Probes that spanned the deletion site detected both Y. pestis and Y. pseudotuberculosis 
DNA, and the two species were clearly differentiated by a post-PCR fluorescence melting 
curve analysis. 'The SimpleProbe assay produced an almost 7°C melting temperature dif- 
ference and the MGB Eclipse probe a slightly more than 4°C difference, These data for the 
newly introduced real-time PCR formats may be helpful for the development of assays for 
the diagnosis of other BT-relevant agents. 

Francisella tularensis 
The Gram-negative bacteria Francisella tularensis is the causative agent of tularemia 
or rabbit fever (Oyston and Isherwood, 2002). Four subspecies of Francisella tularensis 
have been classified. 'The most virulent, Type A or Francisella tularensis tularensis is found 
predominantly in North America and is associated with lethal pulmonary infections. 
Type B or Francisella tularensis palearctica is found predominantly in Europe and Asia but 
rarely leads to fatal disease. Subspecies Francisella tularensis novicida primarily found in 
North America was characterized as relatively non-virulent while Francisella tularensis 
mediasiatica is found primarily in central Asia, Little is currently known about its ability to 
infect humans. Francisella tularensis is classified as a category A bioterror agent (Cronquist, 
2004). 

Infection by Francisella tularensis occurs after being bitten by infected ticks or insects, 
handling infected animal carcasses, eating or drinking contaminated food or water or  inhal- 
ing bacteria. Only 10 to 50 organisms are required to cause disease. People who inhale an 
infectious aerosol generally experience severe respiratory illness, including life-threatening 
pneumonia and systemic infection, if they are not treated. Human-to-human transmission 
has not been reported. People who have been exposed to the tularemia bacteria should 
be treated as soon as possible. The disease can be fatal if it is not treated with the right 
antibiotics. 

Symptoms usually appear three to five days after exposure to the bacteria, but can take 
as long as 14 days. Infection with Francisella tularensis can occur via several routes but most 
commonly via skin contact, yielding an ulceroglandular form of the disease, Inhalation 
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of bacteria, particularly biovar Francisella tularensis, leads to potentially lethal pneumonic 
tularemia, Other rare routes of inoculation have been described and include oropharyn- 
geal infection due to consumption of contaminated food and conjunctival infection due to 
inoculation at the eye. 

Symptoms of tularemia include sudden fever, chills, headaches, diarrhea, muscle 
aches, dry cough and progressive weakness. Pneumonia with chest pain, bloody sputum 
and breathing trouble is also possible. Other symptoms of tularemia depend on how a per- 
son was exposed to the tularemia bacteria, and may include ulcers on the skin or mouth, 
swollen and ~ainful  lymph glands and a sore throat. An attenuated live vaccine strain of 
subspecies palearctica has been described, though it is not yet fully licensed by the Food 
and Drug Administration as a vaccine (Isherwood et al,, 2005). 

The diagnosis of human cases of tularemia often relies upon the demonstration of 
an antibody response to Francisella tularensis or the direct culturing of bacteria from the 
patient, While the antibody response to Francisella tularensis usually takes two weeks to 
develop and cannot be applied to the identification of Fvancisella tularensis in environmen- 
tal specimens, culturing needs special media and some suspicion of tularemia. Moreover, 
the handling of live bacteria poses a risk to laboratory personnel due to the highly infec- 
tious nature of this pathogen. The detection of nucleic acids promised to accelerate reliable 
diagnosis. 

Therefore, in 2000 the first real-time PCR assay for Francisella tularensis was pub- 
lished (Higgins et al., 2000). The 5' nuclease assay directed against the subspecies tula- 
rensis outer membrane protein gene (FopA) was used to determine the bacterial load in 
experimentally infected mice. This assay had a detection limit of 1 pg of genomic DNA 
corresponding to approximately 100 CFU. 'This publication included the use of Flinders 
Technology Associates (FTA) filter cards (Whatman, Germany) for inexpensive and easy 
DNA preparation out of tick extracts or mouse tissue. 

A similar 5' nuclease assay targetingfopA was applied in a study to determine the 
pathogen load (including subspecies tularensis) in -6000 ticks in Switzerland ( Wicki e t 
al., 2000). DNA was extracted from pools of ten ticks grouped by gender. It was shown 
that ticks harbor subspecies tularensis in Switzerland at a rate of 0,12%. In this study 2300 
PCR reactions were carried out in only five days, indicating the potential of real-time PCR 
to be used as a high throughput method. 

To evaluate the mobile detection of Francisella tularensis, a hand-held portable fluores- 
cence thermocycler designed for use in the field was employed (BioSeeq; Smiths Detection- 
Edgewood BioSeeq) and compared to the laboratory-based Applied Biosystems 7900 
real-time PCR instrument (Emanuel et al., 2003), Two independent 5' nuclease-based 
PCR assays targetingfopA and tul4 of Francisella tularensis were developed to detect the 
organism in tissues of infected mice with respiratory tularemia. A comparison of culturing 
and PCR for detection of Francisella tularensis in infected tissues showed that culturing was 
more sensitive than PCR, but took 72 h compared to 4 hours for completion. Template 
preparation may be the reason for the loss of sensitivity by PCR compared to culturing 
techniques. The results of both the ABI 7900 and the BioSeeq detection platforms were 

in agreement when presented with the same specimen, making the hand-held BioSeeq 
thermocycler a promising tool of diagnosis of infection in the field. 
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There is general agreement that the amplification of multiple targets would enhance 
specificity by reducing the likelihood of obtaining false positives due to reliance on a single 
target, and this led to the publication in 2003 of a four target, 5' nuclease real-time PCR 
assay capable of rapidly and accurately detecting Francisella tularensis in complex speci- 
mens (Versage et al., 2003). With an analytical sensitivity of one organism per reaction, 
the likelihood of detecting Fra~cisella tularensis in low microbial load environmental speci- 
mens was significantly increased. The four regions targeted were specific for Francisella and 
included the ISFtu2 element, a newly described insertion element-like sequence present 
in multiple copies (Thomas et al., 2003), the 23kDa gene, which encodes a protein that is 
expressed upon macrophage infection (Golovliov et al., 1997), tul4 andfopA (Nano, 1988; 
Sjostedt et al., 1991). The ISFtu2,23 kDa, and tu14 assays were each capable of detecting 
one organism per reaction and therefore were combined into a single multitarget assay for 
further analysis. This multitarget assay was species-specific, permitting differential diagno- 
sis of both Francisella tularensis and Francisella philomiragia. Comparison of the Francisella 
tularensis 5' nuclease assay to culturing, using environmentally contaminated specimens, 
demonstrated that the combined 5' nuclease PCR assay was significantly more sensitive 
than culturing. 

A SYBR Green-based real-time PCR assay confirmed the first recovery of Francisella 
tularensis in Denmark in an 8-year-old boy (Bystrom et al., 2005). The strain was identified 
as Francisella tularensis subsp. holarctica (type B) by melting curve analysis. 'The different 
melting temperatures between the strains were due to a 30-bp deletion at a genomic locus 
designated Ft-MI9 of Francisella tularensis subsp. holarctica strains and by the nucleotide 
substitutions in the Francisella tularensis subsp. mediasiatica strain, This approach for typ- 
ing of Francisella species is rapid, but due to the fact that the maximal difference in melting 
temperature between all tested strains was 2.5"C, reliable differentiation may be difficult. 
However, GeneScan analysis (Johansson et  a[., 2004) confirmed the results from SYBR 
Green melting curve analysis. 

A Francisella tularensis-specific HybProbe assay located in fapA was established for 
use on the Lightcycler platform (Fujita et al., 2006). While 25 Francisella tularensis strains 
were tested positive by this assay Francisella philorniragia and other bacterial species did 
not show any specific fluorescent signal or amplification product by agarose gel analysis, 
indicating high primer specificity under the optimized reaction conditions. Linear detec- 
tion of genomic DNA was observed from 1.2 to 1.2 x lo5 bacteria, This was the first 
assay to enable clear discrimination of Francisella tularensis from Francisella philomiragia by 
careful selection of the primer and probe binding region. 

Brucella species 
Brucellosis is an infectious disease caused by bacteria of the genus Brucella, These bacteria 
are primarily passed among animals, and they cause disease in many different vertebrates 
(Sarinas and Chitkara, 2003). Brucella spp. are classified as category B bioterror agents. 

Various Brucella spp. affect sheep, goats, cattle, deer, elk, pigs, dogs, and several other 
animals. In the United States 100 to 200 cases occur each year but it can be very common in 
countries where animal disease control programs have not reduced the amount of disease 
among animals. Areas currently listed as high risk are the Mediterranean basin (Portugal, 
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Spain, Southern France, Italy, Greece, Turkey, North Africa), South and Central America, 
Eastern Europe, Asia, Africa, the Caribbean, and the Middle East (Pappas et al., 2005a). 

Humans are generally infected in one of three ways: eating or drinking something that 
is contaminated with Brucella spp., inhaling the organism, or having the bacteria enter the 
body through skin wounds. 'The most common way to be infected is by eating or drinking 
contaminated milk products. Direct person-to-person spread of brucellosis is extremely 
rare, In humans brucellosis can cause a range of flu-like symptoms and may include fever, 
sweats, headaches, back pain, and physical weakness (Sauret and Vilissova, 2002)+ Severe 
infection of the central nervous system or of the heart may occur, Brucellosis can also cause 
long-lasting or chronic symptoms that include recurrent fevers, joint pain, and fatigue 
(Cutler et al., 2005). 

'There is no vaccine available for humans, 'The main way of preventing Brucellosis is 
by pasteurization of all milk that is to be ingested by human beings, either in its pure 
form or as a derivate, such as cheese. Antibiotics such as tetracyclines, chloramphenicol 
and rifampicin, streptomycin and gentamicin are effective against Brucella spp. However, 
treatment can be difficult and the use of more than one antibiotic is needed for several 
weeks, due to the fact that the bacteria grow within cells. Depending on the timing of treat- 
ment and severity of illness, recovery may take a few weeks to several months. Mortality 
is low (< 2%), and is usually associated with endocarditis (Pappas et al., 2006; Pappas et 
al., 2005b). 

A 5' nuclease probe-based real-time PCR that is genus-specific for Brucella spp was 
presented in 2004 (Bogdanovich et al., 2004). Amplification of a 322-bp fragment of the 
per gene enabled identification of Brucella spp. in less than 2h, directly from agar plates. 
The assay included an internal amplification control, identified 23 Brucella strains and did 
not detect 174 non-Brucella strains. 

In 2005 Queipo-Ortuno et al. presented a Sybr Green-based real-time PCR assay for 
the detection of Brucella spp. DNA in serum specimens (Queipo-Ortuno et al., 2005). 
Amplification of a fragment of the immunogenetic membrane protein gene (BCSP31) 
specific for all species and biovars of the genus Brucella was followed by melting curve 
analysis to verify the specificity of the PCR products. 'The detection limit was 1 genome 
equivalent of Brucella spp. DNA. The assay was found to be 91.9% sensitive and 95.4% 
specific when tested with 65 negative control specimens and 62 serum specimens from 60 
consecutive patients with active brucellosis. 

A quite similar assay was published the same year (Debeaumont et al., 2005). Again, 
the assay was based on the amplification of a portion of bcsp31 but employed hybridization 
probes instead of Sybr Green. Species specificity and selectivity of this real-time PCR as- 
say were evaluated using genomic DNA from 15 Brucella spp. strains and 42 non-Brucella 
spp. strains, and the results were 100%. Among 17 culture-proven brucellosis patients, sera 
from 11 gave a positive amplification signal, corresponding to a sensitivity of 64.7%. In 
contrast, negative results were obtained for all sera from 60 control patients, corresponding 
to a specificity of 100%. This specificity was superior to the results published by Queipo- 
Ortuno et al. which may be attributed to the use of Sybr Green giving false positive results 
in some cases. However, the investigation of different probes as well as the use of different 
primers in the same gene will have an impact on these results. 
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Coxiella burnetii 
Coxiella burnetii is an intracellular, pathogenic bacterium that is distributed globally 
and the causative agent of Q fever. 7he genus Coxiella is morphologically similar to the 
Rickettsia, but with a variety of genetic and physiological differences, C. burnetii are small 
Gram-negative bacteria which form spores, They can survive standard disinfectants, and 
are resistant to many other environmental changes including heat and drying (Franz et al., 
1997) Coxiella burnetii is classified as a category B bioterror agent. 

Coxiella burnetii is a highly infectious agent that can become airborne and inhaled 
by humans. One organism is all that is required to yield disease in 50% of an infected 
population (IDso = 1). Cattle, sheep, and goats are the primary reservoirs of C, burnetii but 
infection has been noted in a wide variety of other animals but does not usually cause clini- 
cal disease in these animals. Organisms are excreted in the milk, urine, and feces of infected 
animals. Most importantly, during birthing the organisms are shed in high numbers within 
the amniotic fluids and the placenta. Moreover, the bacteria to survive for long periods in 
the environment. Infection of humans usually occurs by inhalation of these organisms 
from air that contains airborne barnyard dust contaminated by dried placental material, 
birth fluids, and excreta of infected herd animals. Humans are often very susceptible to 
the disease, and very few organisms may be required to cause infection. Less common 
modes of transmission include ingestion of contaminated milk, followed by regurgitation 
and inspiration of the contaminated food but in humans tick bites and human to human 
transmission are rare (Kazar, 2005). 

Most patients become ill within two to three weeks after exposure but many human 
infections are unapparent. Only about half of all people infected with C. burnetii show 
signs of clinical illness. Acute cases of Q fever begin with sudden onset of high fevers, severe 
headache, general malaise, myalgia, confusion, sore throat, chills, sweats, non-productive 
cough, nausea, vomiting, diarrhea, abdominal pain, or chest pain, Thirty to fifty percent 
of patients with a symptomatic infection will develop pneumonia, liver malfunction and 
some will develop hepatitis. In general, most patients will recover to good health within 
several months without any treatment. Only 1% to 2% of people with acute Q fever die 
of the disease. Chronic Q fever persists for more than 6 months and is uncommon, but is 
much more serious. Patients who have had acute Q fever may develop the chronic form as 
soon as one year or as long as 20 years after initial infection. 'Those who recover fully from 
infection may possess lifelong immunity against re-infection (Kazar, 2005). 

A whole-cell vaccine for Q fever has successfully protected humans in Australia 
(Kermode et al,, 2003). However, this vaccine is not commercially available in other coun- 
tries. A vaccine for use in animals has also been developed. Doxycycline is the treatment 
of choice for acute Q fever and most effective when initiated within the first three days 
of illness, and continued for 15 to 21 days. 'Therapy should be started again if the disease 
relapses. 

To determine the antibiotic susceptibility of C. Burnetii, Brennan et 61. established a 
SYBR Green based assay for bacterial quantification located in the coml gene (Brennan 
and Samuel, 2003), which is highly conserved among C. burnetii strains (Zhang et al., 
1997). Due to the inability to cultivate this organism on axenic medium, calculation of 
infectious units is challenging and prevents the use of conventional antibiotic susceptibility 
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assays. The real-time PCR assay was successfully used to quantify the efficacy of several 
antibiotics. A similar SYBR Green PCR amplified a stretch of the superoxide dismutase 
gene (Boulos et al., 2004). The method was described as sensitive and specific enough to 
allow the evaluation of the doubling time of the Coxiella strains Nine Mile and Q212, 
respectively. 

In 2006 Klee et al. published a multitarget PCR targeting the singular isocitrate dehy- 
drogenase gene (icd) and the transposase of the IS1 11 l a  element present in multiple copies 
in the C. burnetii genome (Klee et al., 2006). As few as 10 and 6.5 genome equivalents per 
reaction of the icd and IS markers could be detected with a 95% probability, respectively. 
Both assays showed no cross-reactivity to several closely related bacteria, such as Legionella 
spp. or Francisell6 spp. In total, 75 different C. burnetii isolates originating from all over 
the world were subjected to both PCR assays and the number of IS l l l l  elements was 
cpantified. For the Nine Mile strain the number of IS1111 elements in the genome was 
determined to be 23, in other isolates, the number of IS1111 elements varied between 
seven and 110. 'These data may be useful for further phylogenetic studies. 

Burkholderia mallei/pseudomallei 
Glanders is an infectious disease that is caused by the bacterium Burkholderia mallei. It is 
still commonly seen among domestic animals in Africa, Asia, the Middle East, and Central 
and South America. Melioidosis, also called Whitmore's disease, is an infectious disease 
caused by the bacterium B. pseudomallei. Melioidosis is clinically and pathologically similar 
to glanders disease, but the ecology and epidemiology of melioidosis are different (Raja et 
al., 2005). B. mallei and B. pseudomallei are classified as category B bioterror agents (Cheng 
et al., 2005). 

Glanders is primarily a disease affecting horses, but it also affects donkeys and mules 
and can be naturally contracted by goats, dogs, and cats. Human infection has occurred 
rarely among those in direct contact with infected, domestic animals through the skin and 
through mucosal surfaces. The symptoms of glanders depend upon the route of infection 
with the organism. Generalized symptoms include fever, muscle aches, chest pain, muscle 
tightness, and headache. If there is a cut or scratch in the skin, a localized infection with ul- 
ceration will develop within one to five days at the site where the bacteria entered the body. 
In pulmonary infections, pneumonia and pleural effusion can occur. Glanders bloodstream 
infections are usually fatal within seven to 10 days. The  chronic form of glanders involves 
multiple abscesses within the muscles of the arms and legs or in the spleen or liver (Cheng 
and Currie, 2005). 

The bacteria causing melioidosis are found in contaminated water and soil and are 
spread to humans and animals, such as sheep, goats, horses, swine, cattle, dogs and cats 
through direct contact with the contaminated source. Melioidosis is endemic in Southeast 
Asia and in many countries the prevalence of B. pseudomallei is so high, that it is a com- 

- 

mon contaminant found on laboratory cultures, Person-to-person transmission can occur. 
Illness from melioidosis can be categorized as acute or  localized; acute pulmonary infection, 
acute bloodstream infection, and chronic suppurative infection. unapparent infections are 
also possible. 'The incubation period is not clearly defined, but may range from two days to 
many years (White, 2003). 
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There is no vaccine available for glanders. In countries where glanders is endemic in 
animals, prevention of the disease in humans involves identification and elimination of the 
infection in the animal population. Because human cases of glanders are rare, there is lim- 
ited information about antibiotic treatment of the organism in humans. B. mallei is usually 
sensitive to tetracyclines, ciprofloxacin, streptomycin, novobiocin, gentamicin, imipenem, 
ceftazidime, and the sulfonamides. Resistance to chloramphenicol has been reported. 

There is also no vaccine for melioidosis. Prevention of the infection in endemic-disease 
areas can be difficult since contact with contaminated soil is so common, B: psuedomaIlei is 
usually sensitive to imipenem, penicillin, doxycycline, amoxicillin-clavulanic acid, azlocil- 
lin, ceftazidime, ticarcillin-vulanic acid, ceftriaxone, and aztreonam. Treatment should be 
initiated early in the course of the disease (Chaowagul, 2000). 

Burkholderia pseudomallei and B. mallei are closely related and can also be mistaken for 
non-pathogenic species such as B. thailandensis. A 5' nuclease probe-based real-time PCR 
was established analyzing the uneven distribution of different type 111 secretion system 
(TTS) genes among these three species, named TTSl and T T S 2  (Thibault et al., 2004). 
The TTS is a toxin delivery mechanism that allows pathogenic bacteria to inject toxic 
substances into the cytoplasm of the host's cells, like a "toxin gun.'' Orfl 1 and 061 3 from 
TTSl and bpSCU2 from T T S 2  were chosen as target genes, bpSCU2 was amplified from 
B. pseudomallei, B. mallei, and B. thailandensis. Only the two highly pathogenic species, 
B. pseudomallei and B. mallei, appeared positive for o$3. Only B. pseudomallei generated 
the orf l l  amplicon. N o  amplification of the three targets occurred with any of the other 
species tested. Among the three genes studied, orfl3 can be regarded as specific for the 
two highly pathogenic species and orf l l  is a specific marker for B. pseudomallei. bpSCU2 
is shared by the three species, but, when it is the only marker detected, it provides a means 
for identification of B. thailandensis. However, three separate PCR reactions are necessary 
for reliable analysis. 

Three other genes were included for the development of a multitarget real-time PCR 
described by Tomaso et al. (Tomaso et al., 2006). Using fluorescent HybProbes the 16s 
rDNA, the flagellin C ViC) and the ribosomal protein subunit S21 (rpsU) genes were 
targeted. Fluorescence melting curve analysis revealed characteristic melting temperatures 
for each gene that allowed an unequivocal identification of B. malleilB. pseudomallei from 
other Burkholderia spp. 'The test sensitivity and specificity were assessed with a representa- 
tive panel of 39 B. pseudomallei, 9 B. mallei, 126 other Burkholderia strains of 29 species, 
and 45 clinically relevant non-Burkholderia organisms, 

Another 5' nuclease PCR approach used 5' nuclease-MGB probes for the allelic dis- 
crimination of B. pseudomallei and B. mallei (U'Ren et al., 2005). A synonymous SNP in a 
putative antibiotic resistance gene, termed P27, at base 2 351 851 of chromosome 1 fit the 
criterion of differentiating B. pseudomallei (G) from B. mallei (A). Primers were designed 
to amplify these two species exclusively due to mismatches in the primer binding region for 
other Burkholderia spp. Such an approach was important for differentiation from B. cepacia 
which shares the 5' nuclease-MGB probe binding region sequence with B. pseudomallei. 
The resulting assay rapidly identified and discriminated between B. pseudomallei and B. 
mallei and did not cross-react with genetically similar neighbors, such as B, thailandensis 
and B. cepacia, 



340 1 Nitsche 

A discriminatory 5' nuclease-based real-time assay for the rapid identification of B. 
pseudomallei isolates was designed to amplih/ a region within o$2 of the B. pseudomallei 
type I11 secretion system gene cluster (Novak et al., 2006). Assay performance was evalu- 
ated with 224 B. pseudomallei isolates and in addition with 23 B. mallei, 5 B. thailandensis, 
and 35 other Burkholderia spp. and 76 non-Burkholderia spp. for cross-reactivity. The limit 
of detection was found to be 5.2 x lo3 genome equivalents/ml. 

A highly sensitive assay specific for B. mallei was developed to overcome the low bacte- 
rial load in infected tissues that hamper diagnosis (Tomaso et al., 2005). The 5'-nuclease 
real-time PCR assay targeted thefZiP of B. mallei and included an internal amplification 
control. Specificity was assessed with 19 B. mallei strains, 27 B. pseudomallei strains, other 
Burkholderia spp. strains of 29 species, and clinically relevant non-Burkholderia spp. This 
assay presents a useful tool for differential diagnosis of B. pseudomallei. 

Viruses 
Variola major 
Smallpox is a highly contagious viral disease unique to humans caused by the two virus 
variants called Variola major and Variola minor. Variola major is the more deadly form, with 
a typical mortality of 20 to 40% of those infected, while Variola minor"only" kills 1% of its 
victims. Smallpox was responsible for an estimated 300-500 million deaths in the 20th 
century with more than two million deaths each year (Moore et al., 2006). Except for labo- 
ratory stockpiles, the variola viruses have been eliminated. However, there is heightened 
concern that the variola viruses might be used as an agent of bioterrorism (Halloran et al., 
2002). Variola viruses are classified as category A bioterror agents. 

Humans are the only natural hosts of variola virus which is not known to be transmit- 
ted by insects or animals, Smallpox is contracted by infection of the skin or the lungs after 
direct face-to-face contact with infected body fluids or contaminated objects. Compared 
to chickenpox, smallpox is only moderately infectious. The incubation ~ e r i o d  to obvious 
disease is approximately 12 to 15 days when lysis of many infected cells occurs and the 
virus is found in the bloodstream in large numbers. In the prodromal period smallpox is 
not notably infectious and viral shedding is delayed until the appearance of rash. At this 
stage the infected person is usually very sick and not able to move around in the com- 
munity. By days 15 to 16 the condition worsens and the disease can take two courses. 
Classical ordinary smallpox manifests as discrete or confluent smallpox, of which the latter 
form is usually fatal. The infected person is contagious until the last smallpox scab falls 
off. The second course, hemorrhagic smallpox, has a mortality of approximately 96% and 
presents with an entirely different set of symptoms. The skin does not blister, but instead, 
bleeding will occur under the skin (black pox). The eyes will turn deep red and bleeding 
simultaneously begins in the organs, leading to death. Opportunistic infections can lead to 
multiorgan failure (Moore et al., 2006). 

There is no specific treatment for smallpox disease, and the only prevention is a very 
effective vaccination, Since there was no animal reservoir for variola virus, successful vacci- 
nation campaigns by the WHO lead to certification of the eradication of smallpox in 1979 
(~enderson ,  1980). The last naturally occurring case in the world was in Somalia in 1977 
(Henderson, 1980). Routine vaccination against smallpox among the general public was 
stopped because it was no longer necessary for prevention and the morbidity and mortality 
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of vaccination exceeded the risk of infection by a disease extinct in the wild (Letai, 2003). 
Cultures of the virus are kept by the CDC in the United States and at the Institute of 
Virus Preparations in Siberia, Russia (WHO, 2002). 

Since variola virus was regarded as eradicated, the increase of nucleotide sequence 
information has been limited. 'The first real-time PCR assays were therefore based on only 
a handful of sequences and no one knew at that point of time if the sequence character- 
istics chosen for differentiation of variola virus from other orthopoxviruses (OPV) were 
reliable and also conserved among unknown isolates. The most important problem for 
the development of variola virus specific assays is that genomic variola virus DNA is only 
available in the two institutions mentioned above. All other laboratories lack variola virus 
DNA and so began to construct synthetic genes which were identical to the known variola 
virus sequences. However, without WHO permission one is not allowed to synthetically 
construct variola virus D N A  fragments that are longer than 500 bp in size, which is, how- 
ever, of sufficient length for an efficient real-time PCR assay. 

The first real-time PCR assay that was published to identify variola virus appeared 
in 2002 (Espy et al., 2002). 'The assay was located in the bemagglutinin (HA) gene, a gene 
exhibiting moderate sequence conservation among strains of the orthopoxviruses, and 
used two generic primers to amplify all orthopoxviruses and variola virus along with spe- 
cific HybProbes. These probes should identify variola virus by fluorescence melting curve 
analysis on the Lightcycler as shown by comparison of four orthopoxvirus isolates with 
an artificial variola virus fragment of the H A  gene. The primer and probe sequences were 
presented only later in an erratum and revealed that the HybProbes designed to be variola 
virus specific were also complementary to recently published sequences of individual strains 
of camelpoxvirus and cowpoxvirus. This assay was therefore not specific for variola virus. 

'The same gene was chosen for a similar Lightcycler PCR approach by Panning et 
al. in 2004 (Panning et al., 2004). Once again, variola virus should have been identified 
by fluorescence melting curve analysis of specific HybProbes after generic amplification 
of orthopoxviruses, Interestingly these HybProbes were not specific for variola virus and 
the variola specific melting temperature was between the melting temperatures for camel- 
poxvirus, vaccinia virus and cowpoxvirus respectively. It is a matter of discussion if variola 
virus-specific HybProbes that display the highest melting temperature for variola virus 
and reduced temperatures for mismatching virus strains, permit a better interpretation of 
the results. Unfortunately this assay gave false positive results for variola virus with several 
cowpox virus strains. 

In 2003 a 5' nuclease-based real-time PCR assay was developed for the H A  gene and 
performed on the Smartcycler" and the Lightcycler (Sofi Ibrahim M. et al., 2003). 'The 
assay used one generic primer and one primer that had two variola virus-specific bases in 
the middle of the primer. The 5' nuclease probe also had two variola virus-specific bases 
close to the 5' and the 3' ends, In the middle of the probe were two additional positions 
that were not conserved among the available variola virus sequences, possibly resulting 
in a reduced detection efficiency of different variola virus strains, In total, DNA from 48 
variola virus isolates and 27 poxvirus isolates were repeatedly subjected to this assay and 
the results showed a high specificity for variola virus. However, low-intensity false positive 
results were obtained for cowpox virus DNA+ This assay was improved by the use of 5' 
nuclease-MGB probes that allow a better discrimination of different genotypes compared 
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to regular 5' nuclease probes therefore reducing the risk of false positive reactions (Kulesh 
e t  al,, 2004). PCR assays for B9R, the BlOR and H A  were established that could be per- 
formed under identical reaction conditions in a multitarget PCR. While the B9R and the 
BlOR gene targets were positive for individual cowpoxvirus isolates (unpublished data), 
the re-designed H A  assay showed a specificity of 100% in detecting variola virus. It has to 
be mentioned, that the primers are identical to the preceding publication of Ibrahim and 
amplified DNA of several orthopoxvirus species, Only the 5' nuclease   robe was short- 
ened and the MGB modification added. Beside a reliable 5' nuclease assay this publication 
shows the advantages of MGB-modified probes for discriminating different genotypes. 

In 2003 we published a further extremely reliable fluorescence melting curve analysis 
method based on LightCycler identification of variola virus (Nitsche et al., 2004). Two 
assays were described based on generic amplification of orthopoxviruses and discrimina- 
tion of variola by melting curve analysis of the rpo18 and V E T F  genes, A third assay was 
developed to specifically amplify only DNA of variola virus using an A13L target, but 
confirmed variola virus additionally by melting curve analysis. The specific amplification 
may have benefits when mixed populations of orthopoxviruses have to be analyzed. An 
alternative to this assay was presented with a primer that was not variola virus specific but 
detected all orthopoxviruses except variola virus. Both the A13L assays were designed as 
internal Lightcycler assays, meaning that one primer is labeled with a fluorescent dye that 
is incorporated in the extended primer strand and FRET occurs after binding of a fluores- 
cein-labeled   robe to the complementary DNA strand, This approach can be applied when 
available gene regions are too short to permit the design of two HybProbes, All assays used 
variola virus specific HybProbes showing the highest ~ossible melting temperature for va- 
riola virus only. The rpo18 assay resulted in one melting temperature for variola virus and a 
single, decreased melting temperature for all other tested orthopoxviruses. The V E T F  and 
the orthopoxvirus-specific A1 3L assay showed various, discernable melting temperatures 
for different non-variola virus orthopoxviruses, Combination of these melting temperatures 
allowed a rough identification of monkeypox virus, camelpoxvirus, ectromelia and vaccinia 
virus. Most importantly, the polymorphisms chosen for variola virus identification were 
conserved among all tested variola strains and not present in non-variola virus isolates. 

To complement the published variola virus specific assays, we developed a LightCycler 
assay for the differential diagnosis of vaccinia virus that was designed to detect vaccinia 
virus specifically by fluorescence melting curve analysis (Nitsche et al,, 2005). The assay 
made use of a vaccinia virus-specific SNP in the IFNy-receptor gene of orthopoxviruses. 
Interestingly, this assay presented amplification curves exclusively for vaccinia virus strains, 
although agarose gel analysis also revealed amplification products for other orthopoxvi- 
ruses. In addition, various melting temperatures for non-vaccinia virus orthopoxviruses 
were obtained but these were below the annealing temperature of the PCR reaction. This 
indicates that probe binding was not occurring at this temperature, making the amplifica- 
tion signal vaccinia virus-specific. 

Probably the best evaluated real-time PCR assay for orthopoxvirus detection was 
~ublished in 2004 (0lson e t  al., 2004). The assay targeted the gene for the 14 kD fusion 

protein of orthopoxviruses using degenerate generic primers to successfully amplify DNA 
from all tested species. A SNP was covered by a non-variola virus, orthopoxvirus-specific 
HybProbej resulting in a characteristic melting temperature for variola virus (57°C) and 
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an increased melting temperature for all other non-variola orthopoxviruses (62°C). This 
assay was evaluated with 46 different variola virus strains and 190 non-variola virus ortho- 
poxvirus strains, resulting in 100% specificity for variola virus. 'This assay together with an 
internal reaction control was implemented into a kit that can be purchased from Qiagen 
(RealArt- Orthopox PCR Kit). It is currently the method of choice to detect orthopoxvi- 
ruses and perform primary identification of variola virus, even by non-expert laboratories. 
Of  special interest is the design of that assay. One conventional typing HybProbe is labeled 
at its 3' end with LC640. FRET occurs between this fluorescent dye and the downstream 
FAM fluorophore attached to a 5' nuclease-MGB probe that is also labeled with a non- 
fluorescent quencher at its 3' end. Therefore, the amplification signal of orthopoxvirus 
DNA can either be monitored by the FAM signal of the 5' nuclease-MGB probe or by 
the LC640 signal of the typing probe. Amplification curves can therefore be obtained with 
any real-time PCR instrument while the identification of variola virus needs an instrument 
capable of discriminating the LC640 signal. 

Very recently, a new assay was published that used LUXTM primers targeting the HA 
of variola virus (Aitichou et al., 2005a). LUX primers are also called self-quenched primers 
and need no additional hybridizing probe. 'Therefore the additional specificity information 
that usually comes from the probes" signal is absent from this approach. A pair of primers 
for orthopoxviruses and for variola virus can be purchased from InvitrogenY but no details 
for their application have been published to date. 

We employed a completely new approach to prove not only the presence, but also the 
replication competence of orthopoxviruses using real-time PCR (Nitsche et al,, 2006). This 
approach combined virus culture and one-step real-time RT-PCR detection of poxvirus 
genes expressed immediately after infection. Since the mRNA levels of the selected genes 
increase significantly following infection of the cell, elevated target amounts indicated that 
the virus was replicating within the cell. Using dilution experiments we could detect as 
few as 3 PFU in less than five hours, 'This new approach could be applied to additional 
pathogens. 

Fortunately, today there are real-time PCR assays published that promise to be va- 
riola virus specific (Nitsche et al., 2004; Olson et al., 2004; Sofi Ibrahim M. et al., 2003). 
However, for a final B T  risk assessment of suspected samples, one should always consider 
the use of a combination of the published assays and additionally the use of techniques that 
provide exact sequence information, like Sanger sequencing or rapid Pyrosequencing. 

Viral hern~rrha~icfever viruses 
Viral hemorrhagic fevers (VHFs) refer to a group of illnesses that are caused by several 
distinct families of viruses, including the arenaviruses, filoviruses, bunyaviruses, and Aa- 
viviruses (Table 9.3). While some types of hemorrhagic fever viruses can cause relatively 
mild illnesses, many of these viruses cause severe, life-threatening disease with a high case 
fatality rate. In general, the term "viral hemorrhagic fever" is used to describe a severe mul- 
tisystem syndrome often accompanied by hemorrhage (Cleri et aL, 2006). 

