
Molecular Diagnostics of Infectious Diseases

Malin Nygren

Royal Institute of Technology
Department of Biotechnology

Stockholm 2000



Malin Nygren (2000): Molecular Diagnostics of Infectious Diseases. Department of Biotechnology, Royal
Institute of Technology, KTH, Stockholm, Sweden.

ISBN 91-7170-504-X

ABSTRACT

In DNA-based diagnostics, the polymerase chain reaction (PCR) is the most
widely used DNA amplification method. To enable both sensitive and specific detection
of agents causing infectious diseases, the PCR needs to be combined with methods to
prepare the clinical sample containing the genetic material of the pathogen. Furthermore,
methods for detection and DNA sequence analysis of the PCR amplification products are
needed. This thesis describes the development of integrated systems for detection,
quantification and characterization of microorganisms.

An immunomagnetic separation (IMS) technique has been used to isolate
Bordetella pertussis from nasopharyngeal aspirate samples. The post-PCR detection and
typing of Bordetella spp. was performed by a combination of restriction enzyme analysis
of the amplified pertussis toxin (PT) promoter region and a solid-phase colorimetric
detection system; detection of immobilized amplified nucleic acid (DIANA). To
investigate whether this approach could be used for reliable discrimination between the
three Bordetella spp. infecting humans, the PT promoter region used for diagnostics was
sequenced in 33 strains. To determine the DNA sequence of this polymorphic and
repetitive region, a new technique, bidirectional pyrosequencing, was utilized. This
procedure was used to resolve the sequence of this DNA region, which is able to form
stable secondary structures in conventional Sanger DNA sequencing. A quantitative assay
using competitive PCR and the DIANA detection technique was also developed, for
quantification of B. pertussis in clinical samples.

By arbitrary PCR, a DNA sequence apparently specific for Vibrio cholerae
O139 Bengal was isolated and characterized. A nested PCR assay was developed for
sensitive and specific detection of V. cholerae O139 Bengal in clinical samples and in
environmental water samples, where differentiation between V. cholerae O139 Bengal
and V. cholera O1 is of epidemiological interest.

The magnetic separation approach was also used to capture human
immunodeficiency virus (HIV-1) RNA from patient plasma. A nested reverse
transcription (RT)-PCR with four internal competitors was combined with electrophoretic
separation and quantification of the PCR amplicons on an automated DNA sequencer.
From the internal calibration curve, the amount of HIV-1 RNA in the sample could be
determined. Furthermore, a primer extension assay was combined with detection and
quantification of the competitive PCR products by the same biochemiluminescent
detection technique that is used in pyrosequencing. Quantification of HIV-1 viral load has
implications in monitoring of antiretroviral therapy and in assessment of disease
progression into AIDS.

Key words: bioluminescence, Bordetella, competitive PCR, DNA sequencing, human
immunodeficiency virus type 1, PCR, pyrosequencing, solid-phase technology,Vibrio
cholerae
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INTRODUCTION

1. Diagnosis of infectious diseases.

1.1 Background

The impact of microorganisms on human health today is essential, in spite of the

significant progress in disease control and understanding. In developed countries,

infectious diseases such as influenza, pneumonia and tuberculosis were the major cause

of deaths in the early 1900s. Now, heart-related diseases, cancer and stroke are the

dominating causes of death in developed countries, whereas the risk of dying from an

infectious disease in less developed countries is still comparable to the situation in the

developed countries one hundred years ago.

The threat from different microorganisms has changed during the human history

as we humans have changed lifestyle, demonstrating the intimate relation between

microorganisms and their hosts. While some diseases and their causing agents are more

or less eradicated, other "new" pathogens are emerging. These pathogens include

organisms not isolated or identified before, but also pathogens changing hosts and

thereby affecting human health. Increased knowledge has also resulted in inclusion of

previously considered non-harmful organisms into the human pathogens (Labenz, 1994).

The increased insight into microorganism-host relationship has also revealed an increased

risk of developing neoplasia with infection of certain viruses (Brechot, 1997; zur Hausen,

1977) and that infection with one pathogen can result in a predisposition toward other

infections (Chang, 1994). Human allelic variation can also be associated with increased

susceptibility or resistance towards different pathogens (Hill, 1992; Apple, 1995;

Michael, 1999). The recent emergence of multiple drug-resistant forms of bacteria

previously easily treated with antibiotics has resulted in a situation resembling the time

before antibiotics were available, by some people termed the "post-antibiotic era"

(Beardsley, 1992).