The agents causing VHFs are all enveloped RNA viruses. 'The infections are zoonotic 
and are geographically restricted to the areas where their natural animal or insect reser- 
voirs live. However, the hosts for some viruses such as Ebola or Marburg virus remain 
unknown, Human to human transmission has been reported for some of these viruses 
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Table 9.3 Viral families and the viral hemorrhagic fevers they cause 

Arenaviridae Bunyaviridae Filoviridae Flaviviridae Paramyxoviridae 

Argentine HF@ Crimean-Congo HF Ebola HF Kyasanur Hendra virus 
(CCHF) Forest disease disease 

Bolivian Hantavirus Marburg HF Tick-borne Nipah virus 
HF pulmonary encephalitis encephalitis 

syndrome (HPS) 

Sabia-associated HF with renal 
HF syndrome (HFRS) 

Omsk HF 

Venezuelan HF Rift Valley fever Dengue virus 

Lassa fever Hantavirus 
pulmonary 
syndrome (HPS) 

Lymph o cy tic 
choriomeningitis 
(LCM) 
-- 

*HF- hemorrhagic fever 

including Ebola virus, Marburg virus, Lassa virus and Crimean-Congo hemorrhagic fever 
virus, but humans are usually infected when they come into contact with infected hosts. 
Human outbreaks occur sporadically and unpredictably. While people usually become 
infected only in areas where the host lives, occasionally people become infected by a host 
that has been exported from its native habitat, For example, the first outbreaks of Marburg 
hemorrhagic fever, in Marburg and Frankfurt, Germany, and in Yugoslavia, occurred when 
laboratory workers handled imported monkeys infected with Marburg virus (Lacy and 

Smego, 1996)+ 
Specific signs and symptoms vary by the type of VHF, but initial signs and symptoms 

often include marked fever, fatigue, dizziness, muscle aches, loss of strength, and exhaus- 
tion. Patients with severe cases of V H F  often show signs of bleeding under the skin, in 
internal organs, or from body orifices such as the mouth, eyes, or ears, However, although 
they may bleed from many sites around the body, patients rarely die because of blood loss 
but from organ failure. Severely ill patient cases may also show shock, nervous system 
malfunction, coma, delirium, and seizures (Jeffs, 2006). 

With the exception of yellow fever and Argentine hemorrhagic fever, for which vac- 
cines have been developed (Barrera Oro and McKee, Jr., 1991), no vaccines exist that can 
protect against VHF. 'Therefore, prevention efforts must concentrate on avoiding contact 
with host species. With a few noteworthy exceptions, there is no cure or established drug 
treatment for VHFs. The anti-viral drug Ribavirin has been effective in treating some 
individuals with Lassa fever. Treatment with convalescent-phase plasma has been used 
with success in some patients with Argentine hemorrhagic fever. 

As this group of viruses is very diverse, the sequence of each virus is understandably 
variable. In contrast to DNA viruses that show high genome stability and do not vary 
significantly in sequence over time, V H F  viruses are without exception RNA viruses that 



Rapid Detection of Bioterror Agents 1 345 

are in general prone to higher sequence variation. Hence, it seems clear that there is no 
PCR that can generically detect hemorrhagic fever viruses. But because VHFs are clini- 
cally difficult to diagnose and to distinguish; a rapid and reliable laboratory diagnosis is 
essential in suspected cases. To date there are some real-time PCR assays published for 
individual viruses of the V H F  group which are helpful for diagnosing a viral role in cases 
of VHF. But due to sequence variability and the steadily increasing availability of sequence 
information from more strains, one should consider employing only the most recently 
published assays that can detect more'strains, A selection of good assays for some of the 
V H F  viruses is presented below. 

In 2002 Drosten et al. presented a complete set of one-step real-time RT-PCR assays 
for the detection of VHF viruses (Drosten et al., 2003). 'These assays included the detec- 
tion of important V H F  agents such as Ebola and Marburg viruses, Lassa virus, Crimean- 
Congo hemorrhagic fever virus, Rift Valley fever virus, dengue virus, and yellow fever virus. 
For Rift Valley fever virus, dengue virus and yellow fever virus 5' nuclease probes were 
designed, while the assays for Marburg and Ebola virus, Lassa virus and Crimean-Congo 
hemorrhagic fever virus used SYBR Green dye. Reaction conditions were optimized using 
i n  vitro transcribed RNA and up to three assays could be performed in parallel, facilitat- 
ing rapid testing for several pathogens. 'This publication demonstrates the convenience 
of SYBR Green for situations where the target sequences do not allow the design of an 
additional 5' nuclease probe. However, for some of these viruses it is also difficult to find 
suitable regions for primers and degenerated primers must be considered, 

Dengue virus 
Dengue virus infections pose a huge problem to public health in South America and Asia, 
For example, in the Rio de Janeiro area about 290 000 dengue fever cases were reported in 
the summer months of 2002 alone. In 2001 Callahan et al. published five 5' nuclease reverse 
transcriptase real-time PCR assays. Four assays were specific for each of the serotypes 1 to 
4 while one assay was group-specific (Callahan et al., 2001). All assays were evaluated with 
67 viremic human sera received from Peru, Indonesia, and Taiwan. 'The serotype-specific 
5' nuclease RT-PCR assay detected 62 of 67 serologically confirmed dengue virus-positive 
specimens, while the group-specific assay detected 66 of 67 confirmed dengue virus-posi- 
tive specimens, 'This assay system offers the detection of individual serotypes, which is an 
important factor for the differential diagnosis of Dengue virus infections. Similar assays 
were developed by Shu et al. in 2003 using SYBR Green instead of 5' nuclease probes. 
Primers were located in the nucleocapsid gene and although SYBR Green was used all 
assays showed a sensitivity of at least 10  PFU/ml. 

Recently, we developed a 5' nuclease-MGB probe assay that detects all four serotypes 
in one reaction. Typing of positive specimens can be performed by rapid Pyrosequencing 
(unpublished data). 

Hantaviruses 
Hantaviruses are emerging viruses and infections have been reported from various regions 
in Asia, Europe and North America. Rodents or insectivores are natural hosts of hanta- 
viruses and transmit the virus to humans chiefly by aerosolization. A promising approach 
detecting the various hantaviruses was recently published (Aitichou et al,, 2005b). Four 
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assays for specifically identifying the Dobrava (DOB), Hantaan (HTN), Puumala (PUU), 
and Seoul (SEO) hantaviruses were developed as one-step real-time RT-PCRs with the 
glycoprotein gene encoded in the small segment used as the target sequence. The detection 
limits of DOB, H T N ,  PUU, and SEO assays were 25,25,25, and 12+5 PFU, respectively. 

We developed a comparable set of 5' nuclease-MGB probe assays to detect all known 
hantaviruses, including Sin Nombre virus and Andes virus, Identification of the respective 
hantavirus could be achieved by rapid Pyrosequencing (unpublished data). 

Crimean Congo hemorrhagicfever virus 
Recently, an assay for the detection of Crimean Congo hemorrhagic fever virus was pub- 
lished which employed degenerate primers to overcome problems due to virus variation 
between strains (Duh et al., 2006). A degenerated 5' nuclease probe was designed to catch 
all virus variants that are endemic in the Balkans. The detection limit of this assay was 100 
copies of RNA/ml. 

Toxins 
Biologic toxins like ricin and botulinum toxin, staphylococcal enterotoxin B or T-2 my- 
cotoxin possess all the necessary properties to make them a bioweapon. However, PCR 
amplifies nucleic acids and not toxin proteins. Hence, the presence of toxins which are 
usually bacterial protein products cannot be directly identified by PCR. However, the 
toxin genes of the toxin producing bacteria can be used as targets for PCR and can at least 
show the potential for expression of the toxin protein. For example the identification of 
the appropriate bacterial genes in food will be sufficient for a risk assessment of botulinum 
contamination. The crucial question will be whether the presence of the encoding gene 
found in environmental specimens can be regarded as an indicator for the production of 
the toxin. The assumption is that even pure preparations of toxin proteins contain con- 
taminating bacterial nucleic acids of their producers in concentrations that will be found 
using sensitive real-time PCR. In BT-suspected specimens, the proof of the respective 
genes would at least give rise to detailed toxin analysis using ELISA techniques or a toxic- 
ity test in mice. 

An interesting approach is the combination of highly toxin-specific antibodies and 
the sensitive real-time PCR, a method called immuno-PCR (Wu et al., 2001). The crucial 
trick is the conjugation of the antibody with a small fragment of an irrelevant DNA, the 
reporter DNA. After binding of the antibody and extensive washing, the reporter DNA 
is detected by real-time PCR. This technique allows an enhancement of the detection 
sensitivity by a factor of lo2 to lo5 (Barletta, 2006). 

Botulinum toxin 
Botulism is a muscle-paralyzing disease caused by a toxin that is produced by a bacterium 
called Clostridium botulinum. ?his sporelforming group of bacteria is commonly found 
in soil growing best in low oxygen conditions. There are seven types of Botulinum toxins 
(BoNT) designated by the letters A through G; only types A, B, E and F cause illness in 
humans. 

Botulinum toxin specifically targets the peripheral nervous system, where it is inter- 
nalized into the presynaptic nerve terminal of motor neurons and blocks release of the 
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neurotransmitter acetylcholine. This prevents nerve impulses reaching the muscle resulting 
in the characteristic bilateral flaccid paralysis of botulism (Patocka et al., 2005). 

There are three main types of botulism that can be fatal and are considered medical 

emergencies: 

1 Food-borne botulism occurs when a person ingests pre-formed toxin that leads to 
illness within a few hours to days. Food-borne botulism is a public health emergency 
because the contaminated food may still be available to other persons besides the 
already identified patient. 

2 Infant botulism occurs in a small number of susceptible infants each year who harbor 
C. botulinum in their intestinal tract. 

3 Wound botulism occurs when wounds are infected with C. botulinum that secretes the 
toxin. 

Food-borne botulism can occur in all age groups, but is not spread from one person to 
another. Symptoms of food-borne botulism begin most commonly within 12 to 36 hours 
after ingestion of toxin-containing food. Symptoms include double vision, blurred vision, 
slurred speech, difficulty swallowing, dry mouth, and most importantly muscle weakness 
that always descends through the body. Paralysis of breathing muscles can cause death, un- 
less mechanical ventilation is provided for several weeks until the paralysis slowly improves. 
If diagnosed early, food-borne and wound botulism can be treated with an antitoxin which 
blocks the action of toxin circulating in the blood. The antitoxin is effective in reducing the 
severity of symptoms if administered early in the course of the disease. Over the past 50 
years the proportion of patients who die from botulism has fallen from about 50% to 8% 
(Horowitz, 2005). 

The most direct way to confirm the diagnosis is to demonstrate the botulinum toxin 
in the patient's serum or stool by injecting serum or stool into mice and looking for signs 
of botulism. The bacteria can also be isolated from the stool of persons with food-borne 
and infant botulism, 

Prevention of food-borne botulism can be achieved by boiling the food for 10 minutes 
before eating it, because the botulism toxin is destroyed by high temperatures. Wound 
botulism can be prevented by rapidly seeking medical care for infected wounds. 

The first published real-time PCR assay for botulinum toxins was a 5' nuclease assay 
(Akbulut et al., 2005). PCR assays for detection of botulinum types A, B, and E were de- 
veloped as alternatives to the mouse bioassay. The expected specificities of the PCR assays 
were demonstrated by in silico analysis as well as empirical testing of target DNA extracted 
from 83 pure cultures of C. botulinum, and 44 bacteria from other species. The sensitivities 
of the assays were found to be equivalent to 16,10, and 141 genomes for BoNT A, B, and 
E, respectively. The assays were shown to be applicable to both purified DNA, as well as 
crude DNA extracted from cultures and enrichment broths. Depending on the purity of 
the toxin preparation, this may be sufficient to detect toxins in environmental specimens. 

In 2005 a 5' nuclease real-time PCR method for the quantitative detection of C. botu- 
linum type A was developed (Yoon et al., 2005). The validity of this assay was verified by 
using 10 genera of 20 strains, including reference strains of C. botulinum types A, B, C, D, 
E and F. The detection limit of this assay was evaluated on C. botulinum type A, using a 10- 
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fold dilution series of DNA and spores. The DNA and spores were detected up to level of 
0.1 ng/ml and lo2 spores/ml, respectively. Two methods were applied for preparation: heat 
treatment and guanidinium isothiocyanate (GuSCN) treatment. GuSCN precipitation 
proved to be the method of choice for the quantification of C. botulinum type A because it 
showed identical CT values in both pure spore solutions and food slurries, 

Ricin 
Ricin is a poison that can be made from processing castor beans. Castor beans are processed 
throughout the world to make castor oil. Ricin is part of the waste "mash." It is a stable, 
heat sensitive powdery substance that can be employed in either powder-form or dissolved 
in water or weak acid. Ricin consists of two protein chains of approximately 30 kDa each, 
which are linked by disulphide bonds. One chain facilitates entrance into the cell and the 
other binds to ribosomes and inhibits protein synthesis (Spivak and Hendrickson, 2005). 

Accidental exposure to ricin is highly unlikely and it would need a deliberate act to 
poison people by injection or inhalation. Depending on the route of exposure as little as 
500 pg of ricin could kill an adult, which would occupy a space about the size of the head of 
a pin. Ricin poisoning is not contagious and cannot spread from human to human (Bigalke 
and Rummel, 2005). 

In 1978, Georgi Markov, a Bulgarian writer and journalist who was living in London, 
died after he was attacked by a man with an umbrella+ The umbrella had been rigged to 
inject a poison ricin pellet under Markov's slun (Crompton and Gall, 1980). 

Initial symptoms of ricin poisoning by inhalation occur within eight hours of exposure 
and include respiratory distress, fever, cough, nausea, and tightness in the chest. Pulmonary 
edema make breathing difficult and the skin might turn blue. Finally, low blood pressure 
and respiratory failure may occur, leading to death. Following ingestion of ricin, initial 
symptoms typically occur in less than six hours and include vomiting and diarrhea that 
may become bloody, Severe dehydration may then result, followed by low blood pressure. 
Other signs or symptoms may include hallucinations, seizures, and blood in the urine. 
Within several days, the person's liver, spleen, and kidneys might stop worlung, and the 
person could die (Bigalke and Rummel, 2005). 

If death has not occurred in three to five days, the victim usually recovers. Because no 
antidote exists for ricin poisoning, the most important factor is avoiding ricin exposure. 
After contact, the most important factor is getting the ricin out of the body as quickly as 
possible (Audi et al,, 2005)+ 

Although an unpublished real-time PCR assay exists at the Robert Koch-Institute, 
interestingly there are no real-time PCR assays published for ricin to date. Recently, an 
immune-PCR detection assay for ricin was published (Lubelli et al., 2006). This indicates 
that PCR is not the method of choice for detecting toxins; however, it may be used as a 
supportive technique, 

Future trends 
Today real-time PCR represents the best diagnostic tool for the identification of a BT- 
relevant pathogen's nucleic acid. In terms of speed and sensitivity there is no method that 
can compete against real-time PCR. 
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Although unrivaled, the adequate preparation of nucleic acids may still take between 
30 and 90 minutes depending on the kind of specimen but producing D N A  of high purity 
that can be amplified with high sensitivity in 60 to 90 minutes (Espy et al., 2006). Improved 
preparation protocols and mobile cycling instrumentation are required to further shorten 
the generation time for reliable results. AlphaHelix7s rapid QuanTYperm (www.alphahelix. 
com) uses centrihgational forces to reduce the real-time PCR reaction for 96 samples 
to 15 minutes and the mobile R.A.P.1.D.B (Idaho Technologies) and Smartcycler sys- 
tems (Cepheid) have been described as promising innovations (Christensen et al., 2006). 
Unfortunately, there is a lack of reliable ready-to-use real-time PCR reagents that need no 
freezing or cooling and have long shelf-lives, making a real field-diagnostic kit a difficult 
concept. Recently, Cepeid introduced the GenExpert with ready-to-use dry reagents that 
are promising for mobile real-time PCR detection. However, Lture developments are 
necessary to stabilize PCR reagents for room temperature storage, 

Broader detection systems that allow the identification of a whole group or family of 
pathogens are necessary to reduce the number of PCR reactions applied to a specimen 
lacking any hint of a pathogen. Such systems are also essential to catch genetically modified 
pathogen variants possibly escaping established diagnostic tools, To this end, additional 
chemistries that reduce the need for long conserved D N A  stretches are under develop- 
ment. These include LUX primers (Nazarenko, 2006), MGB modifications (Kutyavin 
et  al., 2000), and the incorporation of modifications such as locked nucleic acid (LNA) 
nucleotides (Simeonov and Nikiforov, 2002) or proprietary superbases (Cloud et al., 2005) 
that promise a certain degree of specificity in BT diagnostic assays. 

An important requirement for robust assay design is the steady increase of sequence 
information for BT-relevant pathogens. To maintain maximum reliability for detection as- 
says of BT-relevant agents, any appearance of new sequences for a certain target gene must 
be monitored carefully. To ensure that sequence information essential to BT diagnostic 
real-time PCR assay design is current, future developments should focus on automation 
of sequence updating and automatic alignments of the respective sequences+ 

Conclusions 
The problem of bioterrorism is not new and several examples from history show the ap- 
plication of biological agents for obtaining diverse strategic purposes (Roffey et al., 2002a). 
However, bioterrorism was always regarded as very unlikely to happen and arrangements 
to counteract BT attacks were marginal in most countries. The anthrax containing letters 
sent in 2001 within the USA changed the perception of the possibilities of misuse of bio- 
logical agents. Since then, the risk of future abuses of biological agents is considered to be 
significantly increased (Gottschalk and Preiser, 2005; Lane et al,, 2001). Hence, programs 
developing catalogs of countermeasures to allow a dependable risk assessment of suspected 
BT scenarios have sprung up like mushrooms. These programs include the establishment 
of diagnostic tools for any BT-relevant agents as well as the development of new strategies 
for treatment and prophylaxis for the respective diseases. First, the most dangerous agents 
including variola virus or Bacillus antbracis were the focus of specific diagnostic assay de- 
velopments. However, the unambiguous detection of modified pathogens or those agents 
that are important for differential diagnosis has become more and more important, Soon 
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it became clear that for most BT-suspected situations, the first priority was the exclusion 
of the most dangerous agents followed by the accurate identification of the agent present. 
This requires a broad spectrum of analytical tools and its successful implementation in 
the future by expert laboratories. However, the primary diagnosis, excluding a suspected 
pathogen or proving its possible presence, can nowadays be performed by real-time PCR 
in several well-equipped diagnostic laboratories. 

In cases of human infections the clinical presentation usually offers sufficient infoima- 
tion for an experienced physician to find the accurate diagnosis without laboratory support, 
in others this laboratory support is essential for the identification or typing of the pathogen. 
This support can either be offered from individual, specialized, expert laboratories or even 
better, from any laboratory close to the patient, 

When comparing the classical three methods of cell culture, electron microscopy and 
PCR for the direct detection of pathogens, the latter seems to be the one that finds most 
application in the modern diagnostic laboratory and particularly in specialized laboratories 
dealing with the identification of B T  agents. 'There are many reasons for the popularity of 
PCR but especially for the popularity of real-time PCR. Real-time PCR is a very sensitive 
method that can detect minute amounts of a pathogens nucleic acid in a short time, for 
several specimens in parallel, without the demand for highly experienced personnel+ 

In BT scenarios involving environmental specimens that are suspected of containing 
infectious agents, there are no clinical symptoms that can be interpreted and therefore 
laboratory diagnosis is the only way to obtain a reliable risk assessment, and ultimately 
a "diagnosis" of a possible bioterrorist attack, The more dangerous the suspected speci- 
men is, the faster it must be diagnosed. Several techniques for the rapid detection and 
identification of infectious agents have been developed in recent years, Each method has 
its power but most methods also suffer from certain drawbacks, As a consequence, no 
method should be regarded as a stand-alone technique or as the optimal solution for every 
diagnostic problem. 'This also applies to PCR, 

The nucleic acids of BT-suspected specimens that are subjected to the PCR reaction 
are usually non-infectious. After an inactivation step that is included in most nucleic acid 
preparation protocols, the specimen can be treated like regular non-infectious material and 
no special equipment or safety cabinets are required for its further analysis, Especially for 
the diagnosis of BT-relevant specimens this is very important to establish some degree of 
diagnostic capacity even in non-specialized laboratories, In addition, inactivation enables 
transport of the specimens to expert laboratories for confirmation of preliminary results, 
however, it must be clear that these inactivated specimens can no longer be used for patho- 
gen propagation. 

None of the other listed techniques can offer such enormous benefits. Electron micro- 
scopic analysis requires a lot of experience and very specialized equipment for the accurate 
identification of pathogen particles while cell culture techniques are usually laborious, also 
require considerable experience but still permits pathogen discrimination using PCR or 
antibody staining techniques. With the increasing number of commercial kits available for 
real-time PCR detection of rarely occurring infectious diseases, the preliminary diagnosis 
of these agents is possible in nearly every diagnostic lab. 

Whatever the method used to detect a B T  agent, results should be confirmed by a 
reference laboratory and should be based on additional techniques. However, for an initial 
screening, PCR seems to be the ideal tool. 
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Web resources 
1 Robert Koch-Institute: www.rki.de 
2 Centers for Disease Control and Prevention: w w w . c d ~ . ~ ~ ~  
3 European Center for Disease Prevention and Control: www.ecdc.eu.int 
4 Health Protection Agency: www.hpa.org,uk 
5 World Health Organisation: www.who.int 
6 National Center for Biotechnology Information: http://w~w.ncbi.nlm.nih.~ov 
7 Poxvirus Bioinformatics resoui-ce Center: www.poxvirus.org 
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Introduction 
This chapter attempts to document informal discussions about topics of interest to those 
of us who develop, employ or make decisions based upon the use of real-time PCR in 
microbiology. It is also intended to complement the preceding chapters. The layout for this 
chapter was loosely based on the format of published conference discussions and popular 
magazine interviews. 

The authors were most generous with their time and very responsive to badgering. 
The result is a wander through the minds of those whose papers we read, whose work we 
admire and whose methods we often employ, 

Please enjoy reading the opinions provided by a diverse selection of the foremost 
scientists and clinicians actively working in and around the field of microbiology. 

Ian M. Mackay Editor 

What impact does the existence of quasispecies have on 
modern day microbial diagnostics? What should we be doing to 
address this impact? 
Genotypes, subtypes, or quasispecies have a huge impact on diagnostics in general. Good 
screening assays target the most conserved regions but even within these regions changes 
in sequence can and do occur due to lack of proof-reading by RNA viruses, the result of 
immune pressure, or emerging resistance profiles during treatment. 

M,G.H.M+ Beld 

If discussing qualitative diagnostics, probably not too much of an issue if a conserved 
region is targeted. But if it's a treatment issue, such as the presence of HIV drug resistant 
mutants, sensitivity for individual 'quasispecies" is important. To address the impact we 
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should submit sequences with novel mutations to GenBank so that subsequent primer 
design is optimized. Diagnostic laboratories need to pay particular attention to updat- 
ing/improving their assays based on new sequence information. 

Chris Birch and Julian Druce 

Quasispecies detection and quantitation using real-time PCR are just starting to be 
translated from the research laboratories to some specialist reference units. One example 
of this application is the detection of drug resistance associated mutations present as 
minority populations+ Routine drug resistance genotyping uses population sequencing 
of PCR products with a maximum sensitivity for detection of minority species of about 
25%. In contrast, allele-specific PCR can be combined with real-time assays to allow highly 
sensitive tests for such mutations, for example increasing the detection of mutations in 
transmitted drug resistance in HIV and allowing the early detection of emerging drug 
resistance in hepatitis B  virus'^^. However, the quasispecies nature of those viruses which 
use an error-prone reverse transcriptase (or RNA-dependent RNA polymerase) step in 
their lifecycle means that there will be a background of 0.01-0.1% mutation prevalence 
existing even in the absence of any drug pressure. Thus the sensitivity of assays will always 
be limited by background"noise," and it will be challenging to determine the clinical utility 
of such assays, 

1 Johnson JA, Li J-F, Bennett D et al. Real-time PCR assays identify transmitted 
drug resistant HIV-1 previously undetected by conventional nucleotide sequencing. 
Antivir. Ther 2004; 9:S87 

2 Punia P, Cane PA, Teo CG, Saunders N. Quantitation of hepatitis B lamivudine 
resistant mutants by real-time amplification refractory mutation system PCR. J. 
Hepatology 2004; 40:986-992 

Patricia A. Cane 

I am unsure whether this has any real impact on our viral practice. We certainly see mixed 
populations on resistance profiles in particular for HIV (or, we do not see them, as our 
primers tend to amplify one population in preference to another). We do see variants that 
do not get detected by a specific primer or probe, but either by culturing or setting up 
a scheme where one does a longer PCR and then sequences, variants can be discovered. 
Whether quasispecies have any real effect on antiviral outcome is a moot point. I have 
probably missed something really important here, but we never think about it in our lab. 

William Carman 

'The presence of quasi-species complicates the specificity and reproducibility of molecular 
diagnostics. Only the predominant variant(s) will be detected. 

E.CJ. Claas 

It is important to recognize the existence of minority species sequence variants when doing 
antiviral drug resistant testing by sequencing, e.g. for HIV-1 and HBV. For example, when 

sequence chromatograms are examined, peaks representing bases responsible for drug re- 
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sistance may be visible below the main peak, and these should be taken into account when 
assigning resistance profiles and deciding on drug treatment. A good way to monitor this 
is to use quality control panels of mixed sequence DNA targets (e+g. a mixture of plasmids 
containing inserts differing by the bases at the sites of resistance). Some such panels are 
available, but more could be made and distributed by specialist quality control labs. 

Jon Clewley 

Components of the mutant spectrum of a quasispecies may not hybridize with one of the 
primers chosen for the amplification. Therefore, those "hybridization-defective" sequences 
will not be represented in the population of amplified sequences. Since the composition 
of the mutant spectra of the quasispecies of pathogenic microbes are largely unknown, 
the extent of this problem is also largely indeterminate. When suspecting a possible bias 
that may affect the problem under study ways to address the possible impact are to use 
two or more sets of independent primers targeting different sequences on the genome 
under analysis, or to expand the primer repertoire for any given sequence with a mixture 
of degenerate primers designed on the basis of the corresponding consensus sequence. 
In the latter case, the problem of finding an adequate annealing temperature to permit 
hybridization of as many primer sequences as possible should be a concern. 

In addition to these technical aspects, microbiologists should be aware that two 
populations displaying identical consensus sequences may nevertheless show a different 
phenotypic behavior due to a different composition of the mutant spectrum. Therefore, 
two indistinguishable results of diagnosis may correspond to different biological manifesta- 
tions (particularly in disease symptoms or severity). These situations may be encountered 
mainly with RNA viruses due to their extensive exploitation of quasispecies dynamics. 

Esteban Domingo and Cristina Escarmis 

We must ensure that our tests detect all variants of the pathogen, This can be challeng- 
ing in particular in molecular diagnostics as several pathogens are notoriously variable 
genetically. This also requires that sequence information is rapidly made available to the 
community which is sometimes a problem (e.g. H5N1). Sometimes, we rely heavily on the 
results of a single molecular test but we need to keep realizing that a single negative test is 
not always conclusive; it is thus advisable that alternative tests (second molecular test or 
better: alternative methods altogether such as virus isolation) should remain available as 
back up. Individual (reference) laboratories or consortia of laboratories should use alterna- 
tive methods for pathogen detection, in order to track changes in pathogen quasispecies, 
and thus ensure that emerging variants are detected. 

Ron A.M. Fouchier 

Genetic diversity among various subtypes and genotypes of viruses and other pathogens is 
known to exist. 'The choice of diagnostic primer and probe sequences from highly conserved 
genomic regions favors the formation of specific amplification products; however genetic 
diversity presents a challenge in designing molecular assays for accurate diagnosis while 
also maintaining their sensitivity and specificity. Improved sharing of regional sequence 
data, the standardization of assay protocols including primers and probes and availability 



360 1 Beld et a/. 

of commercial controls will extend our understanding of the impact of genetic variability 
with an increasing range of pathogens. 

Lance Jennings 

Careful design of conserved primers is required to detect as large a selection of closely 
related (highly similar) targets (quasispecies) as possible, The design of equally conserved 
probes within the same target region is sometimes impossible. In this case, sets of different 
probes, all for use with the same primer pair(s), enable detection of amplified targets, pos- 
sibly in multiplexed assays. Guidelines for design and thermal characteristics of effective 
primers/probes would be helpful, since standard software packages do not address optimal 
design of primers for sets of aligned sequences. 

Bernhard Kaltenboeck 

Quasispecies complicate modern diagnostics. There is, for example, not yet one real-time 
PCR test on the market that is sensitive to all HIV clades, 'The situation is similar with 
HCV and many other pathogens. And the more we learn from genotyping species from 
new geographic areas the more variation we find. Of course, if using an inappropriate test 
the infectious agent can go undetected. 'The problem is particularly important in develop- 
ing countries, where the abundant variants may not be known, and available tests may 
not be sensitive. What is very important to do, but unfortunately is hard to find financing 
for, is to genotype at least the most serious pathogens in d i c t e d  developing countries so 
appropriate tests can be developed. It is also important that the sequence information is 
made available. For diagnostic tests the precision of quantification is not that important 
and one way to increase the sensitivity is by designing multiplex assays targeting more of 
the quasispecies. 

Mikael Kubista 

Routine diagnostics ignores this problem-until the first fatal case of a wrong diagnosis 
will be made public. I believe that "home-brew" assays make the situation safer; the worst 
case would be if all the world used only one kit-the fittest quasispecies would be selected 
and multiply very quickly. The future will show that some pathogens might escape from 
detection. From time to time we get reports about false results; one example-in the last 
ring trial for MRSA there was one MSSA isolate containing an error in a region of the 
mecA gene outsides the standard detection fragment-all results had been false positive. 

Olfert Landt 

Most studies of viral quasispecies focus on a handful of targets (e.g. HCV, HIV and polio- 
virus). 'The potential for quasispecies variation to interfere with assay design and perform- 
ance has not been investigated for many other viruses. Hence those of us using PCR as an 
applied tool to investigate other microbial infections cannot predict what impact there may 
have been on historical prevalence values, nor on current values from studies that do not 
address the quasispecies problem. To date quasispecies studies have remained the domain 
of the basic virology research field but to investigate their scope for causing human illness, 
a better understanding of their role will need to filter down to the application-driven fields. 
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To my mind, many questions relating to the potential of quasispecies among other viruses 
need to be addressed: 

How many respiratory virus quasispecies co-exist in an infected host and does 
that vary with tissue? Is the number affected by the specific host's immune system 
and/or the speed of a developing infection? 
Do different patients infected with the same inoculum develop different quasi- 
species? 
How much variation differentiates one quasispecies from another? Do some 
genes exhibit more quasispecies variation than others? 
Do quasispecies render nudeotide sequencing an overly subjective method and 
how much weight can be attribute to sublineages and sub- sublineages etc, deter- 
mined using sequencing? 
Is it correct to consider quasispecies variation to be more subtle than the varia- 
tion we use to assign virus strains into lineages, sublineages, and as is becoming 
popular recently, sub- sublineages? 
Could the host's swarm of quasispecies include the innate potential among its 
variants to be better at, (i) causing disease in situ, (ii) transmitting, (iii) replicating 
in culture, (iv) causing different illness severity, (v) evading the immune system 
and, (v) even evading antiviral pressures? 
Is a swarm of quasispecies transmitted during infection, or only the predominat- 
ing strain(s) ? 
Are the predominant quasispecies in the host also present when a specimen is 
incubated during in vitro culture or does the"hierarchy" of quasispecies change to 
suit its environment? 
Have quasispecies confounded conventional and molecular assays to the extent 
that the prevalence of some viruses has been kept artificially low e.g. HCoV- 
229E, IFCV and HPIV-42 

Ian M. Mackay 

Quasispecies have been investigated in particular in HCV and HIV research. Numerous 
publications deal with this subject, but still on a limited number of viral targets. This is 
currently still a research topic, of academic interest and worthwhile to pursue, but not of 
impact in day-to-day clinical diagnostics. The information as is, cannot be transferred to 

the individual patient in a timely manner. 
H.G.M. Niesters 

HIV, Hep C and Hep B infections. Recognize them as important clinically and a natural 

consequence of immune and drug pressure. 
Michael D, Nissen 

I would believe that this is primarily an issue where genotypic changes can result from 
antimicrobial resistance. One concern is the detection of low levels of organism with 
mutations may not be detected within a larger population of wild-type organisms. 'This 
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is possibly only an issue when a consensus PCR is performed and sequencing or probe 
hybridization is used to characterize the amplification product. Low target levels of some 
quasispecies would remain undetected as amplification would bias towards higher copy 
number targets. This may be less of an issue if successive specimens are taken, especially in 
instances of treatment failure. 

Astrid Perrich 

Quasispecies are of emerging clinical relevance for HCV, HIV and potentially for any 
RNA virus with an error-prone polymerase. In HCV the quasispecies evolution is being 
studied as a predictor of antiviral response, but is not yet clearly of value in the clinical 
setting, We should be continuing with studies of quasispecies in treatable RNA virus in- 
fections (HCV, HIV, influenza), in well-described cohorts, and correlating such virological 
measures with clinical and treatment outcomes. 

William Rawlinson and Gillian M, Scott 

Even when bacteria first started to build up their own species millions of years ago during 
the harsh process of evolution, the genetic rearrangement by mutations (SNPs), insertion 
elements or hopping transposons was a permanent process leading to a number of slight 
genetically distinct variants within a given species, With respect to "global" assay specificity 
(encompassing all genetic variants of a given species present in clinical isolates) it is manda- 
tory not only to screen type -trains of a given target organism but also as many clinical 
isolates of different geographic origin as possible. 'This kind of thorough evaluation should 
be requested for any diagnostic PCR assay. Testing a nice collection of static ATCC strains 
does not really address the problem of genetic variation or quasispecies. 

Udo Reischl 

Eigen had a precise mathematical notion of the quasispecies as the equilibrium frequencies 
of a pool of closely related variants that act together as an entity. Each entity cannot be 
characterized by a single molecular species so he used the term "quasispecies': Under this 
definition the individual HIV sequences within a single human are a quasi-species but the 
concept can be widened so that for example the Staphylococcus aureus clones associated with 
a human population can also be seen as a quasi-species, In the latter case the individuals 
do not merely differ in terms of nucleotide polymorphisms but also in presencelabsence of 
hundreds of complete genes comprising the accessory genome. The quasi-species concept 
is very helpful in reminding us of what we are actually trying to achieve using molecular 
diagnostic methods. The aim might be to detect the presence of one or more classically 
defined species, a pathogenic subgroup or even a single clone. Once this has been decided 
and a suitable genetic target has been identified it is clearly essential to take account of 
quasi-species in the design of the particular assay. For example, by choosing essential 

genes or highly conserved sequence motifs. Where the level of genetic variation leads to a 
significant danger of false-negatives occurring in the diagnostic test applied in the relevant 
diagnostic setting, future molecular diagnostics should be able to build in parallel testing 
for multiple target sequences, 

Nick Saunders 
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Entero- and rhinovirus genomes vary greatly and strains exist as swarms of microvariants 
or quasispecies. The variation is greatest in the VP1  protein coding gene and may reach 
30% within a single enterovirus serotype. Even in the 5' non-coding region, the most 
conserved region, commonly used for primer and probe locations in p a n - e n t e r ~ v i r ~ ~  and 
pan-rhinovirus molecular detection, variation exists. In picornavirus diagnostics it is very 
important to take the variability of the genome into account when applying molecular 
methods of detection. Due to the quasispecies nature, one may miss several serotypes in 
detection, if primers or probes are designed only to match the consensus sequence. For in- 
stance, in a Finnish study several concurrent types of rhinoviruses were shown to circulate 
during the same epidemic season in a limited area. A molecular detection method should 
be prepared to identify all of them. It is also possible that new pathogenic and virulent 
variants evolve from the less common ones. Thus it would be important to recognize them. 
This of course created increased challenges for primer and probe design. Furthermore, 
when degenerate nucleotide positions are used in oligonucleotides, the quality of produc- 
tion and purification must be excellent. It is important to maintain the specificity of e.g. 
pan-enterovirus RT-PCR by revising primer sequences according to newly recognized 
serotypes and strains. 