Medical microbiology as a science started to develop during the latter part of the

19th century. Essential was Pasteur´s work to disprove the theory of "spontaneous

generation" and his introduction of sterilization procedures and aseptic techniques
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(Manchester, 1995). The existence of contagious diseases had been suspected for a long

time and Koch confirmed that microorganisms were the cause of infectious diseases by

his work on the germ theory of disease (Koch, 1942). According to his well-known

postulates, which was an attempt to standardize the proof of causation in infectious

disease, the microbe needs to be specifically associated with the disease. The organism

should be present in every case of the disease and not in other diseases or in healthy

individuals. The microorganism must be repeatedly grown in pure culture outside the

body and be able to induce the disease anew when inoculated into susceptible animals.

The pure culture and clonality concepts, where selective media are used together

with isolation of single colonies on solid media, were essential for analysis of

microorganisms and diagnostics of infectious diseases during almost a century. The

introduction of DNA sequencing (Maxam, 1977; Sanger, 1977) and nucleic acid

amplification-based methods (Saiki, 1985; Mullis, 1987) during the 1970´s and 80´s

allowed a sequence-based identification of microbes as well as potential findings of new

pathogens from a heterogeneous population, without prior cultivation. This substitution

of a biological amplification for an enzymatic amplification has been termed the "PCR-

as-petri-dish metaphor" (Persing, 1993). As a result of this progress, new guidelines for

microbe identification and for evidence of disease causation have been suggested

(Fredericks, 1996).

1.2 Traditional typing methods

The traditional microbiological typing methods rely upon isolation and

magnification of the microorganism by culture, after which the organism is identified by

examination of the whole organism or by protein- or lipid- based analysis. In biotyping,

biograms (Kilian, 1979) are obtained describing the phenotypic characteristics such as

morphology (including staining), requirements for growth and metabolism of substrates

(i.e. biochemical assays). The differentiating capability needs to be determined for each

case and the phenotypic characteristics are not stable but can be affected by for example

the technical handling, changes in gene regulation and gain or loss of plasmids. In

susceptibility / resistance typing, antibiograms (Blanc, 1994) represent the organism's

reaction to anti-microbiological agents, resistograms (Rossney, 1994) show reactions to

for example dyes and heavy metals and in bacteriocin typing the organism's reactions to
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toxins are measured. This approach to typing has a low discriminating power and the

characteristics measured are easily subject to changes as a result of selective pressure

resulting in chromosomal mutations or exchange of plasmids and transposons. Using

protein analysis by immunoassays, identification on subtype level is possible (Ng, 1995).

The analysis can be performed in an agglutination, immunoblot or ELISA format. By

electrophoretic methods, typing on strain level is possible (Bannerman, 1995). Whole-

cell lysates and outer membrane proteins are usually analyzed by denaturating gel

electrophoresis (Dijkshoorn, 1996). Active enzymes can be analyzed under non-

denaturating conditions in multilocus enzyme electrophoresis (Selander, 1986).

Disadvantages with protein-based typing are the difficulty to distinguish between loss and

down-regulation of a gene and that mutations not significantly changing the mass or

charge of the protein are not detected. In phage analysis, bacteria are subjected to

infection by a panel of bacteriophages, resulting in an infection profile, with possible

identification at strain level (Pitt, 1995). Using chromatography, cellular fatty acids can

be analyzed and the resulting profiles can be used in typing (Asai, 1993).

1.3 Nucleic acid-based typing

The first nucleic acid-based methods for identification of microorganisms still

required culture to obtain sufficient amount of nucleic acid for the analysis (Tenover,

1995). By using gel electrophoresis, plasmid fingerprints were used to compare different

strains of a species and to track anti-microbial resistance (Mayer, 1988). The progress in

molecular biology such as the discovery of restriction endonucleases, the possibility to

determine the nucleotide sequence of a DNA molecule and to synthesize oligonucleotide

probes resulted in the development of several methods useful in diagnostics. Traditional

hybridization analysis are still used in certain niche applications such as for direct

detection and culture confirmation / typing and for detection by in situ hybridization, but

is usually used in combination with other methods. Hybridization-based analysis has had

a revival during the last years due to technological developments such as oligonucleotide

arrays (Schena, 1998), reporter molecules utilizing FRET (fluorescent resonance energy

transfer) (Chen, 1997) and PNA (peptide nucleic acid) (Nielsen, 1991). Hybridization

analysis on DNA chips or miniature gel pads (Dubiley, 1997) is suitable for
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miniaturization, parallelisation and automation, and thereby lends it for large-scale DNA

analysis.