Carita Savolainen-Kopra 

With respect to the field of newly detected and emerging respiratory viruses you have to 
optimize your detection methods, i.e. quasispecies frequently lead to the use of degenerate 
or, if possible, highly conserved, primers for PCR analysis/detection, as you otherwise will 
have too many false negative results. 

Oliver Schildgen 

Previous experimental results have conclusively demonstrated that many and varied ge- 
netic alterations may occur during RNA viral replication, due to the infidelity of genome 
replication and large population sizes. The variant genomes are selected by mechanisms 
that are still poorly understood, including environmental factors, to generate viral quasi- 
species. Variation, selection, and random sampling of genomes occur continuously and 
unavoidably during virus evolution. 

The result is that numerous genetic variants of a viral species are circulating at any 
one time in a single population, and that these variants may genetically differ in different 
populations at any one geographic location, 

'The challenges for vaccine development and diagnostics are therefore significant. New 
generations of vaccines and diagnostic reagents (monoclonal antibodies, peptide antigens, 
oligonucleotides for PCR, etc.) may be adequate to prevent disease and detect some or 
even most of the circulating quasispecies of any given RNA pathogen, but the dynamics 
of quasispecies mandates careful consideration of those reagents to be incorporated into 
diagnostic assays, 

In particular, the design of oligonucleotide primers and probes for real-time PCR 
needs to be carefully considered. The PCR efficiency is intimately dependent on the 
complementarity existing between primers and template, and sequence mismatches may 
result in diminished sensitivity, or at worse, false negative results. It is essential therefore 
that in the design of a real-time PCR assay, one has a detailed knowledge of the genetic 
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composition of local quasispecies and that genetic variation of these viruses is reflected in 
the primer design. By definition, a reliance on sequence information available on public 
databases (Genbank, EMBL) which are often based on other geographical viral popula- 
tions may lead to inadequate assay development. It is therefore of the utmost importance 
that a local genetic profile is determined by sequencing of an adequate number of local 
virus strains. 

Also, once an assay has been developed and validated in the laboratory, and sub- 
sequently included in the routine diagnostic repertoire, it essential that further genetic 
monitoring of local virus strains is maintained to identify the emergence of dominant 
quasispecies that may not be detected by the assay developed. Of  particular concern are 
the potential long-term effects of weak selective pressures that may initially go unnoticed. 
Variant viruses resulting from evolutionary pressure imposed by vaccines or drugs may 
insidiously and gradually replace previous dominant quasispecies. 

'Theo l? Sloots 

All forms of PCR assays depend critically on a proper match between the templates and 
the primers, Some templates are more variable than others, and especially the genome of 
RNA viruses. However not all regions are equally variable, there are some hypervariable 
regions. In addition, quasispecies may cause heterogeneity in a fraction of the templates. 
Our approach for PCR design has been to develop consensus primers from sequence 
alignment of several genotypes, or even of different by closely related species. The identi- 
fication of conserved regions helps to avoid hypervariable regions. Real-time PCR using 
an internal probe adds a layer of complexity, since heterogeneity and mismatches with the 
probe are also issues. PCR-based assays that can amplify more than one species require a 
step to distinguish them, which can be the use of several specific probes, but this, of course, 
requires careful validation. Quantitative real time PCR adds a further level of complexity: 
unless great care is taken with the design, internal probes may bind to different genotypes 
with different affinities, introducing biases in the quantification, 

Raymond Tellier 

Some quasispecies, such as those that confer antiviral resistance in influenza virus, have 
major clinical implications. 'These quasispecies may exist even in patients or poultry without 
prior exposure to antiviral agents. In general, if the primers are not specifically designed, 
the quasispecies will not be detected. Additional primers specific for the quasispecies have 
to be included in order to detect the quasispecies, 

Patrick Woo 

What do you perceive as the hurdles/obstacles to a 
microbiology laboratory wishing to introduce real-time PCR 
assays? 
Up-front costs of equipment purchase are an issue. Most companies in the area provide 
a reasonable level of expert advice with respect to primer/probe design etc. However, for 
optimal performance there needs to be some scientific expertise in the laboratory to cover 
development and validation of new assays. 
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Chris Birch and Julian Druce 

'There should be few problems (other than cost) for a laboratory which has already been 
using conventional PCR and has staff who are experienced in the science behind the 
assays. However, I think caution should be exercised in introducing real-time PCR into 
laboratories with little molecular experience and no R&D backup, 'There needs to be a 
good understanding of the infrastructure required such as separate clean areas for setting 
up of reactions and practical experience of trouble-shooting PCR. In addition, there may 
be some trepidation felt by staff in implementation of the technology but it should be 
possible to overcome this with suitable training. 

Patricia A. Cane 

Training of staff, understanding the science, dealing with high CT9s, picking up contamina- 
tion, choosing an extractor, keeping abreast of the best real-time kits, quality control of 
reagents, deciding on internal controls, finding decent run controls, choosing the best assay 
from the literature. 

William Carman 

In practice there are no real hurdles for implementing "standard" assays, Generating real- 
time PCR data will be no problem. However, experience is required for the proper labora- 
tory organization and interpretation of results, 

E.C.J+ Claas 

Labs have to choose between the variety of real-time PCR instrumentation, chemistry and 
kits that are available. Mistakenly buying inappropriate or soon to be superseded machines 
can be expensive. To start with, a diagnostic lab may be best advised to buy an established 
instrument for which there are kits for the virus or bacteria they're interested in, and for 
which a many others are available. Also, they should ensure that they can obtain standard 
reagents at known concentrations, for calibration and normalization of their assays. It is 
probably not advisable for a lab new to this technology and wanting to use it for diagnostic 
purposes to dive in and reinvent the wheel by buying an instrument, making their own 
assay and attempting to calibrate it with high titer cloned DNA. Better first to use what 
is already out there, and then later setup a development program, PCR carryover and 
contamination from cloned targets are as a big a problem as they ever were. 

Jon Clewley 

One obstacle is the need to have technicians with the adequate training, and experts to 
supervise their work, 'This is particularly necessary at the early stages of a project involving 
real-time PCR with new microbial agents. The people in charge should be knowledgeable 
in the design of the control amplifications to exclude artifacts in the interpretation of the 
runs with the real samples, and to ensure quantitative and reproducible results. In some 
countries, budget limitations may impede the purchasing of the required instrument and 
reagents. 

Esteban Domingo and Cristina Escarmis 
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Cost. Space (multiple rooms required). Preventing sample contamination. Assay valida- 
tion. 

Ron A,M, Fouchier 

In fact real-time PCR is easier to handle than conventional PCR, with a minimized risk 
of contamination. Availability of commercial test for an increasing number of pathogens 
facilitates the introduction of real-time PCR assays in labs without previous experience in 
molecular diagnostics+ 

Vincent Foulongne and Michel Segondy 

We have had a problem introducing PCR assays-it is diflicult to bill for assays that are 
not FDA approved and there may be some resistance to these. 

Michael G. Ison 

Microbiology laboratories wishing to introduce real-time PCR will need to address the 
same issues as those required for the introduction of any new test into routine diagnostic 
service and should follow recommended protocols. Adequate laboratory space for sepa- 
rated pre-analytical and analytical work areas, staff with some molecular expertise, access- 
ing training, trouble-shooting and addressing quality assurance requirements, will all be 
major hurdles. For a laboratory moving from conventional/in-house PCR to real-time 
PCR, the hurdles are more likely to be related to work-flow management, the choice of 
instrumentation and whether to develop in-house methods or purchase commercial test 
kits. Laboratory management will require a business proposal including cost-effectiveness 
evaluations. 'The projected volume of test requests will determine whether it is cost effective 
to introduce commercial test kits which usually require the "batching of tests, rather than 
develop in-house methods both for the diagnosis and quantitation of viruses and other 
pathogens. 'The validation of new tests whether in-house or commercial in comparison 
with existing technology is also a potential hurdle, especially for the smaller laboratory and 
access to R&D expertise should be considered essential. 

Lance Jennings 

Most users are not aware that real-time PCR is a quantitative method, as opposed to 
the strictly qualitative standard PCR method. As a quantitative method, real-time PCR 
requires much more stringent quality assurance than standard PCR. 

Bernhard Kaltenboeck 

Cost, lack of trained s t d a n d  ability to develop and validate "in-house" assays. 

Michael D. Nissen 

Laboratory space: Even though real-time PCR assays with their closed tube systems mini- 
mize the risk of amplicon contamination they do not eliminate it. Capillaries do break, we 
may want to open the tubes and run the products on an electrophoresis gel. With this in 
mind it is prudent to have at least two distinct areas for real-time PCR. One for reagent 
preparation and specimen extractions and the other for amplification and detection. 
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Resource allocation: To train and have dedicated staff that can become familiar and profi- 
cient in the assays. Even though molecular assays are becoming routine, they still are not 
as robust as many assays used in the laboratory. Senior staff need to be employed that are 
familiar with the design, troubleshooting and validation of molecular assays, 
Platfbrms: Deciding on a platform that is suitable for as many assays as possible, Often 
laboratories have very limited budgets and they require a system that can be efficiently 
used, Issues to be considered are the number of samples that can be tested, reaction ves- 
sels, ability to support different chemistries, ease of use, ability to interface with the LIM, 
product support and of course, cost* 

Another hurdle when introducing real-time PCR is trying to keep the molecular 
laboratory in close association with the traditional Microbiology laboratory. There is a 
push to centralize all molecular services, This may be entertained for other molecular as- 
says, but molecular assays for a microbiology service need to be intimately linked with the 
microbiology service. Often tests are performed on cultures, which should not be trans- 
ported around a Health Care Facility. Also many samples are tested by culture (bacterial, 
fungal, viral), serology and molecular techniques. These samples are best split in the one 
laboratory and distributed to the other sections in the Microbiology laboratory. There are 
distinct infection control measures that need to be taken when dealing with pathogenic 
organisms which are best handled and understood by microbiologists, The increased level 
of RNA testing for molecular infectious diseases precludes its integration within a general 
"genetic" molecular service. 

Ian D. Kay and Silvano Palladino 

The TATAA Biocenter supports laboratories in setting up real-time PCR diagnostics. The 
most common problem is contamination due to inadequate separation of pre-PCR, PCR 
and post-PCR working areas, and improper routines for sample handling, decontamina- 
tion, sample disposal etc. Since it is very costly for laboratories to remove contamination 
we strongly advise laboratories to seek PCR consultancy when setting up real-time PCR. 

Mikael Kubista 

Reservations of the (older) personnel against using new technologies, the presence of ex- 
isting instruments, necessary new investments and the requirement for additional rooms 
will all hinder introduction. 

Olfert Landt 

Much of the expertise gained from conventional PCR bodes well for a laboratory in the 
real-time PCR era. However a lot of the technical optimization of in-house assays has 
come from the observation of band intensity on gels and the change of mindset to crossing- 
points, efficiencies and fluorescent slopes can take some adaptation, 

If a laboratory is new to all PCR then appropriate and ongoing training is paramount. 
While real-time PCR reduces many of the issues associated with conventional PCR (e.g. 

carry-over contamination) it may be wise to retain the same level of wariness of pre- and 
post-PCR areas. Interestingly, in training many people on PCR and real-time PCR, I have 
largely found that good microbiologists make good PCR operators-presumably due to 
the familiarity of the similar "aseptic technique" required. 

John Mackay 
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Although PCR and even more, real-time PCR assays, are brilliant research and epidemiol- 
ogy tools, their unique sensitivity makes them a bit of a problem for diagnostic purposes. 
Technicians not specifically trained in such assays will not avoid embarrassment, either 
because of contamination or complete assay failure! Unusually strict measures against con- 
tamination should be taken and this may add to the routine problems of a microbiology 
laboratory. On the other hand, the clinical significance of a quantitative result is not clear 
in all cases, therefore moving into real-time PCR prematur'ely may reduce its significance. 
Cost is also an issue 

Nikos Papadopoulos 

Issues include: 

cost justification 
lack of cost recovery; molecular assays are often "add-on" assays and some health 
systems provide insufficient compensation or none at all 
obtaining and retaining suitably trained staff 
space issues 
instrumentation 
lack of commercial assays available (FDA approved and/or ASRs) 
being able to adequately validate assays (insufficient well-characterized specimens 
to work with or imperfect gold standards) 
difficulty demonstrating proficiency as no proficiency program is available for a 
many microbial targets, 

Over time new regulations may be written and the experience of early users will be 
better distributed to inform others of their experiences and to provide expertise and/or 
possible solutions to these issues, Continue dialog, discussion and communication between 
laboratories, 

Astrid Petrich 

[WR] Expertise in molecular testing, laboratory physical set up, test cost per assay, ability 
to increase scale, and the need for regulation of in house assays. 

[GS] Choice of technology appropriate to the laboratory and an abilicy to apply that 
technology to different microorganisms. We have found the Roche LightCyclerm useful 
in the implementation of new tests for different pathogens, but within this platform the 
choice of detection systems needs to be looked at, We have found S Y B R  green detection 
to be less expensive, but on some specimen types (e.g PMBC preparations) we have found 
non-specific DNA detection a problem affecting quantitation results. Use of hybridization 
probes for detection eliminates non-specific fluorescence but is more costly and there is 
some evidence of reduced sensitivity. Standardization and quality control of the assays is 
also necessary. 

William Rawlinson and Gillian M. Scott 

Among the main hurdles are the costs for the technical equipment, implementation of 
the molecular worktlow, and the costs for establishing physically separate areas for sample 
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processing and aliquotting, nucleic acid isolation (the so called "sample prep") and ampli- 
fication. Since real-time PCR platforms have evolved as closed and easy-to-use systems, 
installing a separate amplicon detection area with negative air pressure seems to be no 
longer necessary. 

Other obstacles can be the availability of personnel specifically trained in molecular 
diagnostics and a frequent absence of willingness by "traditional microbiologists" to ap- 
proach their molecular colleagues for advice or help. Since the ego is hard to overcome, the 
latter point could be the highest hurdle. 

Udo Reischl 

Cost can be an issue both in terms of instrumentation and reagents however in most situ- 
ations it should be possible to build a convincing business case. Acquiring the necessary 
laboratory expertise to implement the new tests may also be a hurdle but this is relatively 
minor compared with the most intractable problem. This is likely to lie in the need to find 
resources to do the work required to demonstrate the superiority of the new real-time 
assays. 

Nick Saunders 

In my opinion the major problem is of a financial nature. In general, conventional PCR 
techniques are cheaper since reagents and instruments are less expensive, and in most cases 
it is enough to know whether the pathogen is present or not, Nevertheless, the impact 
of and the need for quantification and also the speed of the techniques are of increasing 
importance. 

Oliver Schildgen 

In order of priority 
1 Capital outlay. The purchasing of real-time systems is expensive, and equipment at 

best only has a practica1"shelf-life" of 3 years. This limits the introduction of the tech- 
nology to larger organizations (laboratories). 

2 Wide scale acceptance is limited by the lack of availability of commercial real-time 
PCR diagnostic kits. These are generally available for the big volume tests (HCV, 
HBV gonorrhea) but not for the targets of "lesser" (commercial) importance. Also 
most commercial test kits are expensive with a single test costing between AUD5O to 
200. 

3 In-house assays are a common way of reducing costs. However, this requires st& 
with technical skill and awareness to develop and validate these assays and to support 
any technical difficulties experienced during their routine performance. Such staff are 

often difficult to recruit, 
4 There must be a comprehensive quality dimension to the performance of diagnostic 

real-time PCR. This must include adequate and comprehensive validation of each 
assay using the appropriate specimen matrix, quality control (QC) measures to moni- 
tor the daily performance of the test, enrolment in an appropriate quality assurance 
program (QAP) for each assay to ensure continued performance, and the recording, 
monitoring and review of results to document and address any inadequacies in test 
performance long-term. 



370 1 Beld et a/. 

5 The availability of dedicated highly skilled technical staff to perform the routine 
diagnostic assays. Some staff are just not able to perform PCR at the required level. 
Therefore an educational/training program must be in place to raise proficiency stan- 
dards, and from those the suitable candidates should be selected for the performance 
of the assays. 

6 Physical environment. So  ofien laboratories try to perform (real-time) PCR assays in 
facilities that are unsuitable for this technology. Even with real-tine PCR which is a 
closed system, some physical separation of extraction, loading and amplification/de- 
tection must be maintained together with unidirectional workflow, 

7 A commitment from the laboratory's upper management to invest the appropriate 
resources for this technology and a continued support for investment in capital equip- 
ment, appropriate laboratory facilities and staff training. 

Theo P, Sloots 

In our experience, familiarity with standard PCR and the underlying principles greatly 
facilitates the introduction of real time PCR. Another significant obstacle of real time 
PCR is the cost: capital cost of the instruments, but also cost of the commercial kits, much 
more costly than in-house assays. 

Raymond Tellier 

'The main obstacles are (I) budget constraints, as the budgets of most clinical microbiology 
laboratories are very tight and both the machines and consumables for real-time PCR 
assays are very expensive; (2) lack of expertise, in microbiology laboratories other than 
those in referral centers, expertise in molecular techniques is still limited. 

Patrick Woo 

How will detection of multiple agents be best achieved? Is 
there a limit to the number of detections possible in a single 
tube, and what causes that limit? 
'There is definitely a limit to the number of reliable detections in a single tube. In a real- 
time situation this is likely due to the lack of suitable fluorogenic dyes currently available 
that can be reliably detected although other factors also contribute, Because real-time is es- 
sentially single-round, there is a likelihood that amplification kinetics will be compromised 
as more primers/probes are added, 

Chris Birch and Julian Druce 

Is there a limit to the number of detections possible in a single tube, and what is the cause 
of that limit? We for example detect 14 respiratory viruses in 5 tubes. I guess we can add 
one more to each, but it is getting close. The problem is going to be having fully auto- 
mated systems which can choose primer/probe combinations in a random access format 
if system-specific samples are not put through in batches. I can see a number of integrated 
extraction/PCR machines, perhaps from different manufacturers, being required, one for 
each sample type, but hopefully not. Tm Biosciences can detect 15 viruses in one tube-not 
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sure how they can do it, although not sure if data on multiple viruses in one sample are 
out there. 

William Carman 

With current technologies there is a possibility to multiplex many targets, but read-out re- 
quires labeling of these targets which is usually by PCR amplification. A question remains 
whether the intrinsic sensitivity is suficient for detection of pathogens in microbiology 
without prior amplification. 

E.C.J. Claas 

Multiple detection of high copy number targets is perhaps not too much of a problem. 
The problems come when trying to detect low copy number targets, particularly when they 
come from viral genomes of different size and type (ssRNA, dsRNA, ssDNA, dsDNA 
etc.). This is one limitation. Another limitation comes when mixing lots of primers of 
different sequence together-it can be hard to balance between a highly sensitive, specific 
primer sequence, and that sequence being compatible with a standard reaction mixture and 
the presence of other interfering sequences, Another limitation is, of course, the number 
of dye chemistries that there are and which can be implemented on one instrument. It will 
be interesting to see how the Luminex" microsphere-based multiplexing system develops, 
as this has 100 colors. 

Jon Clewley 

The detection of multiple agents would be achieved with the use of different dyes, each dis- 
playing a distinguishable spectrum, and each bound to a probe for a specific agent. Differ- 
ent dyes with non-overlapping spectra should be developed* The limit of such an approach 
would largely depend on the number and type of agents to be detected and the specificity 
of each primer and probe for one of the agents present in the mixture. For a given mixture 
of agents, a preliminary screening of nucleotide sequence identities and similarities among 
the potential target sequences for primers and probes should provide valuable information 
before the initiation of preliminary trials with reconstructed mixtures of agents. 

Esteban Domingo and Cristina Escarmis 

I prefer individual detections in separate reactions, but have no problem with multiplex 
reactions, All multiplex assays I have seen are less sensitive than single reactions, and why 
would one want to give this up? Price could be an issue, but the difference in price is limited 
because reagents in multiple tubes only increase costs by a small amount in the western 
world. 

Ron A.M. Fouchier 

Detection of multiple agents can theoretically be achieved by combining multiple fluoro- 
phore-labeled oligoprobes and further melting curves analysis of the amplified products. 
There are published studies reporting more than five different targets detected in a 
multiplex assay. This seems to be actually the upper limit of the number of targets that 
can be discriminated in a single tube, because we are limited by: (i) the number and qual- 
ity of the fluorochromes available (narrow spectra, quenchers that quench broad range 
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wavelength...), (ii) the number and the quality of optical filters used, (iii) the use of a 
monochromatic exciting source and finally and, (iv) the system hardware. 

Vincent Foulongne and Michel Segondy 

Conventional multiplex PCR (using multiple primers directed at multiple templates within 
a single reaction) with end-point detection can discriminate 5 or more amplified sequences. 
The limit to the number of templates detected relates to the acceptable detection sensitiv- 
ity of each template required for the diagnosis of a specific infectious disease. While for 
diagnosis there needs to be a balance between the clinical relevance of performing a specific 
test and the "screening for multiple pathogens, the identification of multiple pathogens 
associated with an illness and a possible association with disease severity will encourage 
the development of multiplex PCR. Limiting laboratory factors with in-house PCR tests 
relate to optimization, consistent test performance and the production of accurate results. 
Standardized protocols and commercial controls will help to improve this, however in our 
hands, multiplex PCR is less sensitive than conventional PCR with internal controlling, 
Multiple agent detection by real-time PCR currently has constraints related to the avail- 
ability of fluorescent dye combinations, the capacity of the reaction and instrumentation, 

Lance Jennings 

Multiplex detection comes at the price of sensitivity particularly in detection of the lowest- 
abundance target. It is therefore extremely important to verify sensitivity for each target 
at different concentrations of the other targets, in all permutations, In our experience, if 
quantification in real-time PCR is important, only duplexing will work, The higher the 
number of different targets, the higher the loss in sensitivity Well designed duplex PCRs 
allow detectable and reasonably accurate amplification of single target copies. 'This is in 
our experience not possible for 3 or more targets. However, genetic typing of medium- to 
high-abundance targets works reasonably well in multiplexed PCRs. 

Bernhard Kaltenboeck 

Even though it would be economical and resource-efficient to detect multiple targets in the 
one reaction there is a realistic limit. 'This limit is determined by: 

Type of RT Machine-how many channels are available and at what wave- 
lengths 
Sensitivity-multiplexing has the potential to decrease the sensitivity of detec- 
tion of targets when compared to each reaction performed as a uniplex. This issue 
is exacerbated when more than one target may be amplified per reaction. 
Design of oligonucleotides-the more primers and probes that are combined in 
a reaction the harder it is to find sequences that do not have complementarity, 
hairpin loops and other conformational issues which may compromise the assay. 

Ian D, Kay and Silvano Palladino 

Multiplexing turned out to be more difficult than people expected. 'The largest number 
of ~arallel reactions in a single tube that have been separated are six. But the ability to 
separate colors is rarely the limiting factor in multiplexing. Rather, competition between 
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assays is more serious problem. Techniques such as LATE PCR (J. Aquiles Sanchez et al. 
Linear-After-The-Exponential (LATE)-PCR: An advanced method of asymmetric PCR 
and its uses in quantitative real-time analysis. PNAS 101, 1933, 2004) may turn out to 
be valuable for multiplexing. Another possibility is to pre-amplih the test material in a 
limited number of cycles. This can be done for essentially any number of targets, and then 
assay each target separately. 

Mikael Kubista 

Multiple detection is most affected in cases where we have more than one amplification 
reaction in the same tube. Multiprimer PCR with only one target present is not a major 
problem. One limit in real-time PCR is the number of fluorophores which can be used; 
bead-based detection (flow cytometer) could allow detection of more products. 

Olfert Landt 

Often in multiplex PCR there is the focus on the number of channels an instrument 
possesses. Yet for most applications, multiplex PCR is the simultaneous detection of an 
internal control (perhaps better described as duplex PCR). With the possibility to resolve 
targets on the basis of TM and melting curves, it is possible to detect a number of targets 
at the one wavelength. One author of this chapter has shown this for mycobacteria strains 
and perhaps this has been best demonstrated with the SeptiFast assay from Roche which 
distinguishes more than 20 of the most common bacteria involved in sepsis (plus internal 
control) using 4 wavelengths and multiple primer and probe sets. 

Another approach to TM differentiation of multiple targets has been the use of inter- 
calating dyes (e.g. SYBR Green I) where primers have amplified a number of species of, 
e.g. Leptospira or Aspergillus; to determine an infection; before the species is resolved by 
melting curve analysis. However, the use of these dyes for diagnostic purposes is another 
issue! 

A particular issue on the feasibility of multiplexing is whether multiple targets in the 
assay may be present together in the sample being tested (which may then be limited in 
sensitivity without exacting optimization) or whether one target of the multiplex will exist 
in any sample? 
The optimization of in-house multiplex assays is another demand-the optimization 
required rises seemingly like PCR itself: exponentially for each target added into the reac- 
tion! 

John Mackay 

Microchipslarrays may hold the best hope of multiple agent detection without the pit falls 
of multiplexing. 

Michael D Nissen 

Multiplex assays frequently give good results and facilitate the diagnostic ~rocedure, but 
this cannot always be generalized. I can't think of any unsurpassable theoretical reason 
why the number of parallel detections cannot increase considerably, although in practice 
reactions become more "unstable" with increasing number of primers, 

Nikos Papadopoulos 
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There are two ways this can be achieved, multiplex amplification (i.e. use of multiple 
primer pairs and possibly multiple probes for detection) or the use of multiple assays each 
amplifying one or two targets. Ideally you perform one assay that will detect all desired 
targets. 'The technology to date is moving in this direction (TM BioScience, Genaco, etc.), 
however, the sensitivity does not yet appear to be equivalent to a uniplex assay. Perhaps 
there are applications where sensitivity can be sacrificed to detect multiple targets such 
as respiratory or gastrointestinal pathogens. 'The load of these organisms in samples may 
be sufficient that a slight loss in sensitivity may not be significant when testing clinical 
samples. However, in instances where the pathogen load is low, i.e, viral or tuberculous 
meningitis, a sacrifice in sensitivity may mean missing the target with significant clinical 
implications, Here uniplex assays may be more appropriate until technology demonstrates 
that the sensitivity of multiplexes can approach that of uniplexes. 

Astrid Petrich 

First we have to distinguish if there is only one possible pathogen present in the matrix 
or multiple. If we know there is only one dominant pathogen we can use as many primers 
as possible. 'There are examples in the literature of two dozen primers in food diagnostics. 
If there are more pathogens present in parallel, the limit in multiplex PCR is set by the 
number of dyes which can be differentially detected. Sixplex detection might be the maxi- 
mum today. 

Michael W. PfaH 

This will change with time-in 5 years it is likely be via arrays (preferably on optical fibers 
as used in the Illumina" SNP detection system) which currently use multiplex amplifica- 
tion and multiplex probe techniques. 'The number is limited by primer stoichiometry-if 
this is overcome by using a fixed base for the primers or probes (such as bead linkages) then 
the number becomes limited only by physical constraints-effectively in the thousands of 
different targets. 

William Rawlinson and Gillian M. Scott 

One has to distinguish between simple and complex multiplex assay concepts, Simple 
multiplex assays are based on the amplification of suitable target regions by a single primer 
pair annealing to conserved regions but flanking the sequence regions of interest (e.g. 16s 
rDNA or other signature genes of bacterial or viral pathogens), 'The reaction mixture of 
such assays contains 2 or 3 primer oligonucleotides and a high number of probes which are 
chemically blocked against elongation. After an initial optimization of PCR buffer com- 
ponents and thermocycling conditions, big problems are usually not observed with this 
kind of assay concept. O n  the other hand, multiplex assays based on a complex mixture of 
specific oligonucleotides primers and probes in one reaction tube are very hard to establish 
and once established, usually not very robust. Minor variations in the input target D N A  
concentration can lead to misbalanced salt (Mg2+) concentrations in the reaction mixture 

and non-specific elongation or mispriming of primer oligonucleotides can lead to incorrect 
~ o l ~ m e r a s e  actions. In general, a reduced analytical sensitivity is observed with most of 
these complex multiplex assay concepts. 

Udo Reischl 
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Multiplex PCR comes with an inevitable cost to sensitivity. Whether the loss of sensitivity 
is significant or not depends on the design specification of the particular assay. If sensitivity 
is a crucial issue multiple separate PCRs are the best solution while if sufficient levels of 
sensitivity can be achieved multiplex PCR is obviously preferable, Apart from the sensitiv- 
ity issue, the level of multiplexing possible in real-time PCR is really only determined by 
the instrument capabilities and the availability of compatible fluorescent labels that can be 
accurately resolved. 'The practical limit with existing technology is probably in the range 
of 4-6 labels. 

Nick Saunders 

The most sensitive technique is PCR for a single pathogen, The more pathogens, the less 
sensitive the technique is. 'The reason for this is simple competitive inhibition, as there can 
only be a limited number of polymerase molecules within a single reaction. Also primer 
binding may interfere if more than one pathogen and consequently more than two primers 
are in the reaction, 

Oliver Schildgen 

There is a clear limit for the number of detections caused by the number of optical chan- 
nels in real-time PCR instruments and by the software to analyze the resulting data. Not 
a limit but a constraint is that several PCRs together in one single tube require design of 
primer and probes specific for the one aimed PCR product but without cross reaction 
with oligonucleotides from the other assays which becomes more and more effort with an 
increasing number of parallel assays. 

In an additional dimension it is possible to get more information from a set of primers 
and probes by melting curve analysis. Thereby in a homogeneous assay the reaction is 
heated after PCR under constant fluorescence measurement resulting in distinct changes 
of the fluorescence signal indicating the melting of the probe off from PCR fragments. 
Sequence variations under the probe result in measurable differences of the fluorescence 
profile. In microbiology this information can be used to detect different strains or species 
with a single set of primers and probes by detecting characteristic sequence variations. 

Rudolf Seibl 

Both multiplex PCR and real-time PCR have limitations for the detection of multiple 
agents. Multiplex PCR is limited in the number of primers and probes that may be used 
in a single reaction, because interactions between these oligonucleotides may impair the 
efficiency of the PCR. In addition, in cases of co-infection the amplification of one target 
may compete with the second target thereby yielding a result only for the target in excess. 
'These limitations also apply to real-time PCR assays, but these are further restricted by 
the number of fluorescent markers that may be detected during the reaction. In reality 
this is a function of the number of wavelengths any instrument can accommodate, and in 
current instrumentation is limited to 6. 

An alternative approach would be the use of molecular beacons (or similar technol- 
ogy) with a range of fluorescent markers that may be distinguished and recorded in a 
fluorimeter capable of detecting a broad range of wavelengths, 

Theo P, Sloots 
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Broad range primers can theoretically be used to detect a panel of "related agents in one 
amplification reaction; however, when the test is designed to co-amplify several genomi- 
cally variable pathogens, it is usually impractical to use broad range primers. Most of the 
time, the multiplex PCR becomes the only choice, and utilizes numerous primers within 
a single reaction tube in order to amplify nucleic acid fragments from different targets. 
But the conventional multiplex PCR has two major technical problems to be addressed: 
incompatible primer sets and high background amplification/detection. It is especially the 
case when real-time PCR formats are used since there are additional probes included in 
the PCR reactions. It is difficult to optimize the conventional multiplex PCR procedure 
because each amplification target has one pair of primers that dictates one optimal an- 
nealing condition. If a particular target has a PCR condition that conflicts with other 
targets, it will not amplify efficiently. Therefore, the range for "optimal" conditions, such 
as annealing temperature and salt concentration, is relatively narrow. O n  the other hand, 
the conventional multiplex PCR is limited by the number of primers, which have to be 
included in a single reaction, the primer-primer interference, and non-specific nucleic acid 
amplification, Different primers and probes can form primer-dimers and result in high 
non-specific background amplification. Modifications have been sought to improve the 
multiplex PCR procedure. One successful example is the Templex'" technology developed 
by Genaco Biomedical Products (Huntsville, AL, USA), The Templex assay uses nested 
primers to increase compatibility among loci. Four alternative products are generated to 
serve as templates; therefore, a common amplification condition for all the intended targets 
is more attainable. In addition, the Templex uses low concentrations of unlabeled, gene- 
specific primers to reduce background and to improve reproducibility* The main target 
amplification is completed subsequently by a high concentration of "SuperPrimers." 

Yi-Wei Tang 

One problem is that the template to be amplified should have similar GC content, and 
primers have similar TM, otherwise it is difficult to find reaction conditions acceptable for 
all amplifications. It becomes much more difficult to design primers if one is to avoid inter- 
actions (primer-dimers, etc) between several pairs of primers, 'The possibility of multiple 
infections may lead to drop in sensitivity simply by competition of amplicon synthesis. 

Raymond Tellier 

What are the limitations of real-time PCR in relation to 
detection, sensitivity, usability etc? 
Amount of input template is limited by small master mix volume. Number of suitable 
fluorogenic dyes limits the number of specific targets. Expertise and experience is needed 
to interpret some amplification plots, 

Chris Birch and Julian Druce 

Sensitivity tends to be as good as nested, although if there is a lot of secondary structure, a 
nested, or at least a two-step RT real-time assay, is done, e.g enteroviruses. High CT's are 
the bane of our existence-one way to address this may be to do a nested, with real-time 
being the second step. This tends to give much lower, clear-cut CT's. One has to be careful 
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not to over-interpret curves on screens without looking at raw data, Fluorescence change 
can be tricky-always look at the vertical axis. Some cross talk between probes can occur. 

William Carman 

Theoretically there are no limitations in detection or sensitivity. However, the major prob- 
lem we are currently facing is the clinical relevance of the data that are generated. In for 
example, positive real-time PCR results with high Ct values of Pneurno~~stis jiroveci or 
Human rhinovirus, the clinical relevance can be considered questionable, However, it is 
very difficult to define a threshold of "clinically relevantf' results. 

E.C.J. Claas 

I'm not sure that there are any real limitations other than those associated with any PCR. 
If you're going to setup a PCR for detection of a pathogen these days, you might as well do 
it by a real-time assay, unless you're doing it for a specialist research reason. 

Jon Clewley 

For the detection of RNA, current limits to obtain dose-dependent crossing points and 
a reliable quantification are in the range of 10' to lo2 RNA molecules. It is conceivable 
that new enzymes (or proteins that could be added to the enzymes currently in use) may 
enhance the difference in crossing points resulting from different numbers of RNA mol- 
ecules (a steeper slope in the standard curve is an advantage for relating crossing points 
with RNA dose) 

Esteban Domingo and Cristina Escarmis 

I see few limitations for routine diagnostics. It is fast and more sensitive than most other 
tests. Cost is still an issue. And it is possible we miss-diagnose infections because pathogen 
DNA/RNA may still be present while the real infection is already over. In addition, for 
some purposes it would be desirable to have the pathogen in hand; I am a bit afraid that 
most microbiology labs in the future will have available original specimens from patients 
and paper test results, but no reagents required for additional work that has proven critical 
in microbiology in the past (e.g. for pathogen characterization, fundamental research) 

Ron A.M. Fouchier 

When compared to conventional PCR, the sole limitation of real-time PCR remains the 
expense for ~latform acquisition. 

Vincent Foulongne and Michel Segondy 

Well designed real-time PCR will reliably detect single target copies and allow accurate 
quantification over at least 4 orders of magnitude. 

Bernhard Kaltenboeck 

Real-time PCR can detect a single molecule+ 'The factors limiting sensitivity are therefore - 
sample preparation and extraction rather than detection. Kits for sample prep and extrac- 
tion from different suppliers are likely t~ have quite different yields and it is advisable to 
compare the yields of some different kits when setting up new diagnostic assays. For RNA 
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samples reverse transcription may also be limiting, 'The reverse transcription yield can vary 
up to 200-fold depending on priming strategy and the reverse transcriptase used (A. Stihl- 
berg et al. Clin. Chem. 50,509,2004). A probe-based PCR does not detect primer-dimers 
and will report the presence of a single target molecule. However, the assay may not be 
quantitative if primer-dimers are formed, because the formation of primer-dimers will 
compete with the amplification of the target, which may affect the Cr values. The new dye 
BOXTO can be used as an internal control in probed based assays t'o detect formation of 
interfering primer-dimer products (K. Lind et al. Biotechniques 40,315-18,2006). 

In diagnostics robustness is key factor. We have found that different assays can be 
inhibited to different degrees in the same sample (A, St5hlberg et al. Clin. Chem. 49, 
51-59,2003). 'This differential inhibition can seriously complicate analysis, In many cases 
anomalous inhibition can be detected by analysis of the real-time PCR response curve (T+ 
Bar et al. Nucl, Acids Res. 31, e105.2003), and automatic solutions for quality assurance 
based on this approach are being developed by LabonNet (www.labonnet.com). 

Currently most tests are based on a single marker. Sensitivity may be improved by 
tests for more markers. Such tests may also classify the diseases based on the expression 
patterns of the markers. MultiD Analyses (www.multid.se) has developed software called 
GenEx for such classifications. 

Mikael Kubista 

Typical limits are background of related organisms (if targeting conserved genes), absolute 
concentration and difficult matrices (TB in sputum, fungi in sepsis tests) and the RT reac- 
tion (in general). Optimized reactions reach a limit of 10  genome equivalents, which is 
enough for most pathogen detection assays. 

Olfert Landt 

Many of the limitations of real-time PCR are shared with all PCR methods-namely the 
template going into the reaction is only as good as the sample storage, extraction method 
and concentration of the target prior to the PCR. If RNA is being detected then there is 
the added complexity of the relatively low efficiency reverse transcription step that can 
introduce its own inhibitors into subsequent real-time P C R  reactions, There can often 
be too much focus on the fluorescent probe(s) in the real-time reaction-perhaps forget- 
ting that the sensitivity of any assay is still governed by appropriate primer design. While 
primer dimers and other non-specific products will not be detected using probe-based 
assays, they will adversely affect the sensitivity due to reagents being sequestered for these 
11. 

invisible" amplicons. 'There is nothing currently better in terms of sensitivity for routine 
diagnostic use and usability often tends to be operator-specific. 

John Mackay 

Cost and currently limited to large labs. 

Michael D, Nissen 

A major limitation is that in many cases the clinical significance of the quantitative infor- 
mation has not been validated. This is also a major issue because it may differ between 
microbes, disease states, populations and types of samples. So  usability is somehow lim- 
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ited by our restricted ability for interpretation, Practical problems, such as the fast pace 
of development and subsequent high cost can also be an issue; as in many other cases, 
platforms became really cost-effective and useful when they "mature" a little. 

Nikos Papadopoulos 

'There are no "real" limitations, but there a few things to improve for the near future, New 
fluorescent dyes wirh high fluorescence readout may improve the next generation quanti- 
fication. Better instruments wirh more sensitive fluorescence readers will also enhance the 
outcome. 

qPCR is sometimes limited by inadequate sequence information from "unknown or 
new pathogens" for primer and probe design. This may impact not only on sensitivity but 
also on the ability to detect all ~otential  targets. 

Hardware (real-time cyclers and automation) and software at a reasonable price will 
also assist with bringing real-time PCR assays into all laboratories. 

Michael W. Pfafll 

Still primarily a single target assay, though new fluorescent dyes and instruments that have 
multiple channels has alleviated this somewhat. Sometimes limited by not having adequate 
sequence information to choose primers and probes for the assays. This may impact not 
only on sensitivity but also on the ability to detect all potential targets. Automation at a 
reasonable price will also assist with bringing real-time PCR assays into all laboratories. 

Astrid Petrich 

[WR] Detection is predominantly probe and sensitivity limited, and can be overcome by 
appropriate design. [GS] Sensitivity is an issue, where we see specimens positive by quali- 
tative PCR but below the detection limit for quantitative PCR. Again, our experience is 
with Lightcycler technology, using plasmids containing the PCR product as standards to 
create a standard curve. However, the results obtained with plasmids do not necessarily 
reflect the added problems associated with amplification from clinical samples. This is 
presumably because the plasmids are more 'pure" with less cellular and other interfering 
DNA, achieving real-time detection down to 100 copies per reaction. Therefore the prob- 
lems with sensitivity are related to the specimen type used. See above re: problems with 
different detection systems (i.e. SYBR green vs, probes). 

William Rawlinson and Gillian M. Scott 

When identical PCR reaction volumes are applied, analytical sensitivity is almost is com- 
parable between real-time PCR and traditional PCR assays. Since most of the real-time 
PCR devices are working with 10 or 20 pl reaction volumes, there are clear limitations 
with respect to sensitivity compared to the traditional 50 or 100 pl block cycler reactions. 
The usability mainly depends on the individual software. 

Udo Reischl 

Real-time PCR is often more sensitive and specific than conventional PCR (i.e. with a gel 
end-point) because of the use of probes that can detect the intended product in a mixture 
of non-specifically primed amplicons. This enhanced sensitivity depends on the efficiency 



380 i Beld et a/. 

of the probe system, Real-time PCR can be applied in any circumstances that are suitable 
for conventional PCR with the proviso that it may not be possible to design an efficient 
probe for use with all of the available detection chemistries, This particularly applies to 
methods based on hydrolysis (TaqMan") probes in instances when the inter-primer se- 
quence of the amplicon includes many sequence variations. 

Nick Saunders 

Until now I see only two limitations. First, as already mentioned, there is a financial limit. 
Second, the length of the amplified region is limited (around 150-300 base pairs for real 
time PCR vs, up to 10.000 or more base pairs for conventional PCR), Therefore, subse- 
quent analysis methods like sequencing lead to rather limited additional information. 

Oliver Schildgen 

For nearly every problem a technical solution can be described using available instrumenta- 
tion, chemistry and enzymology. The limitation is the development of robust standardized 
assays. The limiting factors in assay performance are often not related to real-time PCR. 
Instead they may relate to other aspects of the workflow for instance sample handling or 
nucleic acid preparation, 

Rudolf Seibl 

Real-time PCR has been widely used in the diagnostic molecular microbiology field, espe- 
cially for microorganism quantitative detection; however, it is important to keep in mind 
that there is an intrinsic problem with sensitivity and specificity, The arithmetic, spontane- 
ous increase in fluorescent background emissions interferes with the exponential, specific 
energy emissions during the simultaneous detection procedure, producing potentially false 
positive results, To overcome this non-specific issue, the system has to either increase the 
Cr cut-off value or decrease the cycle numbers during the amplification, which results 
in decreased sensitivity. Another limitation of real-time PCR is that it lacks an objective 
criterion to set up the cut-off CT threshold. This could be a big headache when the real- 
time PCR assay is used for qualitative detection when the target microorganism load is 
low in the tested specimens. 

Yi-Wei Tang 

Do you believe that real-time PCR is inherently more sensitive 
than conventional PCR when using the same primer pair? 
Yes, if it's a direct comparison between real-time with a fluorogenic probe and conventional 
single round PCR. But if the conventional PCR is nested then it may be more sensitive 
than real-time. There is also some evidence that the amplification of a small amplicon is 
favored in a real-time assay. 

Chris Birch and Julian Druce 

Yes. 

William Carman 
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No, I do not believe this. Using probes will improve the sensitivity in to read- 
out by gel electrophoresis, but probe hybridization in real-time PCR will not inherently 
be more sensitive than for example PCR-EIA. Improved sensitivity can be achieved by 
real-time PCR as there are better optimization features resulting in an increased efficiency 
and thus better sensitivity of real-time PCR. But an optimized assay will be as sensitive in 
conventional format as in real-time PCR, 

E.C.J+ Claas 

I don't think it's inherently more sensitive; its greater sensitivity arises from the use of a 
smaller reaction volume and from the increased sensitivity of the detection system com- 
pared with ethidium bromide staining of an agarose gel, 

Jon Clewley 

In our experience, the sensitivity of the two methods is very similar. In both cases, the sen- 
sitivity is largely dependent on the enzymes (reverse transcriptase and D N A  polymerase) 
used in the copying and amplification processes. 

Esteban Domingo and Cristina Escarmis 

No. When conventional PCR products are detected in combination with hybridization to 
specific probes, I think conventional PCR can be similar in sensitivity. 

Ron A.M. Fouchier 

In our experience the sensitivity of real-time PCR is equivalent to that of conventional 
PCR when using the same primers. An advantage of real-time PCR is the possibility of 
amplifying smaller D N A  fragments by choosing alternative primers. This may allow a gain 
in sensitivity. 

Vincent Foulongne and Michel Segondy 

I'm not sure there is a significant increase in sensitivity but the turn-around time and data 
provided are greater. 

Michael G. Ison 

'There is variability between pathogens. With some, where low copy numbers are present, 
conventional PCR, especially when nested, can be more sensitive than real-time PCR. 
'This can relate to the volume of nucleic acid assayed, however, as with any new laboratory 
test, the in-house verification and validation of the test's performance in comparison with 
an existing test and with different clinical samples should be standard procedure. 

Lance Jennings 

No, it's equally sensitive given optimal design and execution of both methods. 

Bernhard Kaltenboeck 

There is no reason real-time PCR should be inherently more sensitive than conventional 
PCR. In fact, presence of dyes and probes complicates the reaction and may compromise 
sensitivity. But real-time PCR is easier and faster to optimize, because one has better control 
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over the reaction. Therefore, real-time PCR assays usually turn out to be more sensitive 
than conventional PCR assays, particularly if they were developed as conventional assays 
and not tested in real-time PCR 

Mikael Kubista 

Believe? The amplification is made by the PCR-primers, Real-Time PCR might be able to 
show a curve where a gel picture might be unclear and foggy, but this is also at the detection 
limit of Real-Time PCR-and therefore the sensitivity is the same. 

Olfert Landt 

To address this we need to see data from experiments using the same primers, the same 
reaction conditions (reagents, volumes and cycling conditions) and the same template 
amounts. We also need to choose a detection method-agarose gel or PCR-ELISA for 
conventional PCR and non-specific or specific chemistries for real-time PCR. 

If real-time PCR was shown to detect a higher dilution of template than single-round, 
conventional PCR under these sorts of conditions, then I'd be convinced. Unfortunately 
many simply say "real-time is more sensitive" without taking into account the inherent 
deficiencies of their comparison-if they even perform one. In my opinion (no data here 
either!) the amplification process is not likely to be different under conditions of direct 
comparison, but detection of fluorescence (be it from a fluorogenic probe or from SYBR) 
or color (from a PCR-ELISA) using an analytical instrument may be more sensitive than 
visualizing an ethidium bromide-stained gel. It would be nice if this could be addressed in 
the near future. 

Ian M. Mackay 

No, There is a limitation on fluorescent detection in that a certain amount of amplifica- 
tion must occur before the amplification curve emerges from the fluorescent "noise''. Some 
comparisons using the same primer set have been done years apart and newer enzymes 
(cg. hot-start) and buffer systems have seemingly advantaged real-time PCR. Also there is 
often the claim "but it has a probe in there" that provides the otherwise unfounded belief. 
Some assays may be more sensitive with real-time but some are just as likely more sensitive 
via agarose gel with SYBR Green (or even ethidium bromide) staining+ 

John Mackay 

It's difficult to objectively and meaningfully compare when sensitivities in many assays 
are approaching single copy-levels. Furthermore, differences between sequences, platforms, 
detection methodologies etc are usually more relevant than the sensitivity of the assay per 
se. 

Nikos Papadopoulos 

From personal experience it appears so. It seems that the hybridization of an internal 
probe or probes may be more sensitively detected than a band by gel electrophoresis. We 
have seen this hold true for two different nested PCR assays. They were equivalent in 
sensitivity to a real-time PCR and more sensitive than a single round of amplification. This 
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sensitivity is not always reflected in analytical sensitivity but appears to be a larger issue in 
clinical sensitivity* 

Astrid Petrich 

Both methods are more or less identical in all parameters, including sensitivity, variability 
and reproducibility, but in real-time PCR we have a fully quantitative answer! 

Michael W. P f d  

No, not necessarily. It is dependent upon primer-template relationship, use of nesting for 
conventional PCR, and may be dependent upon secondary structure in complex tem- 
plates* 

William Rawlinson and Gillian M. Scott 

Without any doubt, real-time PCR is NOT inherently more sensitive than conventional 
PCR, 'The physics behind SYBR Green and ethidium bromide are almost identical and 
the amplification rate is also not significantly higher in the real-time PCR reactions, It is 
all a matter of total reaction volume. 

Udo Reischl 

Real-time PCR is not inherently more sensitive than conventional PCR using the same 
primer pair. It depends entirely upon the sensitivity of the detection system. 

Nick Saunders 

No* 
Oliver Schildgen 

Due to the fact that real-time PCR results in Cps, target sequence numbers, etc which 
can be more easily and precisely used for statistical analysis, the statistically significant 
sensitivity with defined confidence levels is higher in comparison to a visual gel analysis of 
end-point PCR+ 

Rudolf Seibl 

I do not think there is any experimental data to draw any firm coaclusions on this. Clearly 
sensitivity may be related to a number of things. 

1 The reaction parameters 
2 Primer composition 
3 Probe composition 
4 The amplification system/method used 
5 The detection method 

If the same primer pair is used and reaction parameters have been optimized for both 
assays, then the detection system should determine the final sensitivity of the assay. Clearly 
a fluorescent signal has a lower limit of detection than visual gel-based systems. Similarly a 
colored end-product should have a lower limit of detection if a spectrophotometer is used, 



384 1 Beld et a/. 

and should approach but not quite match the detection limits of fluorescence. However 
these issues may be confounded by the quality of the instrumentation used to perform the 
assay. 

Theo P. Sloots 

No. Some of the points have been addressed in my answers to the previous question. In 
contrast, conventional PCR is usually linked to an additional amplification product de- 
tection procedure such as the Southern blot, enzyme immunoassay, or direct sequencing. 
When additional signal amplification is incorporated into the detection procedure, such as 
an antigen-antibody chain, the sensitivity of the PCR assay can be further enhanced. 

Yi-Wei Tang 

I do not think that real-time PCR is inherently more sensitive, With current PCR en- 
zymes and reagents, and a well designed pair of primers, detection of 1-10 molecules of 
template DNA can often be achieved with standard PCR. Real-time PCR with a probe, 
in my view, brings the advantage of template authentication by probing, and the possibility 
of quantification. 

Raymond Tellier 

Yes, in our experience, real-time PCR is more sensitive than conventional PCR when the 
same pair of primers is used. 

Patrick Woo 

How do microarrays and real-time PCR compare at the 
present time, and what is the future of arrays for routine versus 
research applications in microbiology? 
Microarrays are a detection method at this time. Random generic amplification is needed 
up-front to make this technology more diagnostically relevant. 

Chris Birch and Julian Druce 

Still need to do PCR, so very time consuming and expensive. Needs a leap in technol- 
ogy and probably will not suit diagnostic labs in the medium term, but may be OK for 
expensive home-testing kits. 

William Carman 

Microarrays are very usehl for high-throughput SNP analysis. For microbiology, its 
application may be found in screening isolates for markers (mutations) of antimicrobial 
or antiviral resistance. For pathogen detection in clinical specimens the sensitivity is still 
too low and real-time PCR is superior. In time, combining detection of single molecule 
interactions in an array-like environment may change the situation. 

E.C+J, Claas 

Arrays are still limited to a few laboratories. 'The practical problems of making them and 
using them have not yet all been solved. Perhaps the biggest issue with the use of arrays is 
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the lack of a front-end amplification method that will amplify all sequences that are present 
in the sample. Then, of course, you have to have a suitable capture probe on the array-one 
that will hybridize to the "correct'' amplified sequence. And you don't necessarily know 
what to expect, i.e. what is ''correct': or how to interpret the result of any unanticipated 
signal from the array, 

Jon Clewley 

Microarrays are more suitable than real time PCR to detect multiple agents (or variants of 
one agent) in a given sample. However, microarray detection is a rather qualitative method, 
very difficult to adapt as a routine analytical procedure in a standard diagnostic laboratory. 
Improvements in instrumentation, bioinformatics and reproducibility of signals are needed 
for a routine implementation of microarray technology. Real time PCR is essentially a 
quantitative technique, reliable for quantification of a limited number of agents in a sample 
and generally more reproducible than microarrays at the present stage of development of 
the two techniques. 

Esteban Domingo and Cristina Escarmis 

I have not used microarrays myself for diagnostics. I T H I N K  that real-time PCR is more 
sensitive at the moment, but I believe that microarrays based on gene detection or protein 
detection will dominate the microbiology lab in the future. They are more suitable for 
detecting multiple pathogens simultaneously (and at the same time other diseases)+ The 
detection technology is improving rapidly to ensure sufficient sensitivity, 

Ron A.M, Fouchier 

Real-time PCR is more suitable than microarrays for nucleic acid quantitation, whereas 
microarrays are more adapted for testing simultaneously a high diversity of microbial agents 
(e.g+ respiratory pathogens) or for genotyping. 'The current cost of microarrays represents 
an obstacle for routine utilization. 

Vincent Foulongne and Michel Segondy 

PCR is superior and easier to do often than microarrays; you often answer different ques- 
tions with these (PCR usually detects DNAIRNA while microarrays detect function or 
downstream proteins 

Michael G. Ison 

Microarray technologies currently require larger amounts of starting material than real- 
time PCR and have a limited dynamic range for quantitation. It is likely that in the future, 
arrays will be used for the high through-put screening of a large number of targets, with 
specific quantitation then being performed on the targets of interest. 

Lance Jennings 

Microarrays don't have the exponential amplification procedure so the signal is only linearly 
related to the target quantity. Therefore microarrays have low sensitivity and detect only 
the most abundant and easy targets. Unless exponential amplification can be combined 
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with microarray detection, I do not foresee any great use of microarrays for sensitive detec- 
tion with the use of PCR. 

Another, frequently overseen problem in miniaturized arrays and "hot" microfluidics 
technology is that you simply cannot add a lot of sample volume to these devices. This 
severely limits the potential for low-abundance targets even if exponential signal amplifica- 
tion is included. 

Bernhard Kaltenboeck 

Today microarrays and real-time PCR are preferred for different applications. Microarrays 
are suited for genotyping, while real-time PCR is preferred for quantification of a single 
or a few selected markers. But the two techniques are merging. Companies like Biotrove 
(www+biotrove.com), Fluidigm" (www.fluidigm.com) and WaferGen (www.wafergen.com) 
are developing high throughput real-time PCR platforms for massive analysis of parallel 
reactions and these platforms will replace microarrays in many applications. 

Mikael Kubista 

Microarrays hold promise however it is still expensive for companies to manufacture chips 
for relatively small-volume users. Most routine laboratories do not have the facilities to 
manufacture chips so are reliant on another company to produce them. For many targets, 
e,g, antimicrobial resistance genes and RNA viruses, there is continual genetic drift. So 
this will require changing of the sequences on the array. This will need to be done by the 
commercial laboratory adding to cost and turn-around time. The clinical laboratories will 
have difficulties in adapting to the ever-changing microbial environment. Different arrays 
have different readers as some arrays are on glass slides, at the bottom of 1.5mL tubes etc. 
These readers can be expensive. Newer systems are now appearing on the market that hold 
the promise of addressing some of these concerns, For example the NanogenTM system is a 
'generic" open system that provides the platform for array testing, and the user's diagnostic 
laboratory provides the specific primers and probes, These remove the necessity for a com- 
mercial lab to be commissioned to provide the specific oligonucleotides on the arrays. In 
validating arrays where there can be over a hundred individual probes, it is necessary to 
validate each of these probes with another method, This may be by PCR or by sequencing 
or a combination. 'This will require a significant amount of laboratory resources and may 
make it difficult for clinical laboratories to achieve. It is difficult to change the oligonucle- 
otides on the chips if there is a change due to genetic drift. Also validating arrays means 
that each probe needs to have another assay performed to validate the array. 

Ian D. Kay and Silvano Palladino 

Arrays give limited or no quantification results. Arrays make use of multiprimer PCR 
or amplify conserved regions. By this arrays are superior for the identification of species, 
variants, types and resistances. The detection limit (for a single PCR) is identical. A typi- 
cal scenario could be (1) array for identification and real-time PCR for verification and 
quantification or (2), real-time PCR followed by array-based typing. 

Olfert Landt 
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A direct comparison would be unfair; combinations of the assays may occur, as arrays are 
"wide': while PCRs are"deep7' and therefore may very well complement each other. 

Nikos ~ a ~ a d o p o u l o s  

Microarrays are generally not used for routine clinical applications yet. I have not used 
them for microbial diagnostics myself. 'They have had a significant impact on research. 
They will likely end up playing a major role in pharmacological characterization of indi- 
viduals and other genetic applications, 'They are less likely to play a role in detection of 
infectious agents, at least in the traditional sense of detection of genomic targets. 'This 
would require optimization of the multiplex assay for sensitivity. The future could possibly 
have multiplex assays followed by microarrays to characterize the amplification products; 
identification of the organism, antimicrobial resistance, toxin production, etc.. 

Astrid Petrich 

Arrays will be too expensive for routine diagnostics, but for research the combined approach 
of screening with hybridization arrays and quantifying by qPCR is optimal, Hereby the 
advantages of both quantification systems can be added-the high throughput capacity of 
the microarray as well as sensitivity and specificity of the real-time RT-PCR. 

Microarray technology is a powerful technique for analysis of the gene expression of 
thousands of genes (up to millions) in a very short time. Problems encountered include 
inconsistent fidelity, high variability, insufficient sensitivity for poorly expressed genes, 
discrepancy in fold-change calculations and lack of specificity for different isoforms or 
differentially expressed genes. The D N A  microarray-based screening of tissue-specific 
gene expression and confirmation of putative candidate target genes by kinetic RT-PCR 
represents a powerful and optimal combination, 

Michael W. P f d  

[WR] The arrays are currently expensive, the technology still requires considerable 
technical effort (tweaking), and interpretation is still questionable. [GS] Arrays definitely 
have great potential for routine screening for multiple pathogens, and multiple genotypes 
within a particular pathogen group e.g. detection of Hepatitis B virus antiviral resistant 
variants, 

William Rawlinson and Gillian M. Scott 

Microarrays as such are not competing with real-time PCR. Their dynamic range is very 
low and the composition of probe sequences is usually static. But they can be helpful for 
the pointed analysis of complex mixtures of amplicons generated in the course of a broad- 
range real-time PCR amplification. Since the multiplex real-time PCR is hampered by 
cross-hybridizations and cross-reactions within a complex mixture of hybridization probes, 
microarrays can be best used for subsequent product analysis and species identification. 

Udo Reischl 

Real-time PCR is currently more sensitive than microarray hybridization for measure- 
ment of either genomic nucleic acid or RNA transcript levels. This remains true even when 
PCR, or alternative amplification methods, are used to increase the levels of sequences 
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prior to hybridization to the array. For quantitative applications there is good evidence 
that microarrays have a more restricted dynamic range than real-time PCR and that they 
underestimate differences between samples in the number of copies detected, Furthermore 
microarrays, microarray consumables and microarray equipment are more costly than 
equivalents for real-time PCR. Where microarrays score highly is in the ability to provide 
parallel data on many (i.e. from tens to hundreds of thousands) targets in one assay* Sev- 
eral routine applications in microbiology already make use of this ability. The genotyping 
of human papillomavirus is a good example. 

Nick Saunders 

We have no current experience with microarrays in our group. Nevertheless, I believe it 
will be a useful diagnostic tool in the future, 

Oliver Schildgen 

I think that the current applications of microarray technology are mainly as a detection 
system only. This extends into the routine detection of human and microbial (other than 
viral) genomic sequences, as long as these do not require pre-amplification by a targeted 
molecular method such as PCR. As such microarrays hold immense promise for the rapid 
and accurate detection of gene expression products and the expression of resistance mark- 
ers, 

However, during viral infection of the human host, the load of the organism present 
in clinical samples is generally very low and requires some form of amplification before 
detection. Amplification can also be affected by cell culture, but this is time-consuming 
and slow. If a molecular amplification system is used these are, by their present design, 
targeted to specific sections of the viral genome. To incorporate this into a multiarray sys- 
tem would require each element of the array to be coupled with a single PCR, and would 
not provide any major improvement over current technologies, Here real-time PCR has 
obvious advantages over microarrays, 

However, the application of microarrays on a limited scale would be suitable for the 
detection of single nucleotide polymorphism (SNP) in viral genomes, and hence ensure 
the detection of viral quasispecies that may be circulating. 

'Theo P+ Sloots 

Microarrays will increasingly be important since they will allow for simultaneous detection 
of a large number of templates. 'There are some problems, chiefly the technical problems 
of the simultaneous, high yield amplification of several templates prior to probing with the 
arrays. 

Raymond Tellier 

At the moment, microarrays are even more expensive and expertise for microarrays even 
more limited than for real-time PCR. Moreover, even in good hands, the major hurdle for 
microarrays is nucleic acid enrichment in the clinical samples. In the long run, microar- 
rays should be more powerful if the problem of nucleic acid enrichment can be overcome 
because the number of microbes that can be detected by multiplex PCR is incomparable 
to that for microarrays. 

Patrick Woo 
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What is the life-span of real-time PCR and what are the "next 
big things" which will challenge the longevity of real-time PCR? 
For at least the next 10 to 15 years unless microarrays or systems like Luminex are im- 
proved for microbial diagnostics. 

M.G.H.M. Beld 

What's limiting real-time PCR at the moment are the sheer number of pathogens that 
should be tested for in'certain diagnostic situations. Improved microarray technology will 
definitely play a role in the future. 

Chris Birch and Julian Druce 

A major limitation of diagnostic PCR is that it relies on specific primers and probes so 
that one can only ever look for designated targets. Thus there is little scope for lateral 
thinking or microbe discovery. New approaches are being developed in response to the 
human genome project such as Solexam's technology which allows simultaneous analysis of 
hundreds of millions of individual molecules. 'Thus individual nucleic acid molecules can 
be analyzed and identified. Such technologies may one day find a place in the molecular 
diagnostic laboratory so one can ask "what bugs are in a sample?" rather than "is bug X or 
Y in the sample?." 

Patricia A. Cane 

'The increasing sensitivity of microarrays or multitarget detection systems enabling detec- 
tion of pathogens directly in clinical samples will challenge real-time PCR applications. 
If that is achieved, all microbiological targets may be challenged in a single experiment, 
including information on antimicrobial sensitivity. 

E.CJ+ Claas 

Standard PCR has been around for over 20 years and shows no signs of going away. Al- 
though real-time PCR has been around for a shorter time, I expect it to be equally long 
lasting, Real-time sequencing would be a big thing. 

Jon Clewley 

We anticipate a long (but obviously unpredictable) life-span for real time PCR based on 
the same basic principles of the current instrumentation and chemistry. Improvements 
may come from the incorporation into the system of modified probes with higher specifi- 
city and of new combinations of compatible dyes. Also, improvements can come from new 
or modified enzymes that can increase the yield of the products of amplification. We feel at 
a loss trying to anticipate what the next, related "big things" might be. 

Esteban Domingo and Cristina Escarmis 

I think that for routine diagnostics, real-time PCR will soon be replaced with microarray 
technology. When the issues of sensitivity have been fully addressed (soon; few years), 
I believe that microarrays will FULLY replace routine diagnostics for simple pathogen 
detection, SNP detection, etc+ O n  microarrays, it will be much easier to deal with genetic 
variability of pathogens, by simply including multiple targets in the array. I have also seen 
new diagnostic tests based on protein detection on chips that are almost as sensitive as 



390 1 Beld et a/. 

PCR without amplification of the target. ?his could reduce chances of sample contamina- 
tion and issues like that. 

Ron A+M. Fouchier 

Real-time PCR is now widely spread in microbiology laboratories and there is still a large 
potential for further development of the fluorescent chemistries, real-time apparatus and 
software. Furthermore, in the future, new developments are awaited: combination of real 
time PCR and nucleic acid arrays technologies, solid phase or microfluidic amplification 
techniques and, perhaps, unit dose real-time PCR including in a single tube or on one 
array, different targets of interest, controls and calibrators. 

Vincent Foulongne and Michel Segondy 

Conventional PCR moved from the research laboratory into diagnostic laboratories during 
the late 1980s and early 1990s. Virology laboratories were a leading light in this respect. 
However, it has taken at least 10 years for real-time PCR to become accepted and its 
current use in diagnostic microbiology laboratories is largely focused on those applications 
associated with the larger acute admitting centers. Modern diagnostic services are often 
cost driven. With the increasing routine use of real-time technology, its cost-effectiveness 
for a wider range of tests will be recognized. However, the requirement for improved ef- 
ficiencies, especially with high-volume tests, is likely to facilitate the introduction of auto- 
mation of the pre-analytical, analytical and post-analytical steps, new instrumentation and 
with possible centralization. St& safety and the need to reduce repetitive use injuries will 
become increasingly important as a driver towards automation, The move to the molecular 
quantitation of pathogens may also have an impact on the longevity of real-time PCR. 
Never-the-less, the current avian influenza outbreak has clearly identified that laboratory 
capacity for surveillance and diagnosis needs to be widely distributed globally, ensuring the 
usefulness of this technology for many years yet. 

Lance Jennings 

I foresee at least 2 decades of extensive use of real-time PCR until a better technology will 
replace it. 

Bernhard Kaltenboeck 

Real-time PCR is here to stay at least for some applications, such as quantitative analysis 
of a single target. For genotyping and assays for multiple targets other techniques will 
come. Particularly exciting are platforms based on oligomodified dyed particles, which 
makes it possible to separate the targets, as developed by Illumina (www.illumina.com). 
?here is also very interesting development in mass spectrometry and chromatography that 
will allow for very sensitive detections. 

Mikael Kubista 

PCR is more than 20 years old, Real-Time PCR 10 years. NASBA and others could not 
compete and single molecule detection is (still) not working. We will live another 20 years 
with real-time PCR, with more automation over the next 10 years, and maybe a decrease 
after 2020 (if the oil is not used up before...). One should not forget that once installed, 
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instruments usually cement a technology even if it is no longer efficient or up-to-date. 
I do not know what will be next (nobody knows-otherwise we would all invest in the 
right direction). Sequencing like that from 454 Life Sciences" and the Luminex platform 
have some potentials, but usually 1 see O N E  patient and O N E  question, which cannot 
be solved efficiently with highly parallel methods. The next big things will be pandemic- 
AND-low- rice parallel detection methods (One-Dollar-Array with 10-100 probes). 

Olfert Landt 

I believe the technology behind real-time PCR will remain largely the same but platforms 
will change to increase automation and provide the oft-requested 'sample-in, result-out" 
outcomes+ It may be that this increased automation will allow increased parallel test- 
ing-even up to the thought of real-time PCRs inventor: a microarray of real-time PCR 
reactions! 

John Mackay 

This is very difficult to determine. Although one speculates about the developments of 
D N A  chip technology, one also has to realize that real time technology is not yet fully 
implemented in diagnostics at all levels. Still, the costs are relatively high, making it almost 
impossible for introduction around the world. However, one should also remember that 
more classical technologies remain within a niche, and I don't have the impression that 
real-time PCR technology will be replaced by a different technology within the next 10  to 
15 years, The manner in which we use it will change, more in an automated form (sample 
in, result out), but this also takes time. Easier said then done. However, with the likely 
discovery of new infectious agents and the emergence of pathogens, there will be enough 
work to be done. Remember that in the last 15 years, only the same viral targets have been 
introduced commercially, i+e. HBV, HCV and HIV-1, 

'The next big things include new technologies like D N A  chips, genornics and pro- 
teomics. The possibility to perform multiplex, meaning really a large number of targets, 
is becoming closer to routine diagnostics. Also, the capability to perform these technolo- 
gies easily at the bedside or emergency room will likely be introduced in the near future. 
However, it is also clear that there is a necessity to systematically investigate and search 
for still unknown targets. They must be around since we still have a gap between clinical 
disease and likely infectious agents. 

H.G.M. Niesters 

From a narrow point of view "real-time" may not last for long, but, as in the case of "con- 
ventional" PCR (or even more e+g+ immunoassays), new varieties will probably continue to 
evolve for decades. 'The "next big thing could be a combination of array and PCR technol- 

OgY. 
Nikos Papadopoulos 

Should a sensitive microarray system come along that can realistically compete with real- 
time PCR (multiplex included) for speed of turnaround, cost, and sensitivity, it is likely 
that this would replace real-time PCR, however, no technology is yet able to achieve these 
desired specifications. Many thought that PCR would dramatically change microbial 
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diagnostics in a short period of time. This has not occurred due to a number of issues; 
inadequate template extraction, the need for isolates for further characterization (so ampli- 
fication assays are "add-on" testing) and because its use has not improved clinical outcome 
etc. Some of these issues have been addressed with real-time PCR and new assays; however, 
it will still probably take a while for real-time PCR to be offered at all routine microbiology 
laboratories and even longer for any new technology to make inroads. It would therefore 
appear that real-time PCR may play a role for the next 20 years or so and perhaps longer 
for specific microbial targets that are not amenable to multiplexing, 

Astrid Petrich 

PCR is one of the basic methods in molecular biology and nucleic acid detection will 
therefore 'hay for ever': The new innovation of real-time PCR; combined with an RT step, 
has shown tremendous benefits for DNA and RNA diagnostics. With it's exponential 
amplification behavior it is hard to beat its sensitivity, specificity and therefore overall 
diagnostic value. 

The next big things should include multiplex applications in quantitative real-time 
PCR to detect multiple strains or microbes and much better nucleic acid extractions for 
extreme natural (e+g. feces, urine, sputum, capsulated viruses and bacterial spores), or 
processed matrices (e.g. beverages and food), 

Also, a bank of validated internal controls for spiking the sample and validated SOPS 
are needed e+g. CRM (certified reference material) from the EU. 

Michael W. PfafA 

Bead based microarrays (Genomics Illumina), other methods currently used for SNP 
genotyping only. 

William Rawlinson and Gillian M. Scott 

There is a permanent evolution of methods and technology in diagnostic and analytical 
PCR-mainly driven by competition between the diagnostic companies and their patent 
portfolio. Since no analytical process can be more rapid thand'real-time': the next big things 
may happenCCin-situ': Detection directly from the clinical or biological specimens will speed 
up the analytical process. Twenty years ago, Southern-blotting was up-to-date. Perhaps 
FISH will be out-competed by a more rapid, specific and sensitive technique one day. 

Udo Reischl 

This contributor is not far-sighted enough to see the demise of real-time PCR in all its 
current and future applications, However, it seems possible that for some applications it 
could be displaced by some types of nanoscale device. Possibly these will be based on the 
use of arrays (perhaps cantilever arrays). Alternatively, mass-spectrometry may eventually 
fulfill some of its potential and provide some real-time PCR-beating applications. 