Even though this thesis primarily deals with diagnosis of infectious diseases and

typing of microorganisms, many methods and principles are valid also in the detection of

human genetic variations. Those analyses have applications within cancer diagnosis,

prenatal diagnosis, diagnosis of some inherited diseases, analysis of gene expression and

in determination of an individual's susceptibility to certain infectious agents and

potentially also to hazardous environmental agents (Wagener, 1997), but this will not be

discussed any further in this work.

2. In vitro nucleic acid amplification-based analysis

One of the benefits with the current large-scale genome sequencing projects is the

rapidly increasing amount of sequence data accessible in the public databases. The large-

scale sequencing projects have also contributed with improvements both on the

computerized analysis of sequence data and by accelerating the nucleic acid sequencing

technology. This has resulted in sequencing protocols which are simple to perform with

enzymes and reagents available as prefabricated kits and more or less automated

instruments for DNA sequencing, making DNA sequencing and reporting of sequence

data possible for an increasing number of laboratories.

In the different nucleic acid amplification technologies, the available sequence

information is used to design probes in order to detect a specific nucleic acid sequence by

a probe hybridization event and some kind of amplification event. The amplification

process itself constitutes only one part of the complete analysis (Fig. 1). A sample

preparation step is usually necessary, adapted to the sample specimen and to the

amplification method of choice. The type of amplification method is determined by the

nucleic acid sequence to be analyzed, but primarily by the demands defined by the

downstream analysis required for a specific application (see below).
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Figure 1. Nucleic acid amplification-based analysis.

Based on the amplification mechanism, the amplification methods can be divided

into three groups;  (i) target amplification methods, (ii) probe amplification methods and

(iii) methods based on signal amplification (Table 1). To be classified as a target

amplification technique, target-specific sequence information must be a part of the

resulting amplification product. Target amplification methods are suitable for

amplification with broad range primers followed by further characterization of the

amplified target sequence replica. The predominant target amplification method is the

polymerase chain reaction (PCR) (Mullis, 1987; Saiki, 1985) (Fig. 2A), but self-

sustaining sequence replication / nucleic acid sequenced-based technology

(3SR/NASBA) (Compton, 1991; Guatelli, 1990) have a potential advantage over PCR in

applications where selective amplification of RNA is advantageous. In the probe

amplification methods (exemplified by the ligase chain reaction (LCR) (Barany, 1991) in

Fig. 2B), no sequence information beyond what is present in the probe itself is included

in the product. This fact restricts the applications of these methods to cases where

detection of the presence of a signature nucleotide sequence in the sample is sufficient.
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Target-directed ligation methods are useful for the detection of point mutations, by

designing the oligonucleotides to have their point of ligation located at the nucleotide

position of a known point mutation. In signal amplification techniques (represented by

branched DNA (bDNA) technology (Urdea, 1991; Sanchez-Pescador, 1988) in Fig. 2C),

detectable signals are achieved by a series of hybridization events to increase the number

of labels per target molecule. The bDNA approach is possible to use also on targets with

sequence heterogeneity due to the discontinous design of multiple probes. As bDNA

probes provide a broad quantitative detection range, this method is suitable also for

quantitative assays. The signal amplification methods that do not generate amplifiable

products are thus less susceptible for product contamination.

Figure 2. Examples of nucleic acid amplification techniques, represented by a target-, a probe-and a signal

amplification method. In the polymerase chain reaction (PCR) (A), the internal product sequence between

the by PCR incorporated primer sequences is identical to the target sequence, except from potential errors

introduced by the DNA polymerase. The amplification specificity is a result of the requirement for the two

primers to hybridize at opposite strands, relatively close to each other and of the DNA polymerase

preferring matched 3' ends to initiate DNA synthesis. The amplification product obtained in the ligase chain

reaction (LCR) (B) contains only DNA sequence originally present in the probes themselves. A

complementary base at the 3' end of the probe result in much more effective ligation of probes than do

mismathed bases, contributing to the specificity of amplification. In branched DNA (bDNA) amplification

(C), neither target nor probe sequence is amplified. Several independant probe hybridization events are

required to give a strong signal.
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Table 1 Examples of nucleic acid amplification methods.