Nick Saunders 

The next "big things'' may be MassTag PCR and more sensitive protein methods (e.g. 
chips) provided it will be economic enough for routine diagnostics. Also "old-fashioned 
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techniques like cell culture isolation will be of importance, as demonstrated by the detec- 
tion of SARS coronavirus, HMPV, and coronavirus NL63 in the last 5 years, 

Oliver Schildgen 

Real-time PCR is still at the early or middle of the technological S-curve, Increasing 
throughput, integrated workflows, the utilization of melting curve analysis, and evolution- 
ary improvements in both enzymology and fluorescent labels will open up new applications 
and make existing applications faster, more convenient and cheaper. 

Rudolf Seibl 

What is the best fluorogenic dye and the best chemistry 
(incorporation of a fluorogenic dye into an oligoprobe or 
primer) and why? 
FAM/fluorescein is the most common and may therefore be the best. A separately labeled 
probe improves specificity 

Chris Birch and Julian Druce 

Most reproducible results are obtained with FAM dyes, but in multiplex PCR clearly more 
fluorophores are required. HEX has been found to be the dye giving most problems (in 
our lab) most likely because of its reduced stability. Initially our multiplex real-time PCR 
assays were designed using Molecular Beacons, as TaqMan probes used TAMRA as a 
quencher. With TAMRA being a fluorescent quencher, this reduced the multiplex pos- 
sibilities in the filter measuring in the 600 nm emission range (e.g. for Texas Red probes). 
Now so called Dark quenchers are available, TaqMan probes are more economical than 
molecular beacons. 

E.C+J. Claas 

Since we currently work with a Lightcycler platform, we prefer to use FRET chemistry 
when available. 'This presents the advantage-when cornpared to 5' nuclease assays-of 
further specificity control and also genotyping. 

Vincent Foulongne and Michel Segondy 

'The simplest chemistry is the best. In real-time PCR, quality requirements are much less 
stringent than in immunofluorescent microscopy. Cheap unpurified oligos 3'-labeled with 
dyes that are coupled right on the solid support to the 3'-nucleotide work perfectly well, 
We prefer FRET probes because essentially any sequence works as probe and no optimi- 
zation is required. The 5'-labeled second FRET probe requires a second linkage step and 
is the most expensive oligo in the primer/probe set required for FRET PCR. 

Bernhard Kaltenboeck 

FRET hybridization probes allow for melting curve analysis. These provide a high degree 
of specificity which is a significant advantage for their use. However FRET hybridization 
probes require the design of two probes to span 40 to 50 bases. Finding a homogeneous re- 
gion in some microbes is difficult especially for RNA viruses. TaqMan probes only require 
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a stretch of 20 bases, so they are easier to design however there is no check of specificity 
by melting curve analysis. 

Ian D. Kay and Silvano Palladino 

Fluorescein or carboxy fluorescein (FAM) is presently the preferred dye. It has very high 
molar absorptive around 490, which is the favored excitation wavelength of essentially all 
PCR instruments, and it has high fluorescence quaritum yield. However, fluorescein is p H  
sensitive and can assume several forms (R. Sjoback et al. Spetrochimica Acta Part A 51, 
L7-L21,1995), which can give rise to some variation. 

Mikael Kubista 

Fluorescein is the less-expensive and most versatile dye with superior fluorescence proper- 
ties, End-labeled probes are less expensive than (internal) labeled primers and there is a 
higher consumption of the primer part, making probes advantageous. 

Olfert Landt 

It depends on the application I think. If the aim is to amplify multiple related species and 
resolve the amplified targets then hybridization probes and melting curve analysis provide 
that without resorting to multiple assay sets. However if the detection of a single species 
in a mix of nucleic acid is required for a yes/no assay then hydrolysis probes perform very 
well. One concern is that quasi-species may be missed due to hydrolysis probes" increased 
intolerance of mismatches as compared with hybridization probes. 

John Mackay 

Not sure what the optimal dye system is; ideally you would like something that should pro- 
vide optimal specificity and the opportunity to perform melting curve analysis. The choice 
of probe system may be limited by the DNA sequence within the amplification product. 
Where possible, we have chosen to use the FRET system, assuming there is an increase in 
specificity and possibly sensitivity (over SYBR Green), with the ability to perform melting 
curve analysis. I am unfamiliar with all the data surrounding differences in signal back- 
ground levels and linearity over concentration ranges for the different fluorescent systems. 

Astrid Petrich 

[GS] We have only used SYBR green, but have ~roblems with detection of non-specif- 
ic DNA using this dye particularly with bu* coat specimens. We know this because 
we also run the real-time PCR products on an agarose gel and find multiple bands of 
differing size in the sample. Non-specific bands should be identified by the technology 
through analysis of melting temperatures, but these bands are often not detected by the 
LightCycler technology. SYBR green also permits the identification of primer-dimers and 
these are usually obvious from differing TM. 

William Rawlinson and Gillian M. Scott 

I absolutely favor the LightCycler hybridization probe concept. It is most specific since the 
generation of a fluorescent signal is based on four independent hybridization processes 



Experts' Roundtable 1 395 

(2 primers and 2 labeled probes) and it allows for a post-PCR melting curve analysis. By 
melting curve analysis one can identify a number of mutations within the amplified region 
or distinguish between a number of variant target sequences without the need for any 
further manipulations or automated DNA sequencing. 

But all of the currently available concepts and dyes have their specific pros and cons. 
No simple answer possible, 

Udo Reischl 

This is strongly dependent on the lab and the individual experiences, I do not believe that 
there is a gold standard. 

Oliver Schildgen 

There are many different strategies that can be used to link fluorescence changes of labeled 
oligonucleotides to their interaction with target amplicon in a homogeneous assay, A 
skilled practitioner is likely to be able to achieve his analytical goals using many of them. 
Nevertheless the simplicity of the synthesis and of the assay and the ease of assay develop- 
ment does vary considerably. 

With respect to fluorescent labeling it is often the quality of oligo labeling and post- 
labeling purification that has a big impact on the performance of any given probe. 

For gene expression analysis Hydrolysis Probes and HybProbeg Probes can be used 
equally well, For genotyping, HybProbeg Probes and SimpleProbeg Probes have the 
advantage of allowing a melting curve analysis disclosing additional information about 
the sequence under the probe. Thereby a single PCR in one tube provides a clear answer 
with an inherent control and the additional chance of identifying currently unknown or 
unexpected variations under the probe. 

Rudolf Seibl 

I would be partial to the use of fluorescent tagging of the probes rather than of the primer 
pair; probing provides an additional layer of specificity,, and also if sequencing post PCR 
is required, you can use the PCR primers as sequencing primers; if they are not tagged the 
stock of primers can be used for both assays, which simplifies the laboratory logistics. 

Raymond Tellier 

Are molecular diagnostics cost-effective? 
Certainly they are in a hospital environment, where the cost of the test usually represents a 
very small fraction of the overall cost of that patient's care. In other environments, thought 
needs to be given to whether the test is really necessary. 

Chris Birch and Julian Druce 

In comparison to conventional methods molecular tests are generally more expensive. 
However, cost-effectiveness will be reached by improved treatment and a reduced hospital 
stay* 

E.C.J. Claas 
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In general, we believe they are. 
Esteban Domingo and Cristina Escarmis 

It depends on the assay-for CMV, for example-yes. 
Michael G. Ison 

Emphatically yes, 
Bernhard Kaltenboeck 

Yes, 
Olfert Landt 

I can recall three specific examples, and the children associated with them, whereby labora- 
tory diagnoses that provided a result in a couple of hours prevented continuing illness, 
uncomfortable invasive testing and shotgun antimicrobial therapies. Let's not forget the 
human faces behind the specimens we receive-they usually don't get "costed during ef- 
fectiveness studies. 

Ian M. Mackay 

Why is this question raised for molecular diagnostics, and not for serology or virus cul- 
ture? It has never been determined for every technology exactly what cost-effectiveness 
means, For sure, in screenings programs (like for HPV)  this is a matter of intensive debate. 
Also for screening blood for the major blood-borne viruses; and this even depends on the 
continent where it is applied. Furthermore, costs for molecular diagnostics should be seen 
in relation to TOTAL costs. In the treatment of HIV-infected patients, cost of diagnostics 
is disappearing in relation to costs of medication, although people continue to discuss di- 
agnostics, and never the overall costs. I believe that this is a different science, and once the 
costs are calculated (if possible for everything at this moment), the technology has renewed 
itself, and the process has to start over again. We should then discuss the costs of disease! 

lesters H.G.M N' 

Which are the most difficult to produce and expensive 
chemistries? 
Our impression is that scorpion probes are difficult, However, from the laboratory's per- 
spective the degree of chemical dificulty is not an issue, since we're not producing the 
reagents. Obviously though this will have cost implications. Any of the  robe-based assays 
are a bit more costly compared to conventional assays. 

Chris Birch and Julian Druce 

PNA is still difficult to make-and since Applied Biosystems overtook PerSeptive and 
terminated the licenses there is also no legal basis to continue with this. For DNA (LNA)- 
based probes the very long ones with more than two modifiers are the most difficult to 
make (Scorpions). 

Olfert Landt 
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In general most difficult to produce equals most expensive since the cost of licenses appears 
to be fairly uniform. It is probably easiest to identi@ the least expensive chemistry first. The 
intercalators win easily. Resonsense is also relatively inexpensive as only one dye modifica- 
tion is needed. The most expensive probes are those that generate self-probing amplicons 
since they are larger molecules that require multiple (including internal) modifications, i.e. 
probes used in the Scorpions, Angler and IntraTaq chemistries. The use of LNA or PNA 
bases also ramps up the cost. 

Nick Saunders 

What is the next big chemistry? 
Further developments in detection of Single Molecule Interactions, 

E+C.J, Claas 

At the moment it is LNA. 
Olfert Landt 

The "big chemistries" to date have been highly flexible and provided increased benefits in 
sensitivity or specificity-as opposed to just an alternative for consideration, The chemis- 
tries becoming increasingly interesting are Locked Nucleic Acids (LNA) which have been 
used in both hydrolysis and hybridization probe formats. This has shown greater sensitiv- 
ity compared with standard DNA probes (hydrolysis) and increased melting resolution 
for variant analysis (hybridization probes). 

New DNA-binding (intercalating) dyes are being used which offer increased resolu- 
tion between multiple amplified targets and may provide target specificity benefits to allow 
a wider use of this arm of real-time chemistries 

John Mackay 

Improvements in dye chemistry and the performance of modern instruments mean that it 
is now possible to detect single base changes anywhere within a PCR product without the 
use of a specific probe. 'This opens up a range of applications such as isolate classification 
and the discovery of sequence variations de novo by performing a melting curve analysis 
after the amplification (Literature: Reed GH, Wittwer CT. Sensitivity and specificity of 
single-nucleotide polymorphism scanning by high-resolution melting analysis. Clin Chem. 
2004 Oct; 50(10):1748-54. Epub 2004 Aug 12). 

Rudolf S eibl 

Are "intercalating" dye chemistries worth using in 
microbiology? 
Yes, depending on how they are used. For example, they are useful for "yeneric" assays 
where the target is conserved. Also, where the target is less conserved and probe design is 
difficult there may be some applications. For example, we use SYBR chemistry to confirm 
our probe-based influenza H5 assay. 

Chris Birch and Julian Druce 
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Confirmation of the PCR products by probes was already adding to the specificity of 
conventional PCR assays. For real-time PCR this is the same. Intercalating dyes, even 
though providing some confirmation by using melting curves, cannot provide the same 
specificity as probes. 

E,C+J. Claas 

Despite the opportunity of performing melting curves analysis, we would never recom- 
mend non-specific labeled dye chemistries for diagnosis in microbiology. These have to be 
reserved for set up or research applications. 

Vincent Foulongne and Michel Segondy 

The use of dyes such as SYBR green which intercalate with double-stranded DNA are 
the simplest and cheapest amplicon detection methods and in principle require the least 
specialist knowledge. As such they have a place, especially for laboratories moving from 
conventional to real-time PCR, as additional fluorescence-labeled oligonucleotides are not 
needed. However specific and non-specific PCR products are detected and the assays need 
carehl optimization of PCR conditions and are best used in combination with melting- 
curve analysis. Awareness of the inherent aberrations in melting-curve analysis due to the 
occurrence of mutations is also needed. 

Lance Jennings 

We have long given up on dye-detection and only use FRET probe PCRs for exquisite 
specificity. 

Bernhard Kaltenboeck 

In Microbiology we are often looking for low copy number targets in a large concentra- 
tion of genomic DNA. SYBR Green is a non-specific dye, which will bind to any double 
stranded DNA. This means in these samples there will be a high background which may 
swamp the target-specific signal. Some authors have suggested that these dyes be used as 
a quick screening tool, to be confirmed by another method. However this luxury is not 
usually available to diagnostic laboratories due to price and turnaround time. 

Intercalating dyes may have a role when using pure bacterial colonies, however in our 
laboratory we mainly use probes 

Ian D, Kay and Silvano Palladino 

The probe cost is very small compared to the total cost of an assay, so there is no significant 
saving on using dyes in optimized assays. However, one can use dyes during the initial 
optimization of the assay, when testing different primers, and then change to probe in the 
optimized assay. As already mentioned, dyes can also be used for quality assessment of 
probe based assays (K. Lind et al. Biotechniques 40,3 15- 18,2006). 

Mikael Kubista 

If it is diagnostics for patients we would prefer probes. If the test is forUflavivirus'' and other 
non-conserved targets, intercalating dyes make sense. 

Olfert Landt 
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SYBR can be used while setting up a new assay, but if one ultimately intends taking up an 
oligoprobe, conditions may have to change-so why not use that from the outset? I've seen 
some instances of primer-dimer with denaturation temperatures above those for larger, 
specific amplicons (presumably G C  content-related, although not yet investigated)-so I 
remain unconvinced that melting analysis is the way to overcome the innate flaw of SYBR's 
non-specificity. Human gene studies seem to have found many uses for the non-specific 
chemistries-especially in SNP analysis, but this field rarely suffers from a paucity of reli- 
able template-virology is a different beast. I'm not a fan. 

Ian M. Mackay 

I did not think so until I saw some work firsthand on detection and diffkrentiation of Lept- 
ospira serovars using SYBR Green (Merien et al., FEMS Microbiology Letters 249 (2005) 
139-147). Using well-designed primers and careful evaluation, there was no non-specific 
amplification and the serovars could be differentiated by TM. Melting temperatures offer 
an additional benefit over agarose gel detection (the common comparison) in that the TM 
is largely dependent on G C  content of the amplicon and not just length. 

'This use may be dependent on the likely complexity of the sample material being used 
and reinforces that assay validation is specific for the intended biological sample. 

John Mackay 

We have found them useful in the development of new real-time assays as a first examination 
of whether a chosen primer set gives a specific product and/or is prone to primer-dimer 
interactions. Other than this we have chosen to use other specific probe systems for detec- 
tion as they give increased specificity and appear to give increased sensitivity. 

Astrid Petrich 

[GS] I don't know of any uses any more. 

William Rawlinson and Gillian M. Scott 

I think thatl'intercalating dyes like ethidium bromide, SYBR Green or LCGreen" I are ap- 
propriate real-time PCR chemistries for the initial steps of assay development. Also, these 
dyes are useful for certain research applications, qualitative and quantitative real-time PCR 
or the newly developed approach of high-resolution melting analysis. Intercalating dyes are 
not the 'golden choice" for the majority of diagnostic PCR assays. 

Having a relatively high frequency of false-positive PCR results in mind when PCR 
product analysis was formerly accomplished by EtBr-stained agarose gel analysis, the 
solely size-dependent characterization of amplicons seems to be insufficiently specific for 
diagnostic purposes. 

Although the real-time PCR products are not separated in agarose gels, the signal 
generated with intercalating dyes is dependent on the length of the amplicons (subsequent 
TM-analysis or the respective TM in the thermocycler profile where fluorescence was deter- 
mined) but not on the detection of characteristic stretches of nucleotide sequences within 
the amplicons. 

Due to the sometimes dramatic consequences on patient management or  antibiotic 
treatment in the case of positive PCR results, all reasonable technological measures should 
be taken to avoid or at least to reduce the likelihood of false-Positive results. 
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Recently the experts in Germany and Switzerland agreed to postulate a nucleotide 
sequence-specific detection of the corresponding amplicons when money is charged for 
a given PCR-based analysis in clinical diagnostics. Among the sequence-specific detec- 
tion methods listed in the order of perfection (restriction enzyme digest, nested PCR, 
solid phase hybridization, real-time PCR with fluorescent probe(s), or automated DNA- 
sequencing), real-time PCR with hybridization probe-based amplicon detection is the 
favored approach with respect to specificity, turnaround time and usability. 

Udo Reischl 

The "intercalating dye chemistries are certainly worth using as part of the assay develop- 
ment process when it is necessary to test the efficiency, specificity and sensitivity of a range 
of primers. This saves the expense of obtaining fluorescently labeled probes for each po- 
tential primer pair. In addition, the use of ''intercalating dyes allows the reaction kinetics 
of the elongation step and the amplicon TM to be determined simply. Some of the existing 
"intercalating dye chemistries include the use of specific probes (e.g. Resonsense) and are 
therefore as powerful as the methods that do not rely on an intercalating dye. However, if 
the question is taken to refer to the use of "intercalating" dye in diagnostic assays that rely 
on the generation of a signal due to the accumulation of dsDNA alone then the degree of 
specificity becomes a crucial consideration. In some cases the primer design combined with 
melting analysis may confer sufficient specificity on the assay. However, such situations 
are probably rare and consequently this contributor would not recommend that workers 
attempt to design or evaluate a real-time PCR intended for diagnostic microbiology that 
did not rely on a probe. 

Nick Saunders 

Yes, they are extremely useful, well known, and cheap. 

Oliver Schildgen 

Do target-specific chemistries exist that are better suited to 
microbial diagnostics and research than human studies? 
We have found that molecular beacons appear to have optimal specificity and sensitivity 
compared to FRET probes, however, I am unfamiliar with a direct comparison with all of 
the chemistries to give a complete answer, 

Astrid Petrich 

[GSJ We have found fluorogenic probes are more specific for target detection. 

William Rawlinson and Gillian M. Scott 

Due to the availability of well-tried yet robust real-time PCR platforms all of the fluoro- 
genic chemistries may work well for applications in all areas of research and diagnostics 
irrespective of the target organism. 

For the de novo establishment of an assay, however, it is wise to start with thei'cheap 
SYBR Green chemistry for primer specificity and sensitivity testing. Once a suitable 
primer pair and PCR conditions are identified, one should spend some efforts on the de- 
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sign of single TaqMan oligoprobes or pairs of Lightcycler hybridization probes to enable 
a sequence-specific detection of the corresponding amplicons, It should be kept in mind 
that the most important aspects of analytical sensitivity and quantitative behavior of an 
assay are primarily linked to the basic amplification process-and the common or some- 
times exotic fluorogenic labels used in the course of the detection process only "report" the 
qualitative or quantitative results to the user sitting in front of the computer screen. 'There 
are some myths about the pros and cons of different fluorogenic chemistries, but most of 
the storytellers are sitting at diagnostic companies (which are strictly dependent on their 
individual patent portfolio) and were paid to praise their own chemistries. 

Anyhow, for some real-time PCR applications the pointed detection of nucleotide 
mutations within the amplicons may supersede laborious and costly DNA sequencing, 
Here the use of anchor and sensor Lightcycler hybridization probe pairs covering the 
sequence regions of interest and the option for subsequent melting curve analysis is highly 
advisable. 

Udo Reischl 

In human studies most of the target sequences involved can be considered invariant with 
the obvious exception of any SNPs that may be the object of the assay. This means that 
primer and probe design for real-time PCR need not consider the occurrence of strain 
specific sequences. Since viral and bacterial genomes are generally far more variable than 
the human genome, probe and primer design is more complicated. Hydrolysis (TaqMan) 
probes work poorly when not perfectly matched to their target sequence and consequently 
may not be the best choice when the sequence may include SNPs, In contrast the probe 
chemistries that do not require hydrolysis, because signal is generated on hybridization, are 
far more robust to sequence variations. 

Nick Saunders 

What is the value of retrospective versus prospective microbial 
real-time PCR research-based studies? 
One of the values would be to compare real-time PCR results with previous results 
as found by classical technologies. 

M.G.H+M. Beld 

Can be helpful in determining the epidemiology of a newly discovered pathogen if that's 
considered to be important. It may also shed light on clinical associations if the database 
is comprehensive. 'The retrospectivity should be sufficient to cover natural cyclic variation 
of these pathogens, 

Chris Birch and Julian Druce 

Retrospective studies allow selection of well-validated samples, but they may be negative 
or less positive after storage so need to be run through comparator test as well as standard 
test again. Prospective need larger numbers but fresh samples, freshly extracted are best. 

William Carman 
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Analysis of a significant proportion of samples from patients with encephalitis or respira- 
tory disease does not result in identification of a pathogen. It is highly likely that we still 
do not know about all pathogenic viruses and that new ones are emerging. For example, in 
the last 5 years human metapneumovirus, bocavirus, and several coronaviruses have been 
newly described and shown by retrospective molecular studies to have been with us for 
some time. In contrast, the SARS coronavirus was shown to be new to the human popula- 
tion. So, retrospective studies have an important role to play in some circumstances. The 
advantage of well planned prospective studies is that criteria can be defined for inclusion 
of patients and appropriate denominators included, 

Patricia, A, Cane 

Retrospective analysis is a valuable tool in validating real-time PCR assays and provid- 
ing data on clinical relevance. In addition retrospective studies can provide markers for 
pathogenesis of an infection, which subsequently should be tested prospectively. 

E.C.J. Claas 

If you're doing a retrospective study you will presumably have a well characterized sample 
set with all the relevant clinical and epidemiological information, A problem with retro- 
spective studies, though, is that the samples may not have been collected and stored in a 
way suitable for maintaining the integrity of the virus genome that you're interested in. 
Therefore, the copy number estimates you make based on real-time PCR may be underes- 
timates, A prospective study may be expected to give more accurate results. 

Jon Clewley 

Most studies involving real time PCR must be considered retrospective in the sense that 
samples that are suspected of including one or several agents are tested with a quantitative- 
analytical aim. However, prospective studies (in the sense of anticipatory studies) are of 
potentially great value, For example, in the event of diagnosis of a pathogen in an infected 
host, it may be important to follow by real-time PCR the evolution of the level of the 
pathogen (or of variant forms of a pathogen) as a function of time, This does not seem 
to be applied at present on a routine basis, but it may be of value as a means to follow the 
evolution of disease or the response to treatment. 

Esteban Domingo and Cristina Escarmis 

As aUvirus hunter" (Editors choice of terminology), I am a big fan of retrospective studies. 
It allows us to make rapid assessments of the impact of6'new" pathogens, and compare it to 
others. There are obvious downsides, such as differences in the technology used to detect 
pathogens now and, say, 5 years ago. Retrospective sample collections may also have been 
stored imperfectly, and datasets are often incomplete, which can always affect results. As 
long as one realizes the downsides of retrospective studies, it is good to perform them to 
save time and money. However, I always greatly appreciate good prospective studies that 
are hypothesis-driven. I think we cannot do without both types of studies. 

Ron A.M. Fouchier 
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Research projects which requires the collection of clinical data and human samples for 
microbiological analyses should be designed so that both prospective real-time PCR 
testing and retrospective testing as new assays are developed or become available, can be 
performed. Appropriate ethical approval for storage and future testing will be required. A 
specimen bank of appropriately stored, aliquoted and documented samples is an invaluable 
resource to a microbiology laboratory involved in research, assay development or evalua- 
tion. It allows the evaluation of the clinical sensitivity and specificity of new real-time tests 
for known pathogens, while at the same time permitting the application of new tests to 
establish the incidence and prevalence of novel pathogens. Quantitative real-time PCR 
can also be applied to such sample banks to establish the normal range of the viral load 
associated with an infection, 

Lance Jennings 

Important for understanding evolution and travelinglinfection routes (see HIV-1, Span- 
ish Flu or Black Death research). Both make sense. Retrospective studies give faster data. 

Olfert Landt 

We have to learn what the impact of these new technologies is on well-characterized 
patient material, mostly collected in a retrospective manner. If available, this will be very 
worthwhile to determine whether a newly detected virus, or low levels of viral nucleic acid, 
do have clinical impact. For sure, this is related to legal issues, but will provide the best 
opportunity for introducing advanced diagnostics for better health care, 

H.G.M. Niesters 

'The issues of specimen and clinical data collection are best addressed by prospective stud- 
ies. Valuable information in terms of incidence of the agent in question are still able to be 
determined by retrospective analysis+ 

Michael D, Nissen 

Prospective studies are always necessary in order to avoid selection biases that always occur 
in retrospective ones. Relative stability of microorganisms may also affect retrospective ap- 
proaches. O n  the other hand, retrospective studies are also needed for a variety of reasons, 
including speed, historical evaluations as well as cost. 

Nikos Papadopoulos 

Retrospective studies can allow you to look at new novel agents in older well-characterized 
populations, possibly different from those that would be obtained in a prospective study. 
If the samples are suitably anonymous there may not be the need to obtain ethics approval 
with retrospective samples. 

Astrid Petrich 

If all analytical steps between sampling and data interpretation were performed properly 
and internal controls or valid standards were included, the diagnostic value would be maxi- 
mal. If the scientist skips over any one step, the reduced efficiency e.g. in extraction, in PCR 
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efficiency, variability of the method, etc. renders the diagnostic value useless. Therefore 
validated internal controls for spiking the initial sample and validated SOPS are needed. 

Michael W. PfaB 

[ WR] The availability of well-characterized cohorts, standard nature of specimen handling 
wrt freeze-thawing, extraction etc, same time of sample testing 

[GS] We would assume that there is some loss in the DNA levels through freeze- 
thawing of samples (particularly repeated freeze-thawing), although it would be interest- 
ing to test whether this is the case. 

William Rawlinson and Gillian M. Scott 

Retrospective studies are well-suited for the development of a real-time PCR assay. But 
a thorough clinical evaluation needs to be based on prospective studies. Ideally in direct 
comparison with the current PCR assay or other analytical procedure which is to be sub- 
stituted by the novel real-time PCR assay. 

Udo Keischl 

'There are two obvious advantages of prospective studies: First, data-mining with respect to 
clinical information is in general better and more detailed. Second, a therapeutic interven- 
tion is possible in a (well-planned) prospective study, thus giving important information 
on a putative drug regimen for hture  episodes of the respective infection, 

The major advantage of the retrospective studies is that the number of samples that 
can be investigated is normally higher and thus leads to statistically significant results, 
provided that the material is stored in an appropriate way (i,e. -70°C or liquid nitrogen) 
until the study is performed. 

Oliver Schildgen 

'The best advantage of retrospective studies is that we can get an overall picture on the 
problem quickly, based on specimens collected over a period of time. For prospective stud- 
ies, serial specimens and multiple specimens can be obtained from the same patient for 
monitoring of microbial load changes, the presence of the microbe in different specimens, 
etc, 

Patrick Woo 

Do molecular results impact on your treatment of patients? 
Would they have more of an impact if even faster result turn- 
around were possible? 
Yes, mostly due to the time getting results in comparison to classical methods and due to 
the accuracy of real-time PCR. 

M.G.H.M. Beld 

Yes, definitely. 
Their impact depends on how fast the existing turn-around-time is. We provide once- 

daily testing and are working on ways to make this twice daily for certain pathogens. 

Chris Birch and Julian Druce 
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We cannot be sure. We know that clinicians phone us to get results so they must be in- 
terested. Some patients get taken off of antimicrobials if we have a PCR positive, Some 
patients get put on to antivirals of course. I doubt if they result in a shorter hospital stay. 
A test that took 2 hours would make a real difference as long as sensitivity and specificity 
were excellent. We tend to get most results out by the next day. 

William Carman 

Many molecular results do impact treatment of patients and obviously would even have 
more impact with faster turn-around times. However, an important issue to address at the 
moment, is proving the clinical value of molecular test results to some clinicians, especially 
in those cases where no or poor diagnostic possibilities were available. 

E.CJ. Claas 

There is talk of "bedside" PCR and PCR diagnostics in the doctor's surgery. 'These will 
impact on the treatment of patients, although there will always be a need for specialist labs 
providing confirmatory assays and resolving any problematic and ambiguous results. A 
fast turn-around is also useful when trying to locate the source of outbreaks (e.g. hospital 
infections) but this approach needs to incorporate some typing methodology to establish 
that the suspected source or index case and the patients have the same strain. 

Jon Clewley 

We do not deal with patients directly, but we collaborate with colleagues who do. The 
information we have gathered is that knowledge of molecular features of a pathogen (for 
example, specific nucleotide sequences and their proportion) is generally of value for the 
planning of treatment. Depending on the disease episode, its evolution, complications, 
etc. it may be crucial to obtain fast results with molecular information on the causative 
pathogen. 

Esteban Domingo and Cristina Escarmis 

We would stop such diagnostics if they would not, In principle, we only test for pathogens 
if treatment depends on the diagnosis. Sometimes pathogens can be tested for simply to 
exclude them; even that can be valuable. It is true that the faster the turn-around time, the 
better it is. For instance when it comes to outbreak prevention (e.g. nosocomial infections), 
and for treatment of certain pathogens (flu and neuraminidase inhibitors), time is very 
important. 

Ron A.M. Fouchier 

Sure. This is illustrated by the management of HIV-1 infected patients and also for HCV, 
HBV, CMV, EBV (lymphoma), or BKV (renal transplant recipients) infected patients. 
Furthermore, real-time PCR analyses that are rapid and sensitive with low risk of carry- 
over contamination are really compatible with emergency diagnostics. 'Those techniques 
are now well accepted as gold standards for HSV meningo-encephalitis diagnostics. In 
fact, faster result turn-around could be achieved by improving the critical limiting step for 
molecular diagnostics that is the sample preparation step through nucleic acid extraction. 

Vincent Foulongne and Michel Segondy 
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'There is a clear impact of molecular results in patient care (i+e. HSV encephalitis vs. men- 
ingitis; detection and management of CMV and adenovirus), The major limiting factor is 
turn-around time-fast is essential. 

Michael G. Ison 

It is well established that timely pathogen identification by conventional or molecular 
means can lead to fewer laboratory tests being ordered, timelier antiviral or antimicrobial 
therapy and a cost saving per patient hospitalized. One service in the hospital setting that 
does benefit from a fast turn-around time of conventional respiratory virus diagnosis, and 
would benefit from more timely molecular test results is infection control. During the 
influenza season the introduction of rapid influenza (point-of-care) testing for the Emer- 
gency Department, providing patient results within one hour, during the triaging period, 
can result in influenza positive patients either being discharged from hospital or being 
admitted to a single room, The application of real-time PCR with a similar turn-around- 
time and the ability to detect a range of respiratory viruses in addition to influenza would 
assist with the activation of infection control protocols in the hospital setting throughout 
the year, and lead to improved patient management and decreased nosocomial infection. 

Lance Jennings 

Both questions emphatically yes. 
Bernhard Kaltenboeck 

Since I am not a medical doctor. ..no. Elsewhere-I believe yes-but only in 2-5% of the 
cases (my estimation). 

Olfert Landt 

Some reports, as well as our friendl'anecdotal evidence," suggest that despite relatively fast 
results (be they rapid antigen detection or PCR-based assays), we still don't provide results 
fast enough to prevent shotgun antibiotic therapies from being applied. Practically, such 
delays are more likely related to specimen processing and result reporting time than to 
actually performing a real-time PCR assay, nonetheless who could fault the clinician for 
wanting to cover all bases-especially when a patient's health is on the line? However that 
thinking will never challenge the paradigm. Surely there are some illnesses that are not so 
serious that they could wait and in so doing, prevent the unnecessary over-use of antibiot- 
ics in at least some instances. 'This would avoid side-effects experienced by the patients and 
importantly, reduce the production of drug-resistant mutants. 

Ian M. Mackay 

Without any doubt. 'The best examples are of course the treatment of patients infected 
with HIV-1 or 2, HBV and H C V  Determining viral load for use as a marker to create 
an optimal treatment regimen. But also the detection of EBV, CMV or adenovirus in 
transplant patients has reduced morbidity and mortality. The detection of viral targets 
in CSF, including HSV-1, enterovirus or parechovirus. Being able to detect an infectious 
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agent will have impact on treatment options and choices to be made. Whether the virus is 
important or not, its presence always triggers options. 

iesters H.G.M. N' 

Yes, Yes.,.good examples are meningococcal and herpes simplex PC&. 
Michael D, Nissen 

Slowly but steadily the result turn-around and the validation of diagnostic methodologies 
are translated to clinically relevant information. Certainly, a clinician needs the response 
about the presence of a microbe in a patient as soon as possible and definitely before the 
patient is either cured or dead! O n  the other hand, we should not forget that event'classi- 
cal" approaches in infectious disease diagnostics, i.e. antibody titers may need weeks to be 
completed. 

Nikos Papadopoulos 

Yes, in certain situations they do. Some examples are; M. tuberculosis-specific amplification 
assays performed directly on smear-positive respiratory samples, Herpes and Enterovirus 
PCR performed on CSF, Norovirus PCR vs. Electron microscopy, VRE, and MRSA. It is 
possible that even faster turnaround results would have an impact. However, other factors 
may minimize the affect of a rapid laboratory result such as delays in specimen acquisition 
and reporting of results, with physicians interpreting results and acting on them. 

Astrid Petrich 

Significant impact upon patient treatment, particularly in sorting out diagnosis. In the 
ideal world of rapidlnear instant results, the diagnosis would be much easier as some com- 
mon conditions could be ruled out immediately, and appropriate further diagnostic tests 
undertaken rapidly. For example in respiratory disease, immediate diagnosis of influenza 
has public health, isolation, therapeutic, and diagnostic benefits. Some of these are already 
realized with point-of-care tests, although these suffer considerably from poor perform- 
ance characteristics. 

Udo Reischl 

Especially in the case of pre-treated patients or infections with slow-growing or uncul- 
turable bacterial pathogens, molecular results are very helpful. Like the eagerly awaited 
results of microscopy, an early and specific diagnosis employing automated sample prep 
combined with real-time PCR may also be very helpful in many other clinical situations. 
For example, we already practice a turn-around time of less than two hours for the direct 
detection of MRSA from nasal or wound swabs. This was well received by the clinicians 
since identifying whether a patient is positive or negative for a given pathogen within hours 
not only improves the options for specific treatment but also ensures that infection control 
measures are effective. In general, I think that we should aim at "same-day" PCR results. 
Reducing the total assay time from 60 minutes to 50 minutes is not so relevant in most 
applications. 

William Rawlinson and Gillian M. Scott 
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Yes to both. In the case of our cohorts of children with respiratory infections superficial 
antibacterials can be avoided in many cases, if a respiratory virus was detected. Vice versa, 
therapy can be adapted to the pathogen if it is detected earlier. Furthermore, in cases of, e.g. 
HIV and HBV infection, molecular resistance testing influences the subsequent therapy, 

Oliver Schildgen 

In our institution we have established several assays that have had great impact on patient 
care and treatment. 'The main reasons have to do with greater sensitivity and faster turn- 
around-time (TAT). 'These assays have also greatly facilitated the diagnosis of agents diffi- 
cult or currently impossible to culture. In Toronto, the SARS outbreak has also illustrated 
another point: because nucleic acid extraction quickly inactivates agents, it is possible to 
safely provide laboratory diagnosis of BSL-3 agents using BSL-2 installations and BSL-3 
procedures, which would not be possible with culture-based methods. 'There are of course 
difficulties as well; when faced with new, emerging agents, primers of genome sequences 
will not be immediately available. TAT is a complicated question. The faster TAT of real 
time PCR, compared to a standard PCR assay followed by gel electrophoresis, is not neces- 
sarily the main determinant of TAT. In most laboratories the molecular assays will be done 
in batches, and then of course the main determinant of TAT will be how often you run 
batches during the week. There are new technologies (e.g. Cepheid) allowing for testing of 
samples "as they come" but currently these are expensive and difficult to scale up+ 

Raymond Tellier 

Molecular results have a huge impact on treatment of our patients and they would have 
more impact if even faster result turn-around were possible. For example, in our hospital, 
tuberculosis was mainly diagnosed by AFB smear and culture in the past. However, AFB 
smear is very insensitive while culture takes 3-6 weeks, and clinicians are very reluctant to 
give empirical anti-TB treatment to patients, as T B  drugs are associated with significant 
side effects, especially in older patients and patients with underlying diseases. After the 
introduction of TB-PCR, this has been one of the most valued molecular tests in the past 
few years. However, due to budget constraints, TB-PCR can only be performed once a 
week in our laboratory. If this can be performed 2-3 times a week, the impact would be 
markedly increased. 

Patrick Woo 

Do you think a wider range of microbial quantitative assays 
would help you diagnose and treat patients? 
Yes, but there is the rule of diminishing returns! 

Chris Birch and Julian Druce 

Not apart from the ones we already do (CMV, HBV, HCV, HIV, EBV, BK, adeno). Time 
will tell if a lot of rhinovirus equates in a precise way with clinical outcome, for example. 

William Carman 
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Not necessarily. For many pathogens their presence (i.e. qualitative diagnostic result) itself 
is sufficient for medical intervention and quantification is not necessary. 

E.C.J. Claas 

Yes, if there were a greater ease of access to them. Sometimes it's hard to follow up on 
hunches because an assay is only available in one or a few centers, And there is sometimes 
the problem of too little sample and too many tests. 

Jon Clewley 

According to the interaction we have had with colleagues who treat patients, a wider range 
of microbial quantitative assays would be very helpful for diagnosis and treatment plan- 
ning. 

Esteban Domingo and Cristina Escarmis 

Yes, Even if determining quantity is not a requirement to assist in treatment directly it 
provides information that can be of use. For instance, it could help to identify labora- 
tory contamination (e.g. if all patients have high loads, a low load could be indicative of 
contamination), It is also well known that pathogen RNA/DNA can persist longer than 
the infectious pathogen itself, and also here a low load or declining load may be indicative. 
In the longer run, quantitative information on pathogens can be correlated with disease 
severity and final outcome, and studies on this issue should be welcomed. 

Ron A.M. Fouchier 

Real-time PCR already allows us to increase the number of pathogens of interest that are 
worth monitoring in some patients like transplant recipients, 

Vincent Foulongne and Michel Segondy 

Probably. 
Michael G. Ison 

The drivers for the provision of laboratory diagnostic services vary between health systems; 
however they are usually either a request from clinicians or recognition by the laboratory 
of an advance which would improve the diagnostic service. With new pathogens, this in- 
variably means the introduction of an in-house qualitative molecular assay. Similar drivers 
for quantitative assays operate: as new treatments become available and our understanding 
of the pathogenesis of various pathogens and relevance of pathogen load with disease 
increases, quantitative information will be increasingly required, 

Lance Jennings 

Yes, by all means. Particularly if coupled with a 24 hr turnaround. If PCRs are designed to 
use the same thermal protocol and can run simultaneously then the rate-lirniting step in 
this is nucleic acid extraction, limiting the number of real-time therm~c~clers  required. 

Bernhard Kaltenboeck 
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Very often qualitative assays would be enough. 
Olfert Landt 

Yes ..., but only if basic work such as the significance of load can be linked to prognosis and 
or treatment. 

Michael D. Nissen 

At this moment in time, validation rather than quantity seems more important. Conceptu- 
ally, quantitative molecular methods could become the gold standard in diagnostic micro- 
biology. However, in several instances, quantitation is not completely necessary while in 
others it may even become a problem when"leve1s" of presence cannot be interpreted. This 
will require some more work, before reaching the bedside, 

Nikos Papadopoulos 

I believe we are just at the starting point for determining the utility of quantitative mi- 
crobial assays for monitoring the onset of disease in immune-compromised individuals 
(CMV, EBV, Adenovirus, BK), for monitoring therapeutic responses and antimicrobial 
resistance and for predicting therapeutic outcomes. This role of quantitative amplification 
assays will definitely grow in microbiological diagnostics. 

Astrid Petrich 

QPCR is very fast, much faster than classical microbiological approaches. If we can gener- 
ate qPCR results in a short time, while the patient is waiting, an immediate and pathogen- 
related dose treatment is possible! The advantage for the patient is very clear! 

Michael W. P f d  

Yes, it is apparent that quantitation has a significant impact on treatment and clinical prog- 
nostication in HI% and increasingly in HCV The availability for other diseases (CMV, 
respiratory diseases etc) is increasing as treatments for these become available. This not- 
withstanding, quantitation has enormous potential impact in understanding pathogenesis 
of viral, bacterial and fungal diseases. 

William Rawlinson and Gillian M, Scott 

Only in the field of diagnostic virology (see answer three questions below) 

Udo Reischl 

Yes. Yet, there is rather limited information on the correlation between viral load and 
clinical severity for a number of pathogens, e.g. respiratory viruses, but I'm sure that such 
correlations have to be taken into account in the future, 

Oliver Schildgen 

Quantitative viral load assays for chronic viral infections like HIV, HCV and HBV have 
proven to be very ~seful .  I am not convinced however that a quantitative assay is always 
required for all agents tested. After all, for bacterial blood cultures we do not provide 
cpantification; they would be meaningless most of the time given the changing titers and 
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the fact that most bacteremias are transient. Also, a problem with quantitative assays often 
encountered in practice is that whereas considerable emphasis and effort is put on the 
quantification of the PCR, too often not enough care is taken to quantify accurately the 
sample (e.g. tissues, broncho-alveolar lavage) and without that measurement, the meaning 
of the numbers given by a quantitative PCR is unclear. 

Raymond Tellier 

This depends on the spectrum of antivirals available and data on correlation between 
microbial quantitative assays and treatment outcomes, 

Patrick Woo 

Should all CT values, even high ones, be reported to the 
clinician? 
No. 'The laboratory scientists need to know the limitations of the particular test and report 
the results accordingly. 

Chris Birch and Julian Druce 

If all controls are OK, a high CT value reflects the presence of a pathogen. If that pathogen 
is not supposed to be there, these results should be reported but be accompanied by expert 
comments. 

E.C.J. Claas 

No, unless confirmed by gel electrophoresis. 
Esteban Domingo and Cristina Escarmis 

'This is a very important point concerning the adverse effects of highly sensitive methods 
and the significance of low signals. This could be an illustration of the critical necessity of 
a dialogue between biologists and clinicians. Both sides need to advise each other of their 
own constraints, Picking up the phone is more constructive and efficient for all the actors, 
biologists, clinicians and most importantly, patients, than releasing raw data, 

Vincent Foulongne and Michel Segondy 

This depends on the pathogen. MRSA can be found everywhere (skin) and will be not 
significant. With HIV-1, everything is critical. Depending on the target,., I would repeat 
the analysis before irritating the clinician. 

Olfert Landt 

In the'bld days, we reported all qualitative amplification results to the clinician and never 
thought about calling something weak positive or strong positive. Currently, with the ad- 
vances of real-time PCR technology, we have the idea to be able to identify weak or strong 
positive signals, although we also realize that the clinical impact of these so-called high 
CT values, are still unknown. However, a SARS coronavirus or H5N1  positive (with all 
correct controls) with a high CT value still has impact! It is a matter of education from 
both sides. The laboratory side still has to determine what it really means, and whether 
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we should maybe report a range of values, The clinicians also have to be educated to un- 
derstand what low copy number values could mean, But the data are there, and should be 
interpreted together with other clinical data; never based on one high CT value alone. We 
have to work together to learn to understand, 

H.G.M. Niesters 

How will progressive changes in regulatory issues impact upon 
use of real time PCR? 
Regulation of real-time PCR in a diagnostic setting is important for maintaining quality of 
performance. A targeted quality assurance program would be a step forward. 

Chris Birch and Julian Druce 

Already severe impedances to use of in-house assays. Most labs may need to go with com- 
mercial assays with time. 

William Carman 

In time using "home brew" methods will become impossible due to strict regulations for 
the generation of in vitro diagnostic results, 

E.C.J. Claas 

There was recently an irresponsible piece of science journalism in a UK newspaper about 
the ease with which one could buy synthetic oligonucleotides, Around this the journalist 
concocted a fantasy about terrorists being able to make biological weapons (e.g. smallpox 
virus). This story lead to questions in parliament and a high level civil service committee 
deliberating the threat. Hopefully, it has been appreciated that the threat is minimal, but 
there remains the danger that ill-informed legislation might restrict the supply of molecu- 
lar biological reagents and make it more difficult to make and use PCR and other assays. 

Jon Clewley 

Most regulatory issues refer to the implementation of some types of human interventions 
(use of early stage embryos, stem cells, etc.), or ethical issues regarding human or animal 
manipulations. If implemented rationally, these regulations should not affect at all (or only 
very indirectly) the applications of real-time PCR for diagnostic purposes. It is conceivable 
that sample preparation, with the aim of extracting nucleic acids of interest, may be limited 
when the biological material is subject to regulatory limitations. 

Esteban Domingo and Cristina Escarmis 

I am not a Q A  expert, but there is one regulatory issue that does affect the use of real-time 
PCR; biosafety levels for working with pathogens. At the present time, many microbiology 
laboratories do not have the facilities to work with all pathogens under the appropriate 
conditions (e.g. HPAI influenza, SARS-Coronavirus). 'The number of pathogens requir- 
ing high biosecurity laboratories will likely increase in the years to come (upgrading of 
old i at hog ens, discovery of new ones). Molecular detection is potentially the only way to 
perform diagnostics for those laboratories lacking high biosecurity facilities. 

Ron A.M. Fouchier 
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Regulatory changes are required to ensure standardization of real-time PCR protocols 
and the use of positive, negative and internal controls in the routine diagnostic laboratory. 
The likely impact will be on the increased incentive for the smaller diagnostic laboratory 
to use commercial kits. 

Lance Jennings 

Mostly by requiring strict quality assurance, which is highly desirable. As we all know, 
there are huge disparities in the quality of PCR diagnostic (and research) labs. 

Bernhard Kaltenboeck 

Cost and delays in time to clinical testing release 
Michael D. Nissen 

'The new IVD regulations for class 1 to 3 formalize what most good laboratories should 
already be doing. 'That is, validation of the assay, determination of sensitivity, specificity 
(both analytical and clinical) and reliability. However the regulations for Class 4 such as 
HCV and HIV ensure that any assay whether commercial or home-brew must meet strict 
criteria. This will make it difficult for many home-brew users to provide sufficient data 
and validation to complete the dossier, Commercial companies will probably be dominant 
in this area as they have the resources to complete the studies required to meet the new 
regulations. 

Ian D. Kay and Silvano Palladino 

PCR will get more relevance. 
Olfert Landt 

?he cost differential between commercial and in-house assays will decrease as the cost of 
validating in-house assays increases. In addition, separate regulations often make it difficult 
for laboratories to generate in-house controls (e.g. permits for plasmid cloning) that mean 
it can be diacult to even get the controls to evaluate basic assay performance in terms of 
sensitivity and reproducibility. 

John Mackay 

'The significant workload for initial validation and then for ongoing QC of the molecular 
assays and instrumentation will have a large impact on laboratories especially in situations 
where molecular assays are add-on tests and not replacements to conventional testing. 

Astrid Petrich 

[ W R ]  Significant, as in-house assays are the only ones available for many of these. It is 
unlikely commercial assays will become available because of cost considerations in devel- 
opment of new assays, 
[GS] I believe increased regulation will not decrease the use of real-time PCR, and will 
promote the use of and belief in this technology as a usehl and accurate diagnostic tool. 

William Rawlinson and Gillian M. Scott 
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Any increase in the level of standardization will lead to an overall increase of reliability 
of the results. Since one of the main arguments against the widespread reimbursement 
of real-time PCR testing in infectious diseases is the lack of reliability among the various 
in-house protocols, progressive changes in regulatory issues and national or international 
quality control initiatives may invalidate this argument. 

Udo Reischl 

The gradual tightening of the regulatory framework for laboratories involved in diagnostic 
assays is probably one of the drivers behind movement away from traditional PCR toward 
real-time PCR. This is because real-time PCR can be highly specific and it produces 
objective end-points that can be interpreted automatically. Over time it is inevitable that 
laboratories will move toward the use of commercially prepared real-time PCR kits that 
have the best evidence base. This will be driven by the increasing regulatory risk of relying 
on in-house assays. However, in-house methods will continue to play an essential role in 
epidemiological studies, as confirmatory tests, in quality assessment and for research. 

Nick Saunders 

I don't know; this is a rather political question. 
Oliver Schildgen 

I think that regulatory controls proposed by the regulators will primarily have an impact 
on the development and performance ofUin-house" assays, It is proposed that strict valida- 
tion criteria be met before an assay may be used for diagnostics. This should lead to the 
development of high quality assays and improved quality of service. Laboratories that are 
not able to meet these criteria will be forced to use commercial assays if these are available, 
which may drive up the cost of medical testing, 

'Theo P, Sloots 

The elimination of post-amplification processing combined with rapid thermocycling 
makes the real-time PCR procedure a desirable point-of-care (POC) test that can be 
implemented in a doctor's office, providing real-time service, Cepheid (Sunnyvale, CA, 
USA) ingrates a real-time PCR protocol with specimen processing and manufactures 
GeneXpert", the first simple, integrated real-time PCR analyzer. However, regulation 
agencies, such as the Food and Drug Administration (FDA) in the United States, have not 
approved any PCR tests for a POC setting and Cepheid has just received FDA clearance 
for its group B streptococcus assay at a moderate-complexity designation. It will take time 
for a change of concept in regulations. 

Yi-Wei Tang 

One concern that I have with regulatory issues is enforcement of commercial assays ap- 
r roved for clinical diagnostic use. The problem here is that they are often considerably 
more expensive than in-house assays. In principle a well designed in-house assay can be as 
accurate. I would like to see a regulatory emphasis on validation and proficiency monitor- 
ing rather than enforcing only a few "approved commercial tests. 

Raymond Tellier 
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I don't think there will be much impact because the use of real-time PCR is not regulated 
in most circumstances, except in situations like HIV and HBV, 

Patrick Woo 

Do non-specialist real-time PCR labs produce quality results 
that will be reliable in times of pandemic disease? 
They should, although specimen numbers ofteri determine skill levels, Non-specialist 
laboratories may not necessarily be in the best position to decide what is the best com- 
mercially available test. 

Chris Birch and Julian Druce 

Only if they are given the appropriate primers, probes, standard operating procedure 
(SOP) and have been trained. So, that almost makes them specialist!! 

William Carman 

This should not be recommended because of an increased risk for false negative results. 
This may be circumvented by very clear protocols with sufficient controls, provided that 
the lab has ample experience in real-time PCR in their field, Nevertheless, in times of 
true pandemic disease as for example influenza, diagnostic results will not be required as 
clinical symptoms will induce a rapid treatment protocol. 

E.C.J. Claas 

I hope so. 
Jon Clewley 

It depends on how we define a "non-specialist" real-time PCR lab. It is inappropriate to 
give a diagnostics lab the responsibility of carrying out real-time PCR analyses just because 
of the need to respond to a disease emergence. Any lab involved in real-time PCR (as in 
any other diagnostic procedure) must have shown a minimal reliability in performance, 
Reliability should be tested by carrying out "blind" assays (with samples of a composition 
unknown to the practitioner) involving candidate laboratories during times prior to the 
onset of an emergency. Some central laboratory should be responsible for the preparation 
of a set of samples with known amounts of pathogens (or mixtures of pathogens) of inter- 
est. n e  different laboratories should be provided with protocols and reagents to test their 
capability of producing correct quantitative diagnosis. 

Esteban Domingo and Cristina Escarmis 

I think not. It takes some time to get the technology "in the fingers:' and the logistics for 
rapid testing sorted out. The large numbers of samples that can be expected in times of 
pandemic would make it diflicult for the non-specialist labs to produce the desired quality 
results at once. Once testing is ongoing, problems may arise with the tests (especially for 
genetically variable pathogens), and it would be difficult for non-expert laboratories to 
recognize such phenomena. It will be tough for expert labs to rely on and veri+ the results 
of non-expert labs, and guide the non-experts when such problems arise. An additional 
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problem for the high volume testing is that many laboratories (in particular non-experts) 
may not be fully prepared for this sort of testing in the first place; availability of personnel 
to provide continuous service (24/7?), maintenance of sufficient stocks of reagents and 
equipment when there is (global?) shortage are difficult enough to deal with for expert 
labs, let alone non-experts. 

Ron A.M+ Fouchier 

Yes. We think that is one of the advantages of real-time PCR that is easy to set up in any 
laboratory. We can report the really successful set-up of home-brew real-time PCR assays 
for both HIV-1 and HSV-2 quantification in an African laboratory with low resources 
and little experience in molecular techniques* 

Vincent Foulongne and Michel Segondy 

Molecular diagnostics will play a pivotal role in surveillance to assist the public health re- 
sponse during the early phases of the next pandemic. Following a pandemic alert, "border 
management" and "cluster management" pandemic phases, will require the identification 
of individual cases or clusters of infection with a novel influenza virus. The most sensitive 
and specific tests with a fast turn-around-time will need to be used and the real-time PCR 
assay is currently the most appropriate method for the rapid detection and sub-typing 
of a novel influenza viruses. This assay will need to be widely available and is likely to 
be performed by laboratories with varying expertise. However; confirmatory testing by a 
second real-time PCR laboratory should be required in all pandemic influenza laboratory 
protocols, to ensure a high level of reliability of the results. Adherence to these protocols 
will be essential as a single identification is likely to lead to substantial media attention and 
hysteria+ Once a pandemic virus becomes established, laboratory surge capacity is likely to 
be rapidly reached and laboratory testing will be focused on supporting the management 
of hospitalized cases. Now, during the inter-pandemic period is when every effort possible 
should be made by local and regional laboratory networks to address quality issues be- 
tween laboratories through the introduction of quality assurance program and pandemic 
exercises. 

Lance Jennings 

See answer to question above. My major concern is false negative results; less false positive 
results if probe technologies are used, 

Bernhard Kaltenboeck 

?he European EQUAL study compared real-time PCR results obtained from a large 
number of different laboratories. When provided cDNA the results where in good agree- 
ment, while when provided cells the variation was not acceptable (EQUAL-quant: An 
~nternational External Quality Assessment Scheme for Real-Time PCR. Clin. Chem., 
2005). This supports the notion that variability is primarily due to sample extraction and 
reverse transcription (A. Stihlberg et al. Clin. Chem. 50,509,2004). 

Mikael Kubista 
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We have seen very bad "specialist's" results in ring trials... and yes, non-specialists can also 
achieve reliable results. 

Olfert Landt 

In posing this question I had in my mind the definition of a non-specialist lab as one with 
little or no experience in designing, optimizing, evaluating and validating in-house real- 
time PCR assays. Such a lab is probably unable to take on board someone else's in-house 
assay for a pandemic strain of virus because of a lack of hands-on experience with such 
systems. 'These labs would usually employ kit-based real-time PCR diagnostics, and/or 
receive few specimens because of their distance from large population centers. 

Should we try to include smaller labs in pandemic testing at some level Surely they 
will play a role in specimen collection and transport of these potentially lethal pathogens 
anyway. Are dedicated laboratories realistically prepared for the surge in specimens result- 
ing from a pandemic and wouldn't we be better served by planning ahead of time to"annex" 
other laboratories wherever possible? Perhaps I should have rephrased my question to 
ask whether reference laboratories and advisory panels are considering training small pan- 
demic-ready teams of s t a g  located at smaller laboratories, in all aspects of real-time PCR 
to ensure preliminary screening results are both useful and conducted at more sites. 

Ian M. Mackay 

Yes as long as suitable validation procedures and controls are maintained. 
Michael D. Nissen 

Probably not. Setting up the method and particular protocols requires time, effort and 
regular quality control measures, Times of pressure, such as in the case of a pandemic, 
are rather ideal for messing up without being able to afford the luxury of continuously 
controlling results. High throughput, specialist labs should do the job. 

Nikos Papadopoulos 

I'm not sure. If it was a laboratory that routinely performed PCR for other purposes (i.e. 
a genetics laboratory) there might be sufficient expertise to perform the assay (i.e. setting 
up the reaction mixture and programming the thermal cycler), however, the ability of the 
laboratory to interpret the results correctly and to recognize the limitations of the assay 
may be imperfect. There may also be some differences in extraction methods and safe treat- 
ment of samples, such as biohazard level 2 vs, biohazard level 1, 

Astrid Petrich 

Difficult to say-QA programs such as the RCPA and Virology Division SEALS (and 
others) are performing for HPAI will inform these questions 

William Rawlinson and Gillian M. Scott 

The true quality of PCR results is not only influenced by the available technology and 
the proper use of prefabricated diagnostic kits but also by a number of pre- and post ana- 
lytical steps. The sample workup in the individual lab as well as the critical and qualified 
interpretation of PCR results in the context of the clinical picture may have an equally 
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important impact on overall diagnostic performance. Such aspects can be hardly assured 
in a non-specialist real-time PCR lab, 

Udo Reischl 

This depends strongly on the lab and on the (commercial) assay they use, but why not? 
Oliver Schildgen 

The broad answer is who knows? Apart from the National association of testing authorities 
in Australia (NATA) there is no other accreditation mechanism for these laboratories, and 
NATA certainly does not have the expertise to make a realistic and in-depth assessment 
of molecular diagnostic methods. Certainly the current evidence is that there are many 
(specialist) laboratories that are performing real-time PCR diagnostics that either have no 
idea of the fundamentals, or choose to ignore them. 'These regularly pass NATA inspec- 
tion. My personal experience regarding the threat of influenza H5N1 to the Queensland 
population is that most laboratories (private and public) as well as the public health labo- 
ratories are ill-prepared and do not know the performance characteristics of their real-time 
assays that may be performed in these situations, 

'Theo l? Sloots 

Laboratories with little experience in molecular techniques can quickly run into problems. 
The consequence of false negatives or false positives are magnified when dealing with new 
emerging pathogens that may have a pandemic potential. 

Raymond Tellier 

I don't think so. 
Patrick Woo 

Is it possible to do truly quantitative PCR in microbiology? 
Yes, depending on the availability of agreed copy number standards, Quantitation (as op- 
posed to detection) at low copy number is inherently less reliable, A problematic issue is 
that the nucleic acid extracted is fractured, so there may not be a truly 1 to 1 recovery. 

Chris Birch and Julian Druce 

I think so. At least, from a clinical perspective. Are you asking if the numbers are right- 
probably not, but who cares? 'The results appear to be consistent and useful and help to 
lead to better outcomes. 

William Carman 

Yes, if proper standards are available. 

E.CJ. Claas 

'This is hard to do. You have to ask what it is that you>e measuring. 'There will be normal 
fluctuations in the amount of the RNA or DNA molecule that you're interested in. 'Then 
you have to try to extract that without losing any through degradation or sticking to sur- 
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faces etc. And you should (although people rarely do) normalize it against some other 
housekeeping molecule. Then there's the question of which quantitative PCR assay to use, 
and whether different assays or techniques are directly comparable, So all in all you end up 
with a ball park figure that you need to interpret with caution, 

Jon Clewley 

It is possible provided the know-how, adequate instruments, and reliable reagents are avail- 
able to trained experts and technical staff, 

Esteban Domingo and Cristina Escarmis 

As good as any other test, maybe better. I don't see why other tests would be more quan- 
titative than PCR. Most steps in the procedures can be spiked to validate the quantitative 
PCR. If this spiking does not solve the problems in the quantitation, the problems cannot 
generally be solved in other microbiological tests. The only thing one cannot quantify easily 
by PCR is the amount of pathogen that is still infectious, whereas one can if one uses 
isolation techniques. As I indicated above, I think this remains an important issue, 

Ron A.M. Fouchier 

Yes but this is mainly true for the microbial agents showing high genetic stability. The 
exactness of the quantitative result may be impaired by genetic variability where HIV-1 is 
an ideal example. 

Vincent Foulongne and Michel Segondy 

This will become very important as many pathogens may be present in low numbers when 
colonizing but in larger numbers when true infection is underway (i,e. Aspergillus) 

Michael G. Ison 

Emphatically yes. 
Bernhard Kaltenboeck 

I believe it is. In digital real-time PCR the samples are diluted into aliquots that contain 
at most 0.1 molecules in average. Most positive samples had one target molecule initially. 
Some had two and few had three. The distribution is given by the Poisson equation. From 
the fraction of positive samples the absolute number of the initial target molecules can be 
determined. 

Mikael Kubista 

No-all we can do is pseudo-quantitative tests. But this is more than enough for the 
practice 

Olfert Landt 

Not in the sense that we think of quantification now. Unfortunately our current concepts 
are often reinforced by real-time PCR companies whose biggest customers work in hu- 
man gene quantification, where specimen types and collection methods are much less 
complicated. We need to redefine what "quantitative" real-time PCR really means to us 
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today and we need to respect that it will be easier to perform for agents associated with 
certain infectious diseases (e.g+ due to blood-borne infections) than for others (e.g+ due to 
respiratory infections). For respiratory infections, the production of viral load data that 
can be compared between laboratories and studies is not currently possible unless we relax 
our expectations. 

There is likely to be no clinically significant difference between lo3 genome equivalents 
(ge) per ml of a particular respiratory virus in a swab from a patient in Brisbane, and 10' ge 
of that virus in a nasal wash from a patient in Berlin. Probably our best chance of linking 
virus concentration with clinical implications is to define ranges of virus concentration, 
e.g. less than lo3 ge/mL, lo3 to lo6 ge/mL and more than lo6 ge/mL. These ranges can 
then be married to clinical data and associated with clinical outcome. 'The challenge is in 
defining the ranges. But we like challenges, we're working in infectious disease. 

Ian M. Mackay 

In order to do what with the result? It is relatively easy to get a copy number from a ma- 
chine but if this number should be compared between laboratories to give a prognosis then 
there must be a level of standardization that seems near-impossible with in-house assays 
(e,g, sample collection, nucleic acid extraction and consistent standards). 

John Mackay 

In the cases where microbes are "evenly" distributed within a sample and the sample easy 
to handle, then a major step towards true quantitation can be achieved, Other details, 
such as intracellular or extracellular presence, different developmental stages, viability etc. 
may complicate quantitation. Nevertheless, a major problem occurs when obtaining or 
handling of the clinical sample is not straightforwardly quantitative, as in the case of nasal 
secretions or stool. 

Nikos Papadopoulos 

Possibly not, but it does provide relative quantitation. If the quantity obtained for a 
particular PCR using specific standards can be correlated to clinical condition and over 
time for a patient, this quantitation would probably be suficient. Truly quantitative PCR 
from multiple laboratories requires that they use the same amplification standards (as a 
minimum, this may also include similar extraction and amplification conditions, 

Astrid Petrich 

We have to distinguish between dead and alive cells, not to overestimate the viable patho- 
gens present in the matrix. Therefore a live marker gene or better a live marker mRNA is 
much of value. 

Michael W. P f d  

[WR] Yes, with appropriate controls and appropriate validation. [GS] Yes. 'The use of 
QPCR over time is very helpful for the monitoring of patients for increasing load, rather 
than determination of load at single time points, as these do not necessarily mean anything 
without comparison unless they are very high (lo6-lo8). Here I am referring to viral 
loads, and my particular experience is with CMV, so I h  not sure how this might relate to 
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bacteria and other pathogens. Increasing CMV loads can be an indication of development 
of antiviral resistant CMV strains in transplant recipients, for example, Some patients 
will have a constant low-mid load of -lo3 with no evidence of clinical disease or other 
complications, whereas some patients with this load may have disease, hence the need for 
detection of INCREASING loads. Therefore, while I believe the viral load quantitation is 
"true': it is these mid-range levels that may not be indicative of disease. 

William Rawlinson and Gillian M. Scott 

Without any doubt, the current real-time methodology allows for a truly quantitative PCR. 
The highly sophisticated and permanently improved software of the current real-time PCR 
systems and platforms in combination with internal or external quantification standards 
represents a robust basis for reliable quantification of target molecules in the PCR reaction 
mixture. It should be considered, however, that quantification of target molecules or target 
organisms only makes sense when the investigated sample is obtained in a quantitative 
manner. In diagnostic virology you often receive quantitatively obtained specimens like 
blood, serum, or CSF which can be reliably investigated for the corresponding pathogens 
by quantitative real-time PCR. The majority of clinical specimens in diagnostic bacteriol- 
ogy are biopsies, swabs, catheter tips, stool, BAL, sputum, or other biological material 
which cannot be obtained or processed in a standardized way-here a quantitative analysis 
does not make sense at all. 

Udo Reischl 

There are many potential obstacles to true quantification by real-time PCR in microbi- 
ology. The first and often insurmountable problem is that of obtaining a representative 
sample. 'This may be relatively simple (e.g in blood borne infection) but can be difficult 
or impossible in many other situations (e.g. respiratory infections). If a suitable sample is 
available the next difficulty lies in quantitative extraction of the intact nucleic acid, In some 
cases true quantification of viable target organisms may require that they be separated 
from target nucleic acid derived from non-viable cells. This may be impossible within 
the framework of a diagnostic assay. A further complication is that many tissue samples 
contain nucleases which must be inhibited once the nucleic acid has been released from 
the bacterial cell or viral particle. Fortunately, conditions that inhibit nucleases can usually 
be found. A particular problem for some bacteria (e.g. some gram-positive cells) is that ef- 
ficient cell lysis may require the use of lytic enzymes (e.g. Staphylococcus aureus) or strongly 
denaturing conditions. These need to be applied rigorously since different strains or even 
cells from within different clinical specimens may vary in the degree of resistance to lysis. 
Finally, many samples contain materials that inhibit thermostable polymerases (e.g. heme) 
and if they cannot be completely removed from the extracted nucleic acid the efficiency 
of amplification will be reduced affecting the accuracy of cpantification if samples are not 
equally contaminated. Provided all of these problems can be addressed truly quantitative 
real-time PCR is possible even in clinical m i c r ~ b i o l o ~ .  

Nick Saunders 

Yes, it is. The problem is the interpretation of the data. Although the number of nucleic acid 
copies may be truly quantitative, it is no parameter for the number of infectious particles+ 
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The detection of a nucleic acid in a clinical sample does not mean that it is infectious, 
This fact has to be taken into account in the interpretation, as in general the number of 
infectious particles is the quantitative parameter measured. 

Oliver Schildgen 

It is not possible to perform ABSOLUTE quantitation in microbiology, because we are 
dealing with biological systems which are complex and highly diverse. However, it is pos- 
sible to approach a measure of quantitation based on recognizing all the variables that may 
affect the results of PCR. At best then the final results can be expressed as a quantitative 
estimate together with a measure of the degree of confidence for the result. That is, to 
determine the confidence limit. This is currently very topical in microbial serology, where 
the measurement of uncertainty is proposed, and I think that could be applied to quantita- 
tive PCR, 

Theo P, Sloots 

Would you trust in-house/home-brew real-time PCR assays as 
much, more, or less than commercial real-time PCR assays? 
Both assay types have to be validated comparatively. There are definite examples of com- 
mercial assays being inferior to in-house. But to some extent there's less that can go wrong 
with a commercial assay. 

Chris Birch and Julian Druce 

CE marking in Europe and its equivalent elsewhere may provide some reassurance 
of the quality of a commercial assay. One practical disadvantage of commercial assays is 
that they can be so expensive that fewer controls are included by the user and repeats of 
assays are less readily undertaken than with an in-house assay. A good optimized in-house 
assay with all reagents subject to Q C  and appropriate controls included in every run can 
provide a very good or better alternative to commercial assays. However, it would be wise 
to compare assay performance between laboratories both for sensitivity and specificity. 
For example, the Clinical Virology Network in the UK has carried out a performance 
assessment of in-house assays for various targets using panels of samples with the aim 
of determining both whether there is variation between the assays and to enable recom- 
mendations to be made to laboratories seeking to initiate such testing, 

Patricia A. Cane 

I would trust them less, unless they came from a lab I trusted and I had tried them myself, 
When commercial assays work well, they work well, but they go wrong more ofien than 
they ought to 

William Carman 

Reliability of a test is not dependent on whether it is home-brew or commercial, but on 
how well the test is validated. 
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Commercial assays should be better validated and quality controlled than in-house assays: 
that is what you are paying for. But there's no reason why a lab shouldn't be able to setup, 
monitor and run accurate in-house assays, there's just more investment required. 

Jon Clewley 

We would trust in-houselhome-brew assays provided the laboratory carrying out the 
experiments proves its competence in a series of controlled, blind tests of the type sug- 
gested in our answer regarding quality results by a non-specialist laboratory. In this case, 
the blind samples should be supplied to both, laboratories using in-house reagents and 
those using standard, commercial reagents. Results should be evaluated by an independent 
panel of experts. 'These procedures based on contrasted, blind tests could be applied also 
to assays with new instruments or any other novelty to be introduced in the entire cycle of 
procedures involved in a real-time PCR assay. 

Esteban Domingo and Cristina Escarmis 

In our own lab I trust the in-house assays better. ?hey all have been evaluated carefully, 
and we have full control over all variables. It is a mistake to think that the commercial tests 
cannot fail, or loose reactivity. As much quality control as a commercial supplier may do 
(and some do less than others), there is never a guarantee that it will keep working One 
advantage if one has multiple home-brew tests is that if one of the components of the 
test goes bad, one knows sooner because it will result in bad test results with other tests 
as well. If one has 5 different commercial tests from different companies, this would be 
much harder. In fact, even if they were from the same manufacturer, the use of different 
lot numbers could result in test A running fine, and test B failing without seeing it. A 
second advantage of home-brew tests is that they have usually been fully optimized in the 
context of a particular lab and particular machines and procedures. A third advantage of 
home-brew tests is that they can easily be updated. For instance, some of our H5N1 flu 
tests have been updated 3 times in the last 10 years, because the virus changed. I think we 
do this faster than commercial companies can do it. It is always a good idea to compare 
home-brew tests with commercial tests. If a commercial test is better than your own; don't 
be stubborn. We use some commercial tests because they simply were found to work better 
than our own. 

A problem with home-brew tests is if they are designed and optimized by non-experts. 
So perhaps a beginner-level lab should start with commercial tests or team up with expert 
labs. 

Ron A.M. Fouchier 

In theory, commercial tests are more reliable than in-house tests because industrial controls 
on the reagents are more stringent. However we have participated in an external European 
control for quantitative EBV PCR by submitting results obtained using both commercial 
and in-house assays. Results were more satisfactory with the in-house test, The in-house 
tests might probably be as reliable as the commercial ones in labs with extensive experience 
in molecular techniques. 

Vincent Foulongne and Michel Segondy 
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If appropriately validated, yes. It would be difficult to compare from center to center. 
Michael, G. Ison 

The issue is not so much with trust but with the level of the laboratories understanding of 
test validation, standardization and the use of controls. Commercial real-time assays can 
be used inappropriately. Participation in approved proficiency program and the inclusion 
of requirements for accreditation and certification will lead to improved standardization 
within the diagnostic laboratory. 