Amplification
method*

References Probe molecule Enzymes used

Target
PCR (Saiki, 1985), (Mullis, 1987) two primers thermophilic DNA polymerase
TAS (Kwoh, 1989) primers (one with T7 RNA polymerase

promoter)
reverse transcriptase, RNA polymerase

3SR/NASBA (Guatelli, 1990), (Compton,
1991)

primers (one with T7 RNA polymerase
promoter)

reverse transcriptase, (RNAse H), RNA
polymerase

SDA (Walker, 1992) primers with restriction endonuclease
recognition sequence

restriction endonuclease, DNA
polymerase

Probe
LAR (Wu, 1989) probes hybridized head-to-tail DNA ligase
LCR (Barany, 1991) probes hybridized head-to-tail thermophilic DNA ligase
QB replicase-
based
amplification

(Kramer, 1989), (Lomeli, 1989) Folded substrate probe with target-specific
region and RNAse III sensitive site

QB replicase

RCA (Fire, 1995), (Lizardi, 1998) padlock probe and two additional probes DNA ligase, DNA polymerase

Signal
Compound probes (Klausner, 1988), (Yang, 1991) primary probe and labeled secondary probes none
bDNA probes (Urdea, 1991), (Sanchez-

Pescador, 1988)
capture probes, extender probes, branched
amplification multimers and labeled probes

none

Invader (Lyamichev, 1999), (Ryan, 1999) two overlapping oligos and a secondary signal
probe

flap endonuclease

*PCR-polymerase chain reaction, TAS-transcription-based amplification system, 3SR-self-sustaining sequence replication, NASBA-nucleic acid
sequence-based amplification, SDA-strand displacement amplification, LAR-ligase amplification reaction, LCR-ligase chain reaction, RCA-rolling circle
amplification, bDNA-branched DNA.
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Today, due to its in-built versatility and flexibility, PCR is the most widely used

and best developed amplification method with the most diverse applications. Since the

invention of the PCR, numerous improvements and modifications on the amplification

process itself have been presented. Together which with the discovery and engineering of

polymerases with more optimal performance (thermostability, reverse transcription

activity, incorporation of dideoxynucleotides, improved processivity and proofreading)

these have made possible for example hot start (Mullis, 1991; Chou, 1992; Kellogg,

1994; Birch, 1996; Nilsson J, 1997), other primer-dimer reduction methods (Brownie,

1997), RT-PCR (Young, 1993; Myers TW, 1991), long PCR (Barnes, 1994), high fidelity

PCR (Lundberg, 1991), in situ PCR (Nuovo, 1993) and cycle sequencing (Carothers,

1989; Innis, 1988) (see below). A deeper understanding of the factors affecting the

amplification mechanism and of the importance of PCR optimization and standardization

and proper internal PCR controls as well as the availability of different contamination

control approaches have, in spite of the early doubts, allowed implementation of PCR

also in clinical use. Improved amplification characteristics have together with the

developments on PCR product detection methods allowed for quantitative PCR analysis

(see below) and multiplex amplification (Chamberlain, 1988; Wang, 1998). By using the

Bridge technology based on acrydite attached amplification primers, extreme

multiplexing can be achieved and thereby facilitating PCR generation of hybridization

targets for DNA array analysis (Mitra, 1999).

The instrumentation to perform PCR has also undergone extensive development

since the first generation PCR instruments. For example, extremely rapid temperature

cycling does not only shorten the amplification time but also greatly improves the

amplification process itself by reducing nonspecific reactions and thereby increasing the

sensitivity, specificity and product yield. Rapid temperature cycling can be performed in

commercially available instruments using air-heated micro-capillaries (Wittwer, 1990) or

in microfabricated silicon-based reaction chambers (Cheng, 1996; Burns, 1996;

Northrup, 1998). The PCR chip approach also permits integration of PCR amplification

and product analysis by capillary electrophoresis on the same microchip (Woolley, 1996).

Both the micro-capillary system and a silicon chamber microchip have now also

successfully been combined with kinetic (real-time) detection of the PCR product formed

(Wittwer, 1997; Northrup, 1998). The development of a portable, battery-operated,
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miniature chip-based instrument using rapid thermocycling and real-time detection has

allowed for example analysis of single-base polymorphism in less than one hour,

including the time required for sample preparation (Ibrahim, 1998). A completely

different chip approach to reduce sample and reagent volume and increase throughput is

the recently reported continuous-flow PCR, where the samples are injected serially into a

single buffer-containing channel, repeatedly passing over three different temperature

zones where DNA denaturation, primer hybridization and extension occur (Kopp, 1998).