Lance Jennings 

We have given up use of commercial brews because our home-brew consistently outper- 
forms any of them, 

Bernhard Kaltenboeck 

TATAA Biocenter has developed many home-brew assays for hospitals and we have also 
developed assays that were commercialized by companies. Much more time and resources 
are devoted to the commercial assays. Our experience is that the commercial assays are 
more reliable than the home-brews. In particular the home-brews are much more sensitive 
to changes in protocols and other conditions, including sample matrix, which may not 
always be under the control of the laboratory. 

Mikael Kubista 

Well-controlled in-house assays have (with few exceptions) the same or better quality 
compared to commercial assays. 'The latter might be better controlled (panels, references) 
but once they are established it is harder to change them in sequence and composition. 

Olfert Landt 

Most (but not all) commercial assays offer validated systems and are therefore trustworthy. 
Validation and quality control varies much more among in-house assays, So in respect to 
an in-house method, trust will vary in parallel with the focus, experience and expertise of 
a laboratory. 

Nikos Papadopoulos 

I would trust them as much, provided that the proper validation, training and QC were 
performed on either type of assay by the user laboratory. Some commercial assays are 
ASRs with no more that primers and probes being provided. 'This is not very different to 
an in-house assay where the primers and probes have been QCed but the rest of the assay 
needs to be put together. 

Astrid Petrich 

Home-brew is fine, but for diagnostics we need highly standardized assays ~erformed with 
standard operating protocols (SOPS). Both can only come from IS0 certified diagnostic 
companies, 

Michael W. Pfafff 
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[WR] This depends upon the source, and the agent being tested, No for HIV, HCV, CMV, 
but yes for less common, more variable RNA viruses, 

[GS] I believe they are equivalent as long as standard controls are applied. In-house 
assays allow for more flexibility in assay parameters and interpretation which is better for 
research purposes, but may be a problem in the diagnostic setting unless strict regulation is 
ensured. I could understand if outsiders would be less trusting of in-house assays. 

William Rawlinson and Gillian M. Scott 

I know a number of home-brew real-time PCR assays which clearly outperform any of 
the commercial kits-but I have also experienced a number of well-published in-house 
assays with very poor performance in routine practice. After a thorough evaluation with 
respect to robustness and analytical specificity and sensitivity using local microbial strains 
and clinical specimens, I would trust any in-house assay. A clear advantage of commercial 
kits is the use of quality controlled components. On the other hand, FDA approval or a 
CE certificate only indicates that the assay has passed the formal and judicial hurdles-but 
does not guarantee a robust and idiot-proof performance in the local laboratory. Once the 
manufacturer has obtained the FDA approval after months or years of evaluation stud- 
ies, the willingness to change any component or procedure is nearly zero, The concept 
of home-brew assays is open for necessary changes and, for example, can be immediately 
adopted to cover some previously unknown clinical variants of the target organisms or for 
using improved real-time PCR reagents. 

Udo Reischl 

Realistically, in-house assays are always likely to be less reliable than commercial real-time 
tests. This applies even though an in-house test may have performance characteristics that 
are clearly superior. The problem lies in production and validation of the reagents required. 
Most non-commercial laboratories simply do not have the ethos or inclination required 
to produce and validate the same quality in multiple batches over time, Even commercial 
laboratories can sometimes slip-up. 

Nick Saunders 

Depending on the experience in the individual lab that performed the PCR, I would trust 
the commercial assays less than the homebrew. 

Oliver Schildgen 

'This really depends on the laboratory that has developed, validated and continues to sup- 
port the assay. Many laboratories should stick to commercial assays only because they lack 
the technical awareness to run real-time assays within a quality framework. Personally I 
think that in-house assays are better if they are developed/validated by a skilled lab, and 
provided that these assays are run in an environment of continuous quality improvement. 
Sadly not many diagnostic laboratories have those abilities. When a commercial assay is 
purchased you rely on the fact that the manufacturer has targeted the best gene sequences, 
has optimized the reaction parameters, and provided appropriate quality control reagents. 
Experience tells us that often this is not the case. 

'Theo P. Sloots 
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Well designed in-house assays that are well validated should be as reliable, with one im- 
portant exception: quantitative assays, Reliable and consistent quantitative assays require 
extensive quality control, not only of the reagents and PCR primers, and probes but also 
of the several quantitative controls required, and ensuring that they all work together from 
batch to batch. I believe that this is a level of quality control that may be too taxing for most 
clinical laboratories and may be best left to the industry. 

Raymond Tellier 

In all, there is no difference in quality between home-brew and commercial real-time as- 
says. If a home-brew assay was well developed and fully validated, I would trust it more 
than other commercial products even if the latter received FDA or similar regulation 
agentsff clearance. 

Yi-Wei Tang 

In good hands, in-house assays are as good as commercial real-time PCR assays. 
Patrick Woo 

Are we doing enough to implement the appropriate controls for 
quantification in microbiology? What should we use as gold1 
reference standards? 
In some areas (e.g. blood borne viruses such as HIV) it's well controlled through a QA 
program. 

Chris Birch and Julian Druce 

Lots of initiatives going on. I suspect cries for "clinical standards" will go nowhere, as one 
patient on immunosuppressives or with a wonky immune system will have a different clini- 
cally relevant level to a young healthy child 

William Carman 

WHO standards as available for Parvovirus B19, hepatitis B and hepatitis C viruses would 
be the standard of choice to calibrate quantitative assays. Although this results in IU/ml 
which is not equivalent to copies, it is the best way to standardize quantitative real-time 
PCR. 

E.C.J. Claas 

It is usefbl to have at least three different types of reagent. First, absolute standards that 
define e.g. an International Unit. In the UK, the National Institute for Biological Standards 
and Controls (NIBSC) make some of these standards, 'These are used to ~alibrate~other 
controls. Second, run controls, which are positives and negatives that can be used to ensure 
that the assay has actually worked on a day-to-day basis. These are sometimes supplied 
as part of a kit, but if in-house methods are being used they must be prepared separately. 
Third, quality control panels, which should be used blind. Labs doing diagnostic PCR 
should participate in QC schemes whenever they are available. More could probably be 
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done to facilitate the production of all these types of reagents. The importance of them 
should be drawn to the attention of hnding agencies whenever possible. 

Jon Clewley 

As stated in previous answers, reliable quantification in microbiology requires an adequate 
planning with sets of standard reagents and detailed protocols prepared by a reference 
laboratory+ Any interested or candidate laboratory should participate in comparative 
tests to document reliable performance in the required real-time PCR procedure. 'This 
is particularly important if the aim is to gather a number of different laboratories that 
could contribute analyses of one or multiple pathogens in the event of the emergence of 
microbial disease, or to monitor environmental (or other) samples suspected of microbial 
contamination. 

Esteban Domingo and Cristina Escarmis 

No. Each step of the procedure should be monitored, and this is often not done. So spiking 
the original material with something of similar genomic make-up is crucial (if you test 
for an RNA virus; spike with an RNA virus). It is not hard to quantify, one just needs 
to do some work to find the appropriate controls and set up tests for it. With respect 
to gold standards, this is a tough call. Classical microbiology is often used as the gold 
standard because classical microbiologists still run the show, and because we simply often 
have nothing better, I think that for many pathogens (certainly viruses), classical tests fail 
to serve as the gold standard. In my opinion, the molecular diagnostic labs need to do more 
to generate reference standards, perhaps through some companies/institutes that can help 
on a global scale. At the moment there are many national and international schemes for 
standardization of tests, but it usually involves selected labs and selected pathogens. Labo- 
ratories should be able to contact one or a few companies/institutes and get all the reagents 
needed for standardization and quantitation, 

Ron A.M. Fouchier 

'This is a crucial point. Programs for quality control in molecular diagnostic are now avail- 
able in Europe (QCMD; www.qcmd.org) and we recommend registration for laboratories 
involved in the field. Furthermore, use of internationally standardized controls would be 
desirable, 

Vincent Foulongne and Michel Segondy 

No-there are few reference standards. Additionally, there are few groups that certify the 

quantitative standards and local performance. 
Michael G. Ison 

Controls for quantitation are in general non-standardized, time consuming to produce 
in the laboratory, and should be more widely available from commercial manufacturers. 
Leadership needs to be shown in this area 

Lance Jennings 
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No, we don't do nearly enough. The real gold standard is the purified genomic DNA/RNA 
of the target organism. 

Bernhard Kaltenboeck 

Well, it depends on how sensitive and accurate the test should be, how much it may cost 
and how complicated it can be. These factors vary from test to test and also on whether the 
test should be used in research or in routine. Essentially, 3-5 steps in the process of QPCR 
testing contribute to variation and should be controlled: sampling, extraction, storage, 
reverse transcription, and real-time PCR. Since real-time PCR determines the number 
of molecular copies, while we usually are interested in a concentration measure, we should 
normalize to the amount of relevant sample used. Since many samples are heterogeneous, 
identifying a good normalizer for sample amount can be challenging. Possible normal- 
izers are sample volume, amount of tissue, cell count, genomic DNA (which should be 
equivalent to cell count), total RNA or expression of reference genes, Next is the extraction 
step. Extraction efficiency is expected to depend on target size, target conformation, target 
structure, target compartmentation, and target sequence. It will also depend on other fac- 
tors present in the cell that bind to the target. 'The extraction control should be as similar to 
the target as possible. A DNA plasmid, for example, is not likely to extract with the same 
efficiency as an RNA virus. Reverse transcription contributes to the variation of RNA 
targets. It can be controlled using an RNA spike. Storage has not been addressed very 
much in the literature, but is expected to cause substantial variation of RNA targets. RNA 
degrades rapidly in a sequence dependent way by enzymatic processes and also by p H  
dependent self-degradation. Best precaution is to minimize degradation by rapid cooling 
of the sample or placing it in a medium that inhibits RNases and then, as soon as possible, 
reverse transcribe the sample. Reverse transcription is robust reaction (A, St2hlberg et al. 
Clin. Chem. 50, 509, 2004), but the yields vary with priming strategy, the reverse tran- 
scriptase, and target sequence (A. Stiihlberg et al. Clin. Chem, 50,1679,2004), As long as 
the same protocol is used the data are nicely comparable, but it is not possible to compare, 
for example, results from two labs that use different protocols even if they use the same 
normalizer. The real-time PCR reaction is highly reproducible, but is prone to inhibition. 
Presence of inhibitors can vary substantially among the same type of samples and can 
affect different assays differently. One way to assess sample specific inhibition is by in situ 
calibration or standard additions (A. St2hlberg et al. Clin. Chem. 49,51-59,2003). 

Mikael Kubista 

There are many different ways to realize positive controls and internal standards. Place for 
a whole chapter. 

Positive controls-~ositive (native samples) and/or standardized plasmids. Plus blind 
(positive) samples included from time to time. Internal controls-One can amplify anything 
which is present in the sample, like a human DNA target which is co-extracted (disadvan- 
tage-various amounts of target could inhibit the analytical PCR; advantage-control 
of extraction included) or one can add a standard DNA and separate primers and probes 
(our preference) or one can construct a reference, using the same primers but different 
probes (StocherIBerg method;-the disadvantage is that you have design one control per 
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PCR, you have to control one more component and there is a cornpetition between the 
primers), 

Olfert Landt 

I'm not even convinced that we're doing enough to define what we should use and dis- 
seminate those definitions let alone actually implement a process. 

Ian M. Mackay 

Plasmids or electron microscopy-enumerated microorganisms can be used, depending 
upon the microorganism tested. 

Nikos Papadopoulos 

We currently use cloned controls to generate standards for quantitation and use spec- 
trophotometry to determine the concentration performing calculations to determine 
the copy number of the target nucleic acid. For quantitative RNA real-time assays we 
generate transcripts from cloned target and measure the OD of the RNA to determine 
copy number. Ideally there would be universal standards that all laboratories could use to 
generate their standard curve, thus allowing a laboratory to compare its numbers directly 
to those obtained from another laboratory. This would allow for universal clinical correla- 
tion and interpretation. Unfortunately these are not routinely available and in some cases 
where they are available they are quite expensive triggering laboratories to generate their 
own standards and their own interpretation of assay results, 

Astrid Petrich 

For the really important pathogens, certified reference materials (CRM) should be pro- 
duced by the EU and should be the basis for a reliable and identical quantification EU- 
wide. 

Michael, W. Pfaffl. 

[WR] No, there should be a microbiology community wide attempt to share reagent 
controls, 

[GS] I agree. With the increasing use of this technology in the diagnostic setting, there 
needs to be greater assurance that QA across laboratories is maintained, 

William Rawlinson and Gillian M. Scott 

Actual well-characterized clinical specimens are the gold standard but good quantitative 
controls of this type are very difficult to manufacture since they rely on the availability of 
clinical material that can be stabilized and used to produce multiple batches over a period 
of time, Such material is usually scarce* Simulated specimens offer a route to avoid this 
problem but they usually have the obvious limitation that they are not equivalent to true 
specimens. Despite the problems, many laboratories and working groups worldwide are 
involved in trying to provide materials to satisfi the need for appropriate controls. More 
resources should probably be channeled into this effort. 

Nick Saunders 
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In general, yes. Nevertheless, whenever available, the most sensitive technique is a good 
cell culture. Only by the combination of classical and modern method we can reach a'gold 
standard". 

Oliver Schildgen 

In addition to the above, careful independent validation by academic institutions is re- 
quired, and especially with an eye to testing several different isolates/genotypes. 

Raymond Tellier 

-- - 

What is required for better standardization of qPCR? 
Why standardize everything in the world? To do so is annoying and also a risk. This does 
not mean we should leave out the validation of (new) assays. 

Olfert Landt 

As mentioned in other answers, it is important to distribute protocols, reagents and sam- 
ples prepared in some reference laboratory, to carry out blind assays to ensure that different 
laboratories have the adequate instrumentation and know-how to perform reproducible 
qPCR assays. 

Esteban Domingo and Cristina Escarmis 

Full descriptions of protocols used provided with the subsequent performance data so 
that laboratories can measure the performance of an assay. Absolute detection limits as 
opposed to clinical sensitivities and specificities would assist here. 

John Mackay 

Standardization issues are often focusing on targets that have commercial value, like 
HIV-1, HBV and HCV Since we as a scientific and diagnostics community have and are 
developing assays ("in-house" as the process is called) with a greater speed then standards 
can be introduced by official organizations, I feel that our scientific organizations should 
support the initiatives of developing reference preparations more strongly, and take the 
lead in this. Some initiatives are present, but as a group together, we could do more to 
develop these reference preparations and make them available. Furthermore, organizations 
dealing with proficiency testing (NEQUAS, INSTAND, QCMD) already have a lot of 
data to support these initiatives. 

H.G.M. Niesters 

If you use synthetic plasmid controls, do you use them 
circularized or linearized and why? 
True pathogens should be preferred over ~lasmids. IF plasmids are used, circular or h e a r  
are not important as it is a surrogate standard anyway. 

E.C.J Claas 
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Plasmids must be used linearized. A circularized plasmid may not amplify or may amplify 
in an artefactual way. Bacteria containing recombinant plasmid DNA and the plasmid 
DNA itself should be handled with care. Both usually exist at very high titers and can 
easily cause PCR contamination. 

Jon Clewley 

We don't. You can use plasmid DNA to test if a PCR works, but it is not the best control 

for most diagnostic purposes. 

Ron A.M. Fouchier 

We commonly use plasmids for controls and calibrators. We use circularized form since 
enzymatic digestion adds one more critical step with no enhancement in performance of 
our assays. We however recommend the use of a plasmid containing a large fragment of 
DNA that overlaps the PCR target for at least 200 bp on each side, 

Vincent Foulongne and Michel Segondy 

TATAA Biocenter has tested both and we have also developed extraction controls for 
industry, A circular molecule is supercoiled and interacts quit differently with proteins 
and other molecules in the cell than a linear molecular. A circular plasmid is therefore the 
appropriate control for a circular target, while a linearized plasmid is the preferred control 
for linear targets, 

Mikael Kubista 

Not important to linearize them, 
Olfert Landt 

No evidence to suggest linearization is necessary-except anecdotal of course. A common 
reason given is that linearization will remove secondary structure that exists solely in the 
circularized plasmid. I would like to see solid data before I believe that, An oligonucleotide 
can have significant predicted secondary structure and it's only 25 nucleotides long (and 
very linearized!). 

Ian M. Mackay 

I have used them circularized for real-time PCR. 'The only time I needed to linearize a 
plasmid was for a relatively long PCR (conventional PCR and a near 3kb product). With 
no evidence to back it up, I would suggest that circularized plasmids might also be more 
stable and at less risk of any exonucleases in a tube. Comparisons reported on the web 
describe no difference between the two but perhaps it may be sequence specific, 

John Mackay 

We do use them and we use them circularized. It has not proven to be an issue in our 
hands. Our targets are generally quite short (< 200 bp) and perhaps this is why it does not 
appear to impact on the amplification. 

Astrid Petrich 
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Linearized DNA material is stable for years we have used it for over 10 years in an absolute 
quantification assay 

Michael W. Pf& 

[GS] We use them circularized, only because we are not aware of any benefit in lineariza- 
tion. 

William Rawlinson and Gillian M. Scott 

I prefer to use them linearized, because a long time ago I had the experience that linear- 
ized DNA is behaving more accurate during denaturation and annealing. It seems that 
formation of disturbing secondary structures within the plasmid template is reduced in 
the linearized form and it behaves more similar to a huge chromosomal DNA. But this is 
only an hypothesis. 

Udo Reischl 

I use them circularized, as they are more stable. I do not believe that it really makes a 
difference. In my opinion it is most important to use uniform controls. 

Oliver Schildgen 

I am not aware of studies showing that this is a systematic problem, Conceptually, for a 
PCR the circular molecule is "locally linear" so unless the targeted amplicons is a large 
fraction of the whole plasmid I do not see a problem. 'There may be instances however 
where the primers may be used by the reaction in the other direction and synthesize the 
near complete plasmid instead, if PCR conditions are such that synthesis of large (> 3 kb) 
amplicons is possible. 

Raymond Tellier 

What is the biggest change in technology you have seen in 
microbiological research and diagnostics? 
Real-time PCR and the use of UNG have changed a lot in terms of accuracy of results and 
in avoiding cross-contamination, 

M.G.H.M. Beld 

'The introduction of PCR, surely? 
William Carman 

Definitely NAT testing. In the area of virology it has made diagnostics relevant to treat- 
ment for the first time. 

Chris Birch and Julian Druce 

Implementation of the polymerase chain reaction. 

E.C.J. Claas 

PCR. 

Jon Clewley 



Experts' Roundtable 1 433 

PCR has had an immense impact on research in virology although transfer of its benefits 
to routine diagnostics has been painfully slow. A major spin-off from PCR, combined with 
the development of automated nucleotide sequencing, has been the enabling of detailed 
molecular epidemiology studies of microbes. For example, it is now possible to completely 
sequence a new isolate of influenza virus within days. The use of nucleotide sequencing 
to guide patient treatment, for example to undertake genotypic drug resistance testing of 
HIV, is an example of transfer of high-tech to the clinical laboratory which would have 
been inconceivable 20 years ago. 

Patricia, A. Cane 

A very important development in microbial research has been the advent of the whole- 
genome, shotgun sequencing procedure based in the sequential, enzymatic release of 
pyrophosphate, in what is now termed pyrosequencing technology. This new procedure is 
the basis of the Genome Sequencer 20 System, commercialized by Roche Applied Science, 
and used already in several recent research studies. It can increase the speed of nucleotide 
sequencing by 100 times, as compared with current procedures. It requires advanced ex- 
pertise in bioinformatics and very specialized personnel. At this stage it is not realistic to 
consider this development for a diagnostic laboratory, but one has the impression that this 
new technology will first revolutionize microbial (and general cellular) genomics, and will 
eventually impact diagnosis, due to the possibility of simultaneous analysis of genomes 
contained in a biological specimen. 

Esteban Domingo and Cristina Escarmis 

You could have just asked how old I am. I am old enough to say that for research, the 
availability of restriction enzymes and sequencing technology has been crucial. Without 
these, there would not be much molecular biology. For diagnostics, I would certainly say 
PCR (but of course this would not be available/possible without sequence info). 

Ron A.M. Fouchier 

In the area of microbiological diagnostics, automation in molecular approaches has allowed 
high-throughput and short turnaround times. 

Vincent Foulongne and Michel Segondy 

'The introduction of molecular techniques, specifically PCR in the late 1980s has impacted 
on the microbiology laboratory in a number of ways. It has been the one technology which 
has been able to improve both the sensitivity and specificity of diagnostic assays especially 
in the area of virology and at the same time has facilitated the detection of important 
pathogens which could not have been, or would have been difficult to, detect by conven- 
tional microbiological methods. The precision required for infectious disease diagnostics 
and the frequent need for careful result interpretation has increased the awareness of the 
importance of controls during the pre-analytical and analytical stages. While the concern 
over standardization has driven improved quality assurance programs for the diagnostic 
laboratory. It has also been the single most important technology for driving microbiology 
research, by extending our knowledge of the pathogenesis of existing infectious diseases 
and of an ever-increasing range of new infectious diseases, and facilitating a resurgence 
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of previously dormant areas of applied microbiology research and the evolution of new 
research disciplines such as molecular epidemiology. 

Lance Jennings 

Well, the introduction of real-time PCR has certainly been a major break-through in 
routine diagnostics. Supported by UNESCO, and hopefully more welfare organizations 
in the future, TATAA Biocenter trains people from developing countries in real-time PCR 
and assists them in setting up the technique for routine work, The advantage of real-time 
PCR is that students with a reasonable amount of training can set up their own home- 
brew assays, which saves them a lot of money. 

Mikael Kubista 

The change to (Real-time) PCR (complementing microscopy and culture) is still not 
established everywhere. Downscaling volumes does not make sense because this would 
lower the detection limits-so we all are part of slow change. 

Olfert Landt 

Apart from coffee pods and easy to clean tiny espresso machines? I'm a fan of easy-to-order 
fluorogenic oligoprobes. These permitted us to move away from PCR-ELISA methods. 
We employed our in-house version, the enzyme-linked, amplicon hybridization assay 
(ELAHA) to increase the specificity of our PCRs, permit objective multiplex detection of 
five or more amplified microbial targets and for competitive quantification. Let me empha- 
size that the quantitative potential of real-time PCR was greatly appreciated because of the 
likelihood that I would never have to perform conventional qcPCR again! 

Ian M. Mackay 

It is for sure that the development of amplification technologies, and in particular PCR, 
has increased the possibilities to detect targets at a low level, although it is not always clear 
what these low levels mean for patient care. However, in a large number of viral targets, 
this is obvious, like the detection of HSV or enteroviruses in CSF. But there are more 
examples. 

With the development of real-time PCR technologies, one is able to quantify viral 
load more clearly, and to determine the relation between viral load and clinical outcome, 
or significance. Since the technology has now advanced in such a way that results can be 
obtained in a timely manner, this has indeed impacted on day-to-day patient management. 
The ability to determine mutants or variants of viruses very quickly has also improved 
patient management and care. Sequencing, for instance, is becoming very easy. 

Furthermore, the advancements to detect unknown viruses, have been enormous. 
Like the detection of HCV, but also hMPV, SARS coronavirus, NL63 coronavirus or the 
recently discovered bocavirus. And there will be more to come. But also the understanding 
that a pandemic of H5N1 could be handled easier without growing the virus, but by being 
able to quickly detect and determine the nature of the virus in a diagnostic manner. 

H.G.M. Niesters 

Cost and occasionally no valid references to assess clinical implications of testing 

Michael D. Nissen 
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Nucleic acid molecular diagnostics are revolutionizing microbiology research and diag- 
nosis, as their high sensitivity allows detection of very low numbers of rnicroorganisms, 
making it necessary to understand the role and/or natural history ofsome of them in cases 
where they were not found before. 

Nikos Papadopoulos 

The biggest change is the movement of molecular methods from research to diagnostics 
and the increased stringency and standardization involved in using these assays for clinical 
purposes. 

Astrid Petrich 

N A  amplification techniques available widely. Availability of routine sequencing of isolates 
for confirmation. 

William Rawlinson and Gillian M, Scott 

After so many years in the PCR business I have seen two really big changes: The first change 
was the introduction of thermostable enzymes and automated thermocyclers instead of 
using three water bath and adding a drop of Klenow enzyme after each denaturation step. 
The second change was the introduction of the Lightcycler real-time PCR device (the 
improved one from Boehringer Mannheim Inc.). 

Udo Reischl 

This contributor has been around for a long time and so the biggest change has been the 
introduction of standard PCR. PCR is now a cornerstone technology involved in many 
laboratory activities. For research the most important impact has been on the ease with 
which it is now possible to perform sequencing leading to the determination of many 
complete genome sequences. In microbial diagnostics PCR provides the key that unlocks 
the power of nucleic acid hybridization as a tool for sensitive and specific detection of 
microorganisms (e.g. by real-time PCR or on microarrays). 

Nick Saunders 

I speak as a molecular epidemiologist working in a research laboratory. I mainly analyze 
samples retrospectively, but my working experience deals also with some patient diagnostics 
as a reference laboratory molecular virologist. I work with human enteroviruses, including 
polioviruses, and human rhinoviruses. The common feature of these viruses is their vast 
genetic variation, hampering development of uniform methods for molecular diagnosis 
and genetic characterization. The biggest change I have been witnessing in microbiological 
research and diagnostics has been the introduction of automatic sequencing to everyday 
laboratory life. In the enterovirus field the biggest change from my perspective has been 
the possibility for genetic typing of all strains of human enteroviruses using a single primer 
pair in RT-PCR, introduced by Oberste et al., in 1999. This method is based on facts that 
in picornaviruses the VP1 protein gene is the most variable part of the genome, it contains 
several antigenic epitopes and the sequence is thus strongly correlated to serotype of a given 
strain. Together with the easiness of automatic sequencing this approach has given a name 
to countless strains of enteroviruses previously classified as untypeable when isolation in 
cell culture and conventional typing with neutralization using hyperimmune antisera did 
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not provide an unequivocal serotype definition. The criteria for sequence homology were 
defined by Oberste et al.: "VP1 nucleotide sequence identity of more than 75% to a cer- 
tain reference strain indicates that the serotype of an unknown sample is of homologous 
serotype, provided that the second-highest identity is less than 70%."Along with names for 
untypeable strains, use of this method has also revealed strains not fitting any pre-existing 
serotype. 'This in turn has revived interest in taxonomical issues and as a consequence the 
number of official separate types of human enteroviruses is now exceeding 100, New en- 
teroviruses have been given a type number based on the VP1 sequence. Of course, one may 
ask what is the purpose of knowing the name of a virus and how does it help a physician or 
a distinct patient? Classification of viruses is still considered important and surely in time 
specific features can be connected to species and/or serotypes, 'The increase of sequence 
data has also enabled molecular epidemiological studies of several emerging enteroviruses, 
e.g. enterovirus 71 and echovirus 30. There have also turned up obstacles. One of the goals 
of molecular epidemiological studies and phylogenetic analyses has been to identify genetic 
determinants of certain differences in clinical disease, Unfortunately distinct genetic line- 
ages of enterovirus serotypes have not been connected to disease entities, 'Though single 
amino acid changes may have been seen and held responsible for certain manifestation of 
illness, the same change may have been absent in the next epidemic with similar clinical 
picture. 'This is not a surprise as it is likely that primary structure does not explain all 
properties of viruses, but the characteristic features are generated with conformations of 
secondary structure and even beyond that, However, this gives new challenges to sequence 
analysis. 

Carita Savolainen-Kopra 

In 2001 Saborio et al. established a method for cyclic amplification of prions. This 
was really impressive and may be a fkture technology. (Saborio GP et al. Nature. 
2001;411(6839):810-3) 

Oliver Schildgen 

Without doubt, PCR. Initially for research, and as instrumentation developed and techni- 
cal awareness increased the technology was applied to diagnostics in those areas where 
the technical knowledge was available. However it is real-time PCR that has made the 
technology more freely available as integrated instrumentation, Further advancements in 
this area are expected with full integration of extraction, amplification and detection into 
one instrument. 

Theo P. Sloots 

We now have access to several assays for a large number of ~ a t h o ~ e n s  present at high tit- 
ers (mostly viruses). There are still considerable difficulties for molecular assays targeting 
agents present at very low titer, as is the case in most instances of bacteremia or fungemia 
with a titer of 1-10 CFU/ml. The difficulty is then the ability to extract DNA from a large 
volume of sample containing a very low amount of the targeted template and which may 
contain a large amount of human DNA. 

Raymond Tellier 
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I think the most important technological advance in diagnostic microbioloW in past dec- 
ades is PCR, whereas the most important technological advances in research microbiology 
in the past decades are PCR, DNA sequencing, bioinformatics tools and technologies in 
large-scale biology. 

Patrick WOO 

What applications of real-time PCR do you consider to be 
lacking in the microbiological literature? 
The ability to multiplex (including an internal control) while retaining sensitivity remains 
an issue. 

Chris Birch and Julian Druce 

There are not many, but we need good comparison of available assays with recognized 
panels of samples. We could also do with a qPCR for aden0 that is validated on all types 
and a simple papillomavirus typing test. A way to detect HIV minor populations would 
be good, 

William Carman 

la: would be important to improve efforts to analyze environmental samples in a quantita- 
tive way to define fluctuations in the frequency of different microbial forms. 

Esteban Doming0 and Cristina Escarmis 

None?? 

Ron A.M. Fouchier 

Large volume real-time PCR and other approaches to improve sensitivity by analyzing 
larger sample volumes, pre-amplification strategies for multiplexing, and real-time im- 
muno-PCR for protein detection (K. Lind and M. Kubista. J. Immunol. Methods 304, 
107-116,2005; Barletta et al. 2004. Am J. Clin. Pathol. 122: 20-27). 

Mikael Kubista 

Multiple channels on real-time instruments have existed for years-and despite most 
people claiming they need all these channels for multiplexing; there has been very little in 
this area. Perhaps the demand for the overriding sensitivity precludes this? 

It would be interesting to see more comparisons on extraction methods since a higher 
quality extraction is typically required for fluorescent applications in order to provide data 
unaffected by amplification inhibitors or fluorescent quenchers. 

John Mackay 

Single cell quantitation-more literature needed, 

William Rawlinson and Gillian M. Scott 

I think the field of possible real-time PCR applications is almost completely covered. You 
never know what innovations are in the pipeline at the present moment-but after more 
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than 10 years of intensive research and development everyone in natural sciences is already 
aware of the considerable advantages of real-time PCR. I would appreciate to see any criti- 
cal reflections of published real-time PCR protocols to prevent friendly colleagues from 
making similar frustrating experiences after investing a lot of money in poorly evaluated 
but quickly published real-time PCR hybridization probes. 

Udo Reischl 

In research tasks real-time PCR may be used as a fast and time saving tool to quantify 
virus titers. This may complement or at least replace plaque titrations as it saves time and 
more often is easier to perform. 

Oliver Schildgen 

Quantitative PCR is still not widely accepted or applied, probably because of a lack of 
understanding of the underlying technical issues. Also the detection of SNP or point 
mutations in drug resistance typing in both bacteriology and virology is not widely ad- 
dressed. However, the greatest lack is in the application of quality systems. Appropriate 
and comprehensive management of quality systems is poorly addressed in the literature. 

Theo P. Sloots 

Is there a need for unifying our existing abbreviations for 
quantitative PCR, quantitative real-time PCR, real-time 
PCR and reverse-transcription PCR? 
I didn't think so until I read this question! 

Chris Birch and Julian Druce 

Why don't you suggest something?? [Happy to-Ian M.] 
William Carman 

Yes, currently the use of RT-PCR for both real-time and reverse transcriptase is very 
confusing, In addition, qPCR which refers to quantitative PCR, is also used for qualitative 
applications. RNA-PCR, RT-PCR and qRT-PCR could be suggested. 

E.C.J. Claas 

No. 

Jon Clewley 

In our experience this is not essential. If deemed important, a   an el of recognized experts 
should circulate proposals to many laboratories involved in real-time PCR assays, to ob- 
tain feed-back from the experts. If a list of abbreviations and definitions of terms is to be 
approved and used by the scientific community, the accepted proposal should be amply 
publicized through a consensus article in a widely read, specialized journal (Nucleic Acids 
Res. or similar). 

Esteban Domingo and Cristina Escarmis 



Experts' Roundtable 1 439 

Yes. 
Ron A.M, Fouchier 

That is not really a priority; we are supposed to be aware of what we are talking about. 
Vincent Foulongne and Michel Segondy 

'The current terminology can be confusing to those outside the field, Because RT-PCR is 
well established in the literature, changing the term "real-time" might then lead to more 
logical abbreviations and consensus. 

Lance Jennings 

Definitely! Presently it's very confusing for the non-expert, 
Mikael Kubista 

QPCR is a stupid abbreviation-full-length names are preferred, 
Olfert Landt 

I admit to an obsession with acronyms. Despite that, it seems unfair to me that multiplex-, 
quantitative-, reverse transcriptase-, nested-, semi-nested- and other methods of PCR 
have their own modifier, and yet real-time PCR does not. Why not use "rtPCR9'? Even 
without this term in the popular literature, I have had students present draft theses to me 
with "RT-PCR" referring to real-time PCR (but never twice). It will happen despite our 
best efforts so why not try and standardize the lingo? My choices would be: 

Quantitative PCR 
Multiplex PCR 
Nested PCR 
Semi-nested PCR 
Asymmetric PCR 
Competitive quantitative PCR 
Conventional PCR 
Reverse transcription PCR 
Real-time PCR 

qPCR 
mPCR 
nPCR 
snPCR 
aPCR 
qcPCR 
cPCR 
RT-PCR 
rtPCR 

When combining the modifier with real-time PCR, then I'd propose that the variant 
remains shortened but real-time is spelt out: 

Real-time quantitative PCR Real-time qPCR 
Real-time RT-PCR As written 
Real-time nested PCR Real-time nPCR 
Real-time quantitative competitive PCR Real-time qcPCR 

Ian M. Mackay 
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I dislike real-time PCR acronyms-one of the main reasons being that there are so many 
of them published that you only need remember for the length of the paper before forget- 
ting it-safe in the knowledge you are unlikely to see it again. 

I prefer "real-time PCR"-to avoid confusion with the'bther" RT-PCR (reverse tran- 
scription PCR) and because the other common acronym (qPCR for quantitative PCR) 
does not always apply to diagnostics when a yeslno result is required. 

The original term from the inventor was kinetic PCR (kPCR)-perhaps a return to 
this is timely? 

John Mackay 

There is some confusion but provided that abbreviations are clearly indicated following 
the first use of the complete wording it does not appear to be a significant issue. I am not 
against a standardized set of acronyms. Yes its confusing and trying to explain the differ- 
ences to trainees is beyond the written literature and how terms are being used currently. 
Please let me know if we standardize! I don't want to miss the new terminology due to 
busyness. 

Astrid Petrich 

Yes of course there should be a unique nomenclature: 
Reverse-transcription PCR = RT-PCR 
Quantitative PCR = qPCR 
Quantitative real-time PCR = real-time qPCR 
Quantitative real-time reverse-transcription PCR = real-time qRT-PCR 

Michael W. P f d  

Yes 

William Rawlinson and Gillian M. Scott 

It is 0.K.-and who should (or who can) force the colleagues to change their habits and 
terminology? 