2.1 Sample preparation

When culture is replaced by PCR for the detection and analysis of a

microorganism, a signature sequence is chosen as a representation of the entire genome

of the organism and in some cases also of its evolutionary history. Genotypic analysis has

multiple advantages compared to the study of phenotypic characteristics, such as

rapidness, sensitivity, specificity and by producing readily quantified and standardized

data. However, additional questions may arise, such as the consequence of the ability to

detect also nonviable bacteria i.e. residual nucleic acid after initiation of effective

therapy. This might be advantageous in diagnosis of microorganisms sensitive to

transport and storage. Some species contain a high micro-heterogeneity and when

comparing nucleic acid sequences less than a 100 % identity might need to be defined as

matching. Furthermore, in some cases the genetic variation may have no phenotypic or

clinical correlate. When using highly conserved primers, the over-sensitivity of PCR can

detect environmental contamination, irrelevant opportunists or natural, co-existing flora.

Sometimes it is not possible to find microbial nucleic acid in the diseased tissue due to

pathogens with widespread systemic effects caused by exotoxins. Thus, when choosing

nucleic acid target region for amplification, several aspects need to be considered.

Examples also include whether DNA or RNA should be amplified, if an open reading

frame or a non coding region should be chosen, a conserved or divergent sequence and

the implications of choosing a single or multiple-copy target gene.

An absolute requirement for a successful nucleic acid amplification analysis is a

high quality template and careful precautions to prevent contamination. The main goals

of the sample preparation is to release and stabilize the nucleic acid, to concentrate the

target, remove inhibitors and obtain the nucleic acid in a protective buffer, compatible
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with the enzymatic amplification. The choice of sample preparation method is also

dependent on the properties of the isolated organism and the physical properties of the

specimen. An optimal sample preparation method is also convenient, robust, safe and

possible to automate. With the introduction of rapid-cycling PCR instruments and real-

time detection techniques, the sample preparation step is often the rate-limiting step of

the analysis and also the most difficult part to miniaturize.

 A large number of specimen types, such as blood, plasma, serum, cell fractions,

cerebrospinal fluid, sputum, urine, faeces, nasal washes, swabs, formalin fixed paraffin-

embedded tissue and also food and environmental samples, are potential sources of

nucleic acids possible to amplify after suitable treatment (Greensfield, 1993). DNA

polymerase inhibitors are often present in crude samples, but can also be introduced into

the sample during the sample preparation procedure. Nucleic acids can be released from

samples by several techniques such as boiling, freeze-thawing, sonication, or by

treatment with sodium hydroxide, detergents, chaotropes and proteases (Greensfield,

1993). The nucleic acid is then extracted, precipitated and / or captured to a matrix.

Commercial kits exist for isolation of DNA or RNA from a wide variety of specimen

types. These are usually based on enzymatic lysis, binding of the nucleic acid to matrix-

containing spin columns using spin or vacuum technology for washing and buffer

exchange. Alternatively, magnetic particles with coupled nucleic acid probes can be used

for nucleic acid capture, utilizing a magnetic device for collection of the beads when

buffer is changed (Albert, 1992; Deggerdal, 1997; O'Meara, 1998). A potential shortcut

in sample preparation is to capture the whole target organism by for example

immunomagnetic separation (Olsvik, 1994) or filtration (Bej, 1991), wash the isolated

target and add it directly to the PCR vial, where it is lyzed prior to amplification.
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2.2 Qualitative analysis

To be able to choose the most suitable method to analyze the result after nucleic

acid amplification, several aspects need to be considered, including for example the level

of specificity in the amplification. A highly specific PCR amplification may not need

sequence confirmation by a probe hybridization detection method. On the other hand,

when the amplification product is expected to be heterogeneous and perhaps rare

sequence variants need to be detected, which can occur for example in HIV analysis and

in the search for new pathogens, low-stringent hybridization is required if a hybridization

method is to be used. In some cases a method which separates the amplification product

according to molecular size is advantageous.

PCR product detection methods can be divided into two groups (Table 2),

heterogeneous and homogeneous methods. The heterogeneous methods all require post-

PCR manipulations such as aliquoting the product, loading of samples onto a gel or a

column; transfer of product onto a membrane, chip or other solid phase; addition of

proteins or nucleic acid probes and substrates; or enzymatic ligation or nucleotide

extension reactions. Attempts have been made to fully automate these manipulations

(Brown, 1999). Three fundamentally different heterogeneous detection methods are

exemplified in Figure 3; hybridization-based analysis (using a DNA chip, Fig. 3A),

enzymatic extension analysis (using minisequencing, Fig. 3B) and mass analysis (using

mass spectrometry, Fig. 3C).

Figure 3. Examples of heterogeneous PCR product detection methods. Hybridization on DNA chips (A)

can be performed in both a dot blot and a reverse dot blot fashion. Hybridization is detected by

radiolabeling or more often fluorescence, which permits the detection of multiple dyes simultaneously.

Minisequencing (B) can now also be performed in one tube by using differently labeled ddNTPs. DNA

analysis by mass spectrometry (C) is usually performed by using matrix-assisted laser desorption /

ionization time of flight (MALDI-TOF) MS. If single nucleotide polymorphisms are to be distinguished,

only short oligonucleotides can be analyzed.
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Table 2. Examples of PCR product detection and analysis methods

Detection methods References

Heterogeneous

Gel electrophoresis (Mullis, 1987)

Capillary electrophoresis (CE) (Schwartz, 1991), (Fasco, 1995)

High performance liquid chromatography (HPLC) (Oefner, 1994)

Dot blot (Bugawan, 1988)

Reverse dot blot (Saiki, 1989)

DNA enzyme immunoassay (DEIA) (Mantero, 1991)

Electrochemiluminescence (DiCesare, 1993)

High density DNA array (Schena, 1995)

Surface plasmon resonance (Nilsson P, 1997), (Kai, 1999)

DNA-binding proteins (Kemp, 1989), (Wahlberg, 1990)

Oligonucleotide ligation assay (OLA) (Landegren, 1988)

Primer extension assay (Shumaker, 1996), (Syvänen, 1990)

Mass spectrometry (MS) (Hillenkamp, 1991)

Pyrophosphate ion complexes (Gibson a, 1997)

Homogeneous

Hybridization protection assay (HPA) (Arnold, 1989), (Nelson, 1996)

Fluorescence polarization (Gibson b, 1997)

PCR with intercalating dye (Higuchi, 1992)

5' exonuclease assay (TaqMan) (Holland, 1991), (Livak, 1995)

Sunrise primers (Amplifluor) (Nazarenko, 1997), (Uehara, 1999)

Molecular beacons (Tyagi, 1996)

Scorpion primers (Whitcombe, 1999)

Adjacent fluorescence hybridization probes (Wittwer, 1997)

Dye-labeled oligonucleotide ligation (DOL) (Chen, 1998)

Product-product annealing kinetics (Ririe, 1997)



MOLECULAR DIAGNOSTICS OF INFECTIOUS DISEASES
___________________________________________________________________________________________________________________________

15

A homogeneous method detects the amplification product inside the closed PCR

tube and often in real-time, without addition of any further reagent components, which

also reduces the risk for carry-over contamination. The homogeneous methods can be

further divided into unspecific methods, which detect the correct amplicon as well as

primer-dimer and other unspecific products (e. g. using intercalating dyes, Fig. 4A), and

specific methods, which only detect amplification products containing internal, target-

specific sequence (e. g. using TaqMan probes and Scorpion primers, Fig. 4B and C).

Heterogeneous methods have a potential advantage when multiple analyses are to

be performed on the same PCR sample. However, the availability of multiple dyes

(FRET-pairs) has now allowed kinetic detection of multiple targets or sequence variants

simultaneously in the same tube (Tyagi, 1998; Kostrikis, 1998). Despite the wide range of

detection methods available, several detection principles need often to be combined to

achieve optimal analysis of for example polymorphic positions in genotyping, in gene

expression analysis and in other quantitative applications. Minisequencing reactions can

for example be performed on an oligonucleotide array (Pastinen, 1997). Oligonucleotide

single-base extensions (Higgins, 1997) or extension products obtained with a mixture of

deoxyribonucleotide triphosphates and dideoxyribonucleotide triphosphates (Braun,