Udo Reischl 

Yes, absolutely. 
Oliver Schildgen 

RT-PCR = reverse-transcription PCR 
Q-PCR = quantitative PCR 
No abbreviation for real-time PCR 

Theo P. Sloots 

Yes, of course, clarity is important. Too often I see junior colleagues confusing reverse 
transcriptase PCR and real time PCR. 

Raymond Tellier 
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What are the issues with qPCR assays described in 
publications? 
Many of them are not well-selected (poor sensitivity, false detections.,.), some are incor- 
rectly published (reviewers seem not to BLAST/check them)-by the way-I do not like 
the term q-PCR. 

Olfert Landt 

Perhaps this is best shown with the number of errata published in journals to correct 
primer and probe sequences. BLAST searches should be performed on all sequences and 
even an amplicon sketch drawn up to be sure that the two primers are pointing 5' to 3' 
and the position of the probe(s) noted, Some assays have relatively poor primers (but high 
yielding fluorescent probes) from previous studies which may limit their sensitivity and 
cycling conditions should be eyed somewhat critically on the basis of the sequences being 
used (especially annealing temperatures). 

John Mackay 

What advice can you offer to someone wishing to publish their 
study, in order to pre-empt reviewer issues? 
The validation should be as rigorous as possible. If there is insu6cient clinical material 
available this should be mentioned and discussed. Suitable internal controls (controlling 
extraction, reverse transcription and amplification) should be included. Because the ampli- 
con size for real-time PCR is small, it might be useful to confirm at least a sub-set of results 
with a PCR directed at an alternative sequence, 

Chris Birch and Julian Druce 

Keep it detailed, make it clear what the analytical sensitivity is, what range of samples from 
which geographical areas have been tested and keep the clinical sample numbers high, 
best done on prospective samples. Use appropriate comparison tests. Compare at least 2 
extractors. Obvious stuff, really. 

William Carman 

The most important thing is to use any real-time PCR assay in the context of an actual 
clinical or epidemiological study, rather than just describing putting together an assay and 
then using it on a few samples plucked from the freezer. Then, when using the assay for a 
proper study, it is important to have appropriate controls, This might include measuring 
the "background" levels of the virus in the normal, healthy population, and so defining 
some minimum level of viremia necessary for a pathogenic effect. Sequencing some or 
all of the positives may also be important to show their relatedness, and to confirm that 
they're not all the same, which would be a sign of PCR contamination. 

Jon Clewley 

If this question refers to aiming at getting a favorable review upon submission of a manu- 
script, the advice is to emphasize the novelty of the real-time PCR used, and to provide in 
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the manuscript all pertinent experimental details so that experts can easily reproduce the 
procedure described in the manuscript. 

Esteban Domingo and Cristina Escarmis 

Describe how well the primers were designed, optimize and quantify the test, and spike. 
Tests will be as good (or bad) as your primers, If this starts off wrong, it will never be a 
good test. Then, you try to get the primers to work as well as they can under your test 
conditions, and you state what the end result is. Finally, you make sure you control your 
test subsequently as well as you can. The issues that I have raised most as a reviewer are (1) 
your primers are not optimal to detect a pathogen, (2) what is the sensitivity of the assay, 
( 3 )  why did you not control for sample processing and reactions? 

Ron A.M, Fouchier 

Make a nice story, include some technical advances, 
Olfert Landt 

Provide experimental details clearly and in suficient detail. 
Nikos Papadopoulos 

Ensure that you describe what validation has occurred for the assay used in the study 
and that it was suficient and indicate why the assay was chosen in the first place. Indicate 
clearly what controls were used and how they were generated/characterized prior to use+ 
Also indicate the initial treatment of the specimen including extraction and whether an 
internal control or other method was used to assess the presence of inhibitors. It is also 
important to specify what the gold or reference standard employed was and justify why 
it was chosen and deemed adequate. If there are any discordant samples indicate what 
methodology was chosen to resolve the discordant results and why this was deemed suit- 
able, There are differences between clinical and analytical sensitivity and if their values are 
addressed, this can prove valuable for the evaluation of a new assay in a manuscript. 

Astrid Petrich 

Consider the work as a critical reviewer-get your colleagues to read particularly with 
respect to the need for controls 

William Rawlinson and Gillian M, Scott 

A good question-please let me know about the 'golden answer" (0) 
Udo Reischl 

All studies should be well planned and thoroughly thought, so that the person performing 
the experiments and interpreting results knows what he/she is doing and why. Then it 
is also easier to foresee critical points and decide what to do if everything does not go as 
planned. To be able to publish the study and the results, one must know what has been 
done. This underlines the importance of notes and reports of experiments. As quality 
systems for laboratory practice call for, what is not documented has not been done. The 
most important advice 1 can think in writing is to be straight and honest. If all data is out 
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in the open and discussed already by authors, several questions can be avoided as they 
have already been answered. Of  course, especially as a young scientist it is impossible to 
predict all issues, Therefore the same open line should be continued when points raised by 
reviewers" are addressed. Discussion and critical judgment of one's own methods should 
be clear, but one should also defend chosen lines. 

Carita Savolainen-Kopra 

This is a good question. From my personal experience I would advise using a uniform 
methodology and look for enough parameters. Finally, if your manuscript is not accepted, 
send it to another Journal, that also helps sometimes. 

Oliver Schildgen 

In general, writing an attractive scientific article and getting it published is not easy, and I 
hope the fol1owing"tips" can help you when you are preparing your manuscript. Firstly, it is 
never too early to think about a journal to submit to. You should submit your manuscript 
to a journal that you presumably read regularly or at least follow closely. When you are 
preparing a manuscript, you should keep in mind Aristotle's golden rules: Every piece of 
writing should have a beginning, a middle, and an ending, You should have a clear idea of 
what you are doing, in terms of bringing your field of learningddforward': and never send a 
manuscript that is too long. Finally, it is a good idea that you get a colleague, friend, spouse 
or professor to read your semi-final draft. My next "two-cents" advice is specific for studies 
related to the development and validation of real-time PCR-based diagnostic procedures. 
(1) While the real-time PCR techniques themselves are no longer novel, it is important 
now to focus your study on clinical applications rather than the development and optimi- 
zation of the technique. (2) A panel of well-characterized clinical specimens needs to be 
included for procedure validation. It is important to set up unbiased criteria ahead of time 
for including and excluding the validation specimens, and a constant standard to determine 
the status of the included specimens. ( 3 )  In addition to analytical sensitivity and specificity 
of the technique itself, it is critical to have clinical sensitivity and specificity information as 
the main results of the study. 

Yi-Wei Tang 
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fluorescence 
Cy5 22,24,27,54,60,193-194,196,198, 

273-274 
Definition 6-7 
Donor/Reporter See Donor 
Emission spectrum See basics of 

fluorescence 
Ethidium bromide 4,12,50,102,381-383, 

399 
FAM 16,24,26,29,52,54,59,188-190, 

192-196,198,200-202,204,207-208, 
272-275,343,393-394 

FITC 15,20 
Fluorochrome 6,371 
Fluorophore 6,8-9,13-27,30,44,51-52, 

54-55,57,59-61,149,184,187-189, 
194-196,201-204,235,303,343,371, 
373,393 

HEX 24,52,188,190,193-194,200, 
273-275,393 

JOE 26,52,195 
LC Red 500-705 20,44,204,273 
LCGreen 1 12,13,399 
NED 192 
OliGreen 92 
PicoGreen 92,141 
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Reporter/Quencher 6 ,8  
RiboGreen 90,92,106-107,141,151 
ROX 24,149,195,202 
Selection of 110,126,188 
Spectral overlap 8,52,184,281,371 
Stoke's shift 6-7 
SYBR Gold 12,24,27,50,329 
SYBR Green I 12-13,15,18,22,24,27- 

29,44,50-51,102,210,212-214,244, 
302-303,307,330,335-338,345,368, 
373,379,382-383,394,398-400 

TAMRA 16,18,24,185,194,198,202, 
208,272-275,393 

T E T  24,52,195,201,207 
VIC 52,188,192,194-195,198,202,204, 

207-208,272-273,275 
Yakima yellow 52 
Fluorescence accumulation 

Fluorescence resonance energy transfer 8,16- 
17,20,22,24,27-28,55,102,183,393-394, 
398,400 

Fluorescent melting curve analysis 55,203-204, 
272-273,324,329-330,332-333,335-336, 
339,341-342,373,375,393-395,397-398, 
40 1 

Fluorophore See fluorogenic dyes 
FMCA See fluorescent melting curve analysis 
Francisella spp. See bacteria 
FRET See fluorescence resonance energy 

transfer 

G 
G + C  rich regions 45,54,56,59 
gDNA See genomic DNA 
Genotype 5,19,47,53,57,72,104,126,192, 

194,196,199,200,232,243-246,330,341- 
342,357,359-360,364,387,430 

Glyceraldehyde ~hosphate  dehydrogenase See 
GAPDH, endogenous controls 

HAdV See human adenovirus 
Haemophilus influenzae See bacteria 
Hairpin See fluorogenic chemistries 
HANAA See instrumentation 
Handheld advanced nucleic acid analyzer 

(HANAA) See instrumentation, HANAA 
HBV See viruses, hepatitis B virus 
HCoV See viruses, human coronavirus 
HCoV-229E See viruses, HCoV-229E 
HCoV-HKU1 See viruses, HCoV-HKU1 
HCoV-NH See viruses, HCoV-NL63 
HCoV-NL63 See viruses, HCoV-NL63 
HCoV-OC43 See viruses, HCoV-OC43 
H C V  See viruses, hepatitis C virus 

Hepatitis B virus (HBV) See viruses, hepatitis 
B virus 

Hepatitis C virus (HCV) See viruses, hepatitis 
C virus 

Herpes simplex virus (HSV) See viruses, herpes 
simplex virus 

Heter~du~lexes  155 
H E V  See viruses, human enteroviruses 
H E X  (hexachloro-carboxy-fluorescein) See 

fluorogenic dyes, HEX 
Hexachloro-carboxy-fluorescein (HEX) See 

fluorogenic dyes, HEX 
HHV See viruses, human herpesvirus 
HHV-6 See viruses, human herpesvirus 6 
HHV-7 See viruses, human herpesvirus 7 
H I V  See viruses, Human immunodeficiency 

virus 
H M P V  See viruses, human metapneumovirus 
Home brew See in-house 
Homogenous PCR See real-time PCR 
HPIV See viruses, human ~arainfluenza virus 
H P V  See viruses, human papillomavirus 
HRSV See viruses, human respiratory syncytial 

virus 
HRV See viruses, human rhinovirus 
H S V  See viruses, herpes simplex virus 
HSV See viruses, herpes simplex virus 
Human adenovirus (HAdV) See viruses, 

human adenovirus (HAdV) 
Human bocavirus (HBoV) See viruses, human 

bocavirus (HBoV) 
Human coronavirus (HCoV) See viruses, 

human coronavirus (HCoV) 
Human enterovirus See viruses, enteroviruses 
Human immunodeficiency virus See viruses, 

human immunodeficiency virus 
Human metapneumovirus (HMPV) See 

viruses, human metapneumovirus (HMPV) 
Human papillomavirus (HPV)  See viruses, 

human papillomavirus (HPV)  
Human parainfluenza virus (HPIV) See viruses, 

human parainfluenza virus (HPIV) 
Human respiratory syncytial virus (HRSV) See 

viruses, human respiratory syncytial virus 
(HRSV) 

Human rhinovirus (HRV) See viruses, human 
rhinovirus (HRV) 

HybProbe See fluorogenic chemistries 
Hybridization 4,7-9,12,14-22,24-28,46, 

54,56,58,102, 104,142,155,159,164,196, 
206,233,238,284,288,291-292,294,301- 
302,323,359,382,387-388,394,400-401, 
435 

Hybridization probes See fluorogenic 
chemistries, See also HybProbe 
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Hydrolysis probes See fluorogenic chemistries 
Hydrolysis probes See fluorogenic chemistries 

IAC See controls 
icycler See instrumentation, iCycler 
Immune response to infection 133,165-167, 

171,190,276,281-282,300 
In situ hybridization 233,284,392 
Influenza virus (IFAV) See viruses, influenza 

virus (IFAV) 
Inhibition See PCR 
In-house 1,2,41,135,139,163,167-168,171, 

204,269,271,306,308,366-367,369-370, 
372-373,381,409,412-414,417,420,422- 
423-426,430,434 

Instrumentation 
ABI 7200,7300,7500,7700,7900 18,22, 

86,89,187,201,211-214,216,234-235, 
334 

BioAnalyzer (Agilent) 90,92,96, 15 1 
HANAA 254 
iCycler 187,204,211-213,216,234 
Labchips 92,151 
Lightcycler 10-11,18,20,22,24,31,44, 

53-54,57,193,198,203-204,211-215, 
234-235,256,329,332,335,341,368, 
379,393-394,401,435 

LightTyper 24 
Mx3005P, Mx4000 140,187,213 
NanoDrop 90,92 
QuanTyper 349 
R.A.P.I.D. 349 
Ramp rate 5,11 
Rotor-Gene 91-92,211,234,245 
Smartcycler 91,211-216,234,254,341, 

349 
Internal amplification control (IAC) See 

controls 

Japanese encephalitis virus (JEV) See viruses, 
Japanese encephalitis virus 

JE virus (JEV) See viruses, Japanese encephalitis 
virus 

J E V  See viruses, Japanese encephalitis virus 
JOE See fluorogenic dyes 
Kinetic PCR See real-time PCR 
Koch's postulates and variations 231,281, 

283-284 

L 
LabChips See instrumentation, LabChips 
Labels, fluorescent See fluorogenic dyes 5 
Labels, traditional non-fluorescent 

biotin 4,208-209 
DIG, See digoxigenin 4 

Lassa virus See viruses, Lassa virus 
LightCycler See instrumentation, LightCycler 
LightTyper See instrumentation, LightTyper 
Lineage and sub-lineage 277-278,288-290, 

299,301,306-307,314,361,436 
Listeria spp. See bacteria 
LNA See locked nucleic acids 6 
Locked nucleic acids See also LNA 14,18, 

21-22,28-29,44,60,189,349,396-397 
Lower respiratory tract infection 270,276-277, 

279-280,282,303 
LRTI See lower respiratory tract infection 

Measles virus See viruses, measles virus 
Melting Temperature See polymerase chain 

reaction, T M  
Metapneumovirus See human metapneumovirus 
MGB See minor groove-binding 
Microarrays 5,19,31,76,134,151,158,165- 

167,205-207,255,308,384-389,391-392, 
435 

Microbial load See quantification 
Minor groove-binding 12,16,18,53,192-193, 

275,329-330 
Mismatch 12,18,21,28,53-58,61-63,104, 

158-159,194,204,238,243-245,2502 330, 
339,341,363-364,394 

Modified bases 
iG, iC 27,34 
Super A, G, T, N 15,61,349 

Mousepox virus See viruses, Mousepox virus 
mRNA See reverse transcription PCR 
Multiplex real-time PCR 

Advantages 184,187,239 
Applications 59,184,190-220 
Bacterial detection 184,209-220 
Co-detections 200-202,280 
Commercial options 204,220 
Competition effects 185-186,188 
Definition 183,276 
FMCA 203-204 
Internal controls 101,108,197-199 
Limitations 13,104,185,187-190,281, 

387 
Non-fluorescent quenchers 185 
Parasite detection 204-209 
Quantification 199-200 
Viral detection 190-200 

Mx3005R Mx4000 See instruimentation, 
Mx3005P, Mx4000 

Mycobacterium spp. See bacteria 
Mycolasma spp. See bacteria 

NanoDrop See instrumentaion, NanoDrop 
Na~opharyn~eal aspirate (NPA) See samples 
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types and collection 
Nested PCR (nPCR) See P C R ,  nPCR 
Newly identified virus 269,278-279,299,303 
Neisseria spp. See bacteria 
NFQ See quenchem 
NIV See newly identified virus 
No template control See standards and controls 
Normalization See real-time PCR 
Norovirus See viruses, norovirus 
NPA See samples types and collection, 

nasopharyngeal aspirate 
nPCR See PCR, nPCR, See also nested PCR 
NTC See standards and controls 
Nucleic acid extraction and purification 
Commercial methods 75,80-92 
Efficiency 94,125,153,162,197,403,428 
Oligo-dT See reverse transcription PCR 
Oligonucleotide annealing See polymerase chain 

reaction, annealing 
Oligoprobes See oligonucleotide probes 
Orthopoxviruses (OPV) See viruses, 

Orthopoxviruses (OPV) 

Parainfluenza virus See viruses, human 
parainfluenzavirus 

Paramyxovirus 
Family 306-307 

See viruses, human metapneumovirus 
See viruses, human parainfluenzavirus 
See viruses, human respiratory syncytial virus 
See viruses, measles virus 
Parasites 

Plasmodium spp. 73,135,207-208,243 
Pneumocystis spp. 78,208, 239,243,253, 

377 
Parvovirus B19 See viruses, parvovirus B19 
Passive reference See standards and controls 
Pathogen 1,5,19,165,326-350,359-360, 

362363,366-369,371-372,374-379,381, 
384-385,387,389-391,401-412,415,417- 
421,427,429-430,433,436,442 

PCR See polymerase chain reaction 
PCR, limitations See polymerase chain reaction 
PCR, product See amplicon 
Pedantry and PCR 135,154,271,276-278 
Peptide nucleic acid See also PNA 
Phenotype 1,5 
Phylogeny 277,279,289-290 
Picornaviruses 
See viruses, enterovirus 

See viruses, human rhinovirus 
See viruses, picornaviruses 
Plasmodium spp. See parasites, Plasmodium 

SPP 
PNA See peptide nucleic acid 

Pneumocystis spp. See parasites, Pneumocystis 
spp. 78,208,239,243,253,377 

Polymerase chain reaction 
agarose gel electrophoresis 3-4, 24,45,48- 

49,53,55,62-63,81, 155,184,233,284, 
295,335,342,366-367,379,381-383, 
394,399,408,411 

Amplification efficiency 3, 1.1,29,44-48, 
50-51,54,56,63,73,77,93-94,113, 
126,136,140,142-144-148,150,153, 
155-159,185-186,188,195,202,235, 
237-238,255,287,300-301,306-307, 
325,363,375,381,403-404,421, 

Annealing, See also annealing temperature 
(TA) 3,10,16-18,22-28,45,47-48, 
50-51,53-59,61-62,142,193,196-197, 
201,237,292,342,359,374,376,432, 
441 

Asymmetric 7,18,59,373,439 
Basics 2-4, 5, 14,71 
Competition 9,49, 105-106,108,117,134, 

137-139,155,165,185-186,198,202, 
24,281,285,305,372,375-376,429, 
434,439 

Conventional 3-6,41-42,45,50,106, 
134,136-137,139,155,165,183-184, 
187,189,193,204-205,207-208,217, 
233-234,237-238,244,253,273,276, 
284,293,301,303-305,328,365-367, 
369,372,376-377,379-384,390-391, 
398,431,439 

Cycle 3,5,7,9,10-11 
Denaturation 3,20,45, 51,55 
Doubling of template 108,141-142 
Enhancers 94-95 
Extension 3, 15-16,22-23,62,193,292 
History ix, 1-6,231 
Hot-start 27,382 
Inhibitors and inhibition 10-11,74,78-81, 

93-96,101,105,138,141-143,150,154, 
159,168,197-198,215,285,295,378, 
428,437,442 

Instruments/ thermal cyclers 11- 12,25, 
16-18,30,42,44,52-54,59-60,637 71, 
146,187, 193,201,216,218,308,367, 
369-370,375,379,391,3949 397,419, 
437 

LATE 8 
Limitations 5,136,143, 149,156-159, 

172,187-190,233,284-285 
Linear phase 9,18,136 
Molecular diagnostics 1, 2,30,42, 101,103, 

108,124,171,183,190,231,233-236, 
240-241,244,253-255,285,357-362 

Nested PCR (nPCR) 79,204,207-208, 
233,273,376,381-382,400,439 
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Non-specific 5-6, 12, 14,62,94,255, 
294-295,374,394 

Oligonucleotide design and selection 5,15, 
28-29,41-65,292-295,299-301,325 

Oligonucleotide probes 4,42,49, 51-60, 
102,110 

Plateau phase 9,136,140 
Polymerase 3,140,142,150,154, 156,196, 

253,291,302,374-375,381,421 
Primer-dimer 13,27-28,47,50-51,63, 

142,188,376,378,399 
Primers, See also oligonucleotide design and 

selection 2-3,6,46-50,62-63 
Qualitative 1, 133 
Ramp rate 5,11 
Real-time 1-2,4,41 
See also multiplex PCR 
Semi-nested PCR 439 
Sensitivity 2,5,9-10,43,54,61,72,79,93, 

105,140,146,150,154,324,441-443 
Sequence degeneracy 48,159,189,194- 

195,342,345-346,359,363 
Slope of CT versus amount plot 10,145 
Southern blot 3-4,9,14,233,384, 392 
Specificity 6,323-324 
Speed 232-233,324-325 
TA, See annealing temperature 
T D  3,13 
T M  3,7,47-48 
Troubleshooting 61-64 
Workflow 73,117,119,368,370,380,393 

Pre-analysis or pre-PCR processing See 
polymerase chain reaction 

Prototype See viruses, prototype 
Purification See Nucleic acid extraction and 

purification 

qPCR See quantification 
Qualitative PCR 134,237-239 
Quality and PCR 

Accuracy 102,169 
Assurance programs 1,107,126,139,149, 

163,169-171,366,369,378,412-413, 
416,429,433 

European network for diagnostics of 
imported viral diseases (ENIVD) 169, 
173 

External quality assurance (EQA), See 
assurance programs 

Institute for Standardisation and 
Documentation in the Medical Laboratory 
(INSTAND) 169,173,430 

International Organization for 
Standardization (ISO) 103,117,424 

National Committee for Clinical Laboratory 
Standards (NCCLS) 102-104,106,113, 
128 

National institute for biological standards 
and control (NIBSC) 128,168,426 

Need for 102,151 
Proficiency studies 90,168, 170-171,236, 

253,368,370,414,424,430 
Quality control for molecular diagnostics 

(QCMD) 90,169,236,257,273,427, 
43 0 

Reference materials 108, 113,125,133, 
138-139,168-170,253,392,429 
102,113,167-171 

Quantification 
Absolute 104,145-146,168,285-286,422 
Clinical relevance 141,233-234,239,271, 

281-284,288-289,297,362,372,377 
Commercial kits 135, 163, 167, 172,244- 

245,247,284 
Host immune response to infection ix, 133, 

165-167,171,281-282,300 
Hurdles 284,364-370,421,425 
Importance of 134-135 
In diagnostic microbiology 139,163, 

245-253,286 
In the respiratory tract 269-310 
Mathematics 141-148 
Microbial load 1,42,133-135,148,165- 

167,172,245,253 
qPCR 71,108-110,149,439 
Real-time qPCR 71,156-157 
Relative 146-148 
Slope and PCR eficiency 140,145 
Standard or calibration curve 111-1 13, 

136,139-141,143,145-146,148-150, 
155,158 

Transgene targets 165 
Viral gene therapy 164-165 
Worthiness of a targets 136 

Quantitative versus qualitative 276 
See Quantification - 

QuanTyper See instrumentation, 
QuanTyper 349 

Quasispecies 
Definition 299 
Effect on assay design 299-301 
Lineage and sub-lineage 299 
Quenchers/acceptors 
Black hole quencher (BHQ) 7-8,16, 

22-25,27,31,52,309 
Collisional 8, 24 
DABCYL 18,24-25,27,52,198 
Definition 8 
Non-fluorescent (NFQ) 24-25,27 
TAMRA 16,18,24,52 
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Quenching 
Guanine and 15,23-24,27 
Natural 15 
N F Q  20,253 
Self-quenching 26-27 

R 
R.A.P.I.D. See instrumentation, R.A.P.I.D. 
Ramp rate See instrumentation, Ramp rate 
Real-time mPCR See multiplex real-time PCR 
Real-time PCR 

Applications 42-43,164-167,239-243, 
301-307 

Background noise 9,133-134 
Clinical relevance 141,237,281 
Closed PCR 4 
Commercial kits 41-42,64,204,220 
Dynamic range 136 
FMCA 20,24 
Genotype and mutation analysis 243-245 
History 6 
Homogeneous PCR 102 
Hook effect 9,28 
In microbiology laboratories 5,134,149, 

23 1-256,285 
In research laboratories 5 
Instrumentation 11,349 
Kinetic PCR 4,102 
Normalization 105,149,151,159-162 
Oligonucleotide chemistries 14 
Oligonucleotide design 41,306 
Optimization and performance 28,134, 

236,293,295,297,367,373-374 
Pre-analysis 90,92,102,141,149-151, 

162,325-326 
Reproducibility 149- 150 
Sofnvare to aid normalization 160 
Speed 5 

Regulatory issues 234 
Reporter See also donor 6 
Respiratory viruses 
Assay publication 296-298 

269-309 
Reverse transcription PCR (RT-PCR) 

cDNA 71-72,157 
Efficiency and variability 153,156 
Enzyme 156 
Gene-specific primers 156-158,275 
introns 46 
Microbial RNA 15 1 
mRNA 45-46,134,158 
Oligo-dT 153,156-158 
One-step 275,343,345-346 
Priming strategies 157-158,187 
RNA integrity 151-153 
RT-qPCR 71,156 
Transcript analysis 134,139,146-147,149 
Tth polymerase 156 

Reverse transcription quantitative PCR (RT- 
qPCR) See reverse transcription PCR 

RiboGreen 90,92,106-107,141,151 
RIN See RNA integrity number 
RNA Estimating concentration 90,106,15 1 
RNA integrity number 
Rotor-Gene See instrumentation, Rotor-Gene 
ROX See fluorogenic dyes 
rtPCR See real-time PCR 
RT-PCR See reverse transcription PCR 
Ruggedized advanced pathogen identification 

device (R.A.P.I.D.) See instrumentation, 
R.A.P.1.D 

S 
Saint Louis encephalitis virus (SLE) See viruses, 

Saint Louis encephalitis virus (SLE) 
Salmonella spp. See bacteria 
Sample types and collection 

Bioterror 325-326 
Bronchoalveolar lavage 72,74,78-79,141, 

280,282 
From blood 74-76 
From solid tissues 76-77 
From stool, swab, aspirate and lavage 77-79 
From the environment 79-80 
Nasopharyngeal aspirate 211,217,248, 

276,279-280,286 
Pooling 295-296 
Sputa 78,84,91,114,213,242,180,331, 

334,378,392,421 
Throat wash 281 

SARS-CoV See viruses, severe acute 
respiratory syndrome human coronavirus 

Sequence variation 158-159,287-291 
Serology See diagnostics 
Serotype See virus type (serotype) and subtype 
Severe acute respiratory syndrome human 

coronavirus See viruses, Severe acute 
respiratory syndrome human coronavirus 

Shedding See virus shedding 
Single nucleotide polymorphism (SNP) 7,15, 

18,21-22,25,28,126,288,323-324,339, 
342,362,374,384,388-389,392,399,401, 
438 

SmartCycler See instrumentation, SmartCycler 
SOP See standard operating procedure 
Specimen See types and sample collection 
Specimen population 
Standard See standards and controls 
Standard operating procedure (SOP) 71-75, 

91,171,392,404,415,424 
Standards and Controls 115-116,124 

Bacteriophage or 'Armoured RNA" 121- 
124,153 

Calculating copy number 103,106-108, 
111-113 

Competitive controls 101-131, 138 
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Control 103,106-107 
Co-purification 105,153-154,162 
Culture derived 155,287 
Diluent or matrix 141-144,146,151 
Endogenous controls 19,106,153,197,419 
18s rRNA 92,106,151,160,207-208, 

143 
P2-microglobin 106 
p-actin 106,160,166-167,191,197,274 
P-globin 106,197,200 
DHFR 106 
GAPDH 92,106,151,153,166,192,197, 

199,272,275 
Endogenous reference gene 146-147,153, 

160-161,163 
External calibrator 103-104,106-107, 

112-113,145,149 
Full process control 103,114-115,118, 

120,153-154 
Heterologous IAC 153,155-156,162,163 
Implementation for respiratory 

viruses 284-285 
Internal amplification controls (IAC) 94, 

137-139,148,150,153-156,162-163, 
171 

Internal calibrator See also internal 
control 103,138 

Internal control (IC) 91,94,101-108,110, 
113,117-119,126,138,161,193-194, 
196-200,202,218,235-236,272,274- 
276,281,285,308,326,329,332,365, 
372-373,378,392,403-404,413,428, 
437,441-442 

International standards 103-104,112,139, 
163,200,426 

No template control 91,149,236 
Passive reference 137,149,162 
Poisson distribution 107,121-122,419 
Positive control 44,94,103, 113-124 
Preparation and handling 117,119 
Quantitative standard (QS) 108,110-112, 

118-120,366 
Reference material or standard 73,95-96, 

101,103-104,106-108,112-113,121, 
124-126,133,138-139,162-163,168- 
170,253,392,426-42794299 442 

SPUD 95 
Staphylococcus spp. See bacteria 
Streptococcus spp. See bacteria 
Study population 

Control 136,154,282,441 
Prospective 298-299,401-404 
Retrospective 298-299,401-404 

SYBR Green, Gold See fluorogenic dyes 
Synthetic template See template 

Take-off point See crossing point 

TAMRA See fluorogenic dyes 
TaqMan probes See fluorogenic chemistries 
Tc See threshold cycle 
Template 

Concentration 4,9-10,94, 107 
Synthetic 22,94,102-106,111-112, 

114-117,125,162-163,197,285,287, 
297,307,341,430-432 

T E T  (tetrachloro-carb~x~flourescein) See 
fluorogenic dyes 

Tetrachloro-carb~x~flourescein (TET) See 
fluorogenic dyes - 

Thermal cyclers See instrumentation 
Threshold cycle (CT) 9-11,71,93,136,140, 

188,233,287 
TMB See fluorogenic chemistries 
tetramethyl-indodicarb~c~anine (Cy5) See 

fluorogenic dyes, Cy5 
Tripartite molecular beacons See fluorogenic 

chemistries 
Turnaround time 2,138,183,205,210,217, 

279,296,305,391,398,400,404,407-409, 
433 

Upper respiratory tract infection 194,270, 
276-277,279,282,303 

URTI See upper respiratory tract infection 
Utopian PCR 73-80 

Varicella Zoster virus (VZV) See viruses, 
varicella zoster virus (VZV) 

Variola virus See viruses, variola virus 
Vesicular stomatitis virus (VSV) See viruses, 

vesicular stomatitis virus (VSV) 
Viral load See quantification 
Virus serotype See virus type (serotype) and 

subtype 
Virus shedding 282,340 
Virus species 14,53,300,342,344,360,363- 

364,375,386-387,394,436 
Virus strain 20,42-43, 187, 189-190,192, 

194-196,203,277-280,288-293,297-301, 
306-307,341-343,345-346,361,363-364, 
375,392,401,405,417,421,425,435-436 

Virus type (serotype) and subtype 105,126, 
189-196,200,202,232,240,243-244,250, 
270,277,288-289,306,323,343-3449 357, 
359,363,436-437 

V' lruses 
Cytomegalovirus (CMV) 21,74,90, 

135-136,168,191-192,197,199-200, 
239-240,247-249,396,405-4067 408, 
410,420-421,425 

Dengue virus 135,189,192,196-197, 
344-345 

Eastern equine encephalitis virus 



454 I Index 

(EEE) 187,189 
Ebola virus 136,192,195,326,343-345 
Enteroviruses 135,151,171,187,189-190, 

192,193-194,196,237,239-240,27O, 
272-273,275,288,293,303-304,363, 
376,406-407,434-436 

Epstein-Barr virus (EBV) 90, 199,247- 
248,405-406,408,410,423 

Hepatitis B virus (HBV) 20-21,90, 103, 
107,125,135,168,2OO-202,244-245, 
253,358,369,391,4O5-4O6,4O8,41O, 
415,430 

Hepatitis C virus (HCV) 21,90, 103-104, 
107, 109,125, 135,168, 171, 176, 
199-202,238,244-245,253,360-362, 
369,391,405-406,408,410,413,425, 
430,434 

Herpes simplex virus (HSV) 78,135- 136, 
191,194-195,198,202-204,240,243- 
244,247-248,275,405,407,416,434 

Human papillomavirus (HPV) 60,106, 
108,168,232,238-240,243,388,396, 
437 

Human adenovirus (HAdV) 166, 
189-190,194,239,247,249-251,272, 
274-275,286,288,406 

Human bocavirus (HBoV) 275,279,288, 
290-292,402,434 

Human coronavirus (HCoV) 190,194,270 
HCOV-229E 191,194,270,272-273,275, 

286,301,304,361 
HCoV-HKU1 270,279,283,288,292- 

294 
HCOV-NL63 191,194,270,272-273, 

279,286,288,292,301,305,393,434 
HCOV-OC43 191,194,270,272-273, 

275,286,304 
SARS-CoV 21,77,106,167,187,272- 

273,286,298,304-306 
Human immunodeficiency virus (HIV) 22, 

46,76,103,106-107,114,125,128, 
134-135,159,166,168,192,198,201, 
202,233-234,244-249,253,284,357- 
358,360-362,391,396,405-406,408, 
410-411,413,416,419,425-426,430, 
433,437 

Human metapneumovirus (HMPV) 18, 
24,190-191,193-194,239-240,270, 
272-275,279,281,286,288-292,306- 
307,393,402,434 

Human ~arainfluenza virus (HPIV) 190- 
191,194,240,243,270,272-273,275, 
286,288,301,305,361 

Human respiratory syncytial virus 
(HRSV) 104,190-191,194,203-204, 
239,243,2707 272-273,275,282-283, 
286,288,302,305,307 

Human rhinovirus (HRV) 161,189,191, 
193,237,270,275,282,193,304,363, 
377,408,435 

Influenza virus (IFAV) 135,150,187, 
189-194,203-204,239-240,243,270, 
272-273,275,286,307,362,364,390, 
397,406-407,412,415-416,418,433 

Japanese encephalitis virus (JEV, JE 
virus) 104, 189 

Lassa virus 
Measles virus 270 
Mousepox virus 320 
Norovirus 195,255 
Orthopoxviruses (OPV) 135,191,203, 

320,324,341-343 
Parvovirus B19 103,135,167-168,192, 

197,253,278,426 
Picornaviruses See also viruses, rhinovirus 

and enterovirus 7,136,167,187,303- 
304 

Prototype 289-290,301,303,305 
Saint Louis encephalitis virus (SLE) 189 
Severe acute respiratory syndrome human 

coronavirus 21,77,106, 135,167,187, 
272-273,286,298,304-306 

Varicella Zoster virus (VZV) 135, 191, 
194-195,202-204,239-240,248 

Variola virus 136, 191, 195, 319-320, 
323-324,327,340-343,349 

Vesicular stomatitis virus (VSV) 196 
West Nile virus (WNV) 108, 135, 168, 

187,189 
Western equine encephalitis virus 

(WEE) 189 
Yellow fever virus (YFV) 189,344-345 

West Nile virus (WNV) See viruses, West Nile 
virus (WNV) 

Western equine encephalitis virus (WEE) See 
viruses, Western equine encephalitis virus 
(WEE) 

Wild-type template 18,139,155,197,244,299, 
332,362 

WNV See viruses, west nile virus 

Yellow fever virus (YFV) See viruses, Yellow 
fever virus (YFV) 

Yersinia spp. See bacteria 