1997) can be analyzed by matrix-assisted laser desorption / ionization (MALDI). The

methods used for detection and analysis of PCR products are of course used also in

combination with non-PCR amplification techniques. For example, the Invader

technology uses quenched fluorescent probes (Lyamichev, 1999) and transcription

mediated amplification (TMA) products can be combined with a hybridization protection

assay (HPA) for detection of viral RNA (Nelson, 1998). Recently, a number of hyper

sensitive, nucleic acid-based principles for detection without amplification have been

proposed. These methods make use of physical phenomena such as surface-enhanced

resonance Raman scattering (Graham, 1997), fluorescence correlation spectroscopy

(Eigen, 1994), electrophoretic velocity (Castro, 1995) or color change upon aggregation

of gold nanopatricles coupled to hybridization probes (Elghanian, 1997). It remains to be

proved if these approaches are sensitive enough and may have the potential to overcome

the problems with high background, when complex samples such as the human genome

are analyzed.
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Figure 4. Examples of homogeneous PCR product detection methods. PCR can be performed in the

presence of an intercalating dye (I) (A), such as ethidium bromide or SYBR Green I. The linear detection

range is limited by the detection of non-specific products after many cycles and by the amount of dye

becoming limiting at high product concentrations. The specificity of this method is strongly dependent on

the specificity of the PCR primers. In 5' exonuclease assays (B), the highly distant-dependent energy

transfer between the donor (D) and acceptor (A) stops as the probe is hydrolyzed. The detection probe is

protected from extension by a 3' phosphate (P). The probe needs to be carefully designed for both efficient

hybridization and cleavage. The higher specificity obtained with sequence-specific probes is useful in the

detection and quantification of low-copy-number samples. The Scorpion primer (C) combines the PCR

primer and detection probe functions, resulting in a concentration-independent, unimolecular hybridization

event. The hybridization of the amplicon-specific region to the recently synthesized target sequence

separates the donor (D) and acceptor (A). No hydrolysis is required, but the primer needs to be carefully

designed to have optimal hybridization characteristics. The stem of the hairpin probe contributes also to

higher specificity of the assay. The blocker (B) protects the hairpin structure from being copied during the

PCR extension step.

Below, three different (I-III) variants of qualitative determinations and some

common applications in nucleic acid amplification-based detection and analysis of

microorganisms will be discussed briefly.

(I) PCR-based typing

PCR (or another target amplification method) can be combined with other

techniques to allow typing of microorganisms on different levels of specificity, also at

intra-species level. PCR can for example be used to amplify a known sequence, which

subsequently is cleaved into a characteristic fragment pattern by use of restriction

endonucleases. The result of PCR-RFLP (restriction fragment length polymorphism) is

usually visualized by using gel electrophoresis (Sayada, 1991). An advantage to previous

used methods is that no Southern blotting or probing is necessary. Another approach is to

use RAPD (random amplification of polymorphic DNA, also called arbitrary PCR), a low

stringent amplification with short, arbitrary primers to generate simple and reproducible
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fingerprints of genomic DNA (Williams, 1990; Welsh, 1990). This is a cost-effective

analysis that eliminates the restriction step and does not require any prior sequence

information. Broad-range PCR can be used for microbial identification at different levels

of specificity depending on the choice of genomic region to be amplified by PCR.

Preferred regions are those containing both relatively conserved regions allowing design

of universal primers and hypervariable regions for identification. When the sequences of

relevant organisms are known, hybridization of the PCR product to specific probes on a

chip can be used to achieve a differential diagnosis when the clinical question is restricted

to a group of organisms (Kaufhold, 1994). Molecular strain typing is also useful in

molecular epidemiology to compare clinical and environmental isolates, to identify

single-source outbreaks, to distinguish between relapse and re-infection, to study the

structure and the gene flow within a pathogen population.

(II) Specific detection

This kind of "yes / no" diagnostics relies on the PCR amplification (or any other

nucleic acid amplification method) with primers of proven target organism specificity.

Virtually any PCR product detection method (Table 2) can be applied, since only the

presence or absence of product needs to be proved. Rapid, specific, PCR-based tests are

useful in the diagnostic identification of known but uncultured (Relman, 1993), fastidious

(Buck, 1996), slow-growing (Ichiyama, 1996) or hazardous (Gruner, 1994) organisms,

especially where alternative diagnostic methods such as serological determination are too

slow or not sensitive enough. Other applications are in epidemiological investigations,

especially in outbreak situations (Keene, 1997), and in retrospective studies of archival

clinical specimen (Salo, 1994). The requirement from the authorities to detect viral

contaminants in plasma pools used for different blood products by validated nucleic acid

amplification-based technology has increased. A large number of amplification-based

qualitative tests for a wide range of organisms are now commercially available. By

amplification of genes encoding virulence factors causing a certain disease, potentially

toxin-producing infectious agents can be identified (Johnson, 1991). A disadvantage

compared to patient diagnostics by culture-based isolation and analysis is that an

antibiotic resistance assessment need to be done separately by traditional methods or by a
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nucleic acid amplification assay (see below), if the susceptibility profile of the organism

is not known.

(III) Detection of known polymorphisms and mutations

Another example of qualitative, nucleic acid amplification-based analysis is the

detection of known nucleotide mutations or polymorphisms in a target sequence. PCR

can be combined with several detection principles (Table 2) to achieve single base

change detection. Sequence-specific PCR amplification is a sensitive method for single-

base discrimination (Wu, 1989; Newton, 1989). In the hybridization-based detection

methods, differences in hybridization characteristics between a perfect match and single

nucleotide mismatch are used to detect mutations. Other methods rely on sequence-

specific ligation of oligonucleotides or specific extension of perfectly matched primers.

In research, a large number of polymorphic positions are often studied in relatively few

samples, whereas in clinical applications, a larger number of samples are usually

investigated for fewer variations. Applications in microbiology include differentiation

between closely related strains (Ibrahim, 1997), study of human allelic variations

affecting the susceptibility or resistance to infectious agents (Hill, 1992; Apple, 1995;

Michael, 1999), detection of antibiotic resistance in bacteria (Tenover, 1994) and viral

drug resistance (Larder, 1989; el-Farrash, 1994) in cases where the genetic basis is

known and relatively simple. When the genetic mechanism involved in resistance is

unknown or complex, quantification of viral load (Mellors, 1996) is an alternative

approach for indirect determination of drug resistance (see below).

2.3 Quantitative analysis

As a result of the successful developments in both amplification-based technology

and in amplification product detection methods, a large number of approaches to

quantitate nucleic acids have been reported during the last decade. The considerable

improvements in sensitivity as well as accuracy compared with conventional

hybridization-based methods such as Southern and Northern blots, dot-blot, nuclease

protection assays and in situ hybridization have also expanded the application area of

quantitative nucleic acid analysis. Amplification-based quantitation is today used in a

wide range of fields, such as in quantitation of bacteria, parasites and viruses, primarily to
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monitor the effect of anti retroviral therapy. Quantitation by RT-PCR has also potential in

analysis of gene expression, especially in the cases of low-abundant mRNAs (Loitsch,

1999) or RNA from few or single cells (Fiorenza, 1998). Other application areas are

quantitation of transcripts to monitor gene therapy (Wolff, 1992) or estimation of drug

resistance gene products (el-Osta, 1999) and quantitation of host cell DNA contamination

in pharmaceutical-grade plasmid preparations (Lahijani, 1998; Smith, 1999).

The choice of quantitation assay depends primarily on the demands on sensitivity

and accuracy and the quantification range needed in a specific application but also

whether an absolute quantitation is necessary or if a relative quantitation is sufficient or

even more suitable. In clinical practice, commercial kits containing reagents for sample

preparation and amplification, primers and quantitation standards are now widely used

for quantitation of HIV-1 RNA in plasma. The kits on the market are based on different

amplification technologies. The AMPLICOR HIV-1 Monitor test (Roche) is based on

PCR, NASBA HIV-1 QT (Organon Teknika) uses nucleic acid sequence-based

amplification and enhanced sensitivity-bDNA (Chiron) utilizes signal amplification by

branched DNA probes. Although these three tests rely upon fundamentally different

amplification technologies and also use different protocols for sample preparation,

contain different types of control nucleic acids and detect the amplification products by

different methods, they seem to show comparable performance characteristics. When

compared to each other, inter-laboratory variation with the same kit seems to be greater

than the variations between the three kits (Lin, 1998).

For research purposes, PCR-based assays dominate. A large number of strategies

have been developed to circumvent the inherent exponential, non-quantitative nature of

PCR and the number of published reports on applications of PCR-based quantitation have

increased dramatically during the last years. In fact, every approach demonstrating both a

calibration curve defining the range within quantification is possible and sufficient

replicate samples to perform statistic evaluation of variability is adequate for that specific

application (Halford, 1999).

Below, three entirely different (I-III) approaches to quantitative PCR will be

described briefly.
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(I) Limiting dilution analysis

PCR has successfully been combined with limiting dilution and Poisson statistics

to determine the number of nucleic acid targets in an unknown sample (Brinchmann,

1991; Sykes, 1992). This approach to quantitation is attractive by avoiding many of the

problems and assumptions associated with the most frequently used methods (see below).

The basic principle of limiting dilution analysis is quantitation of the number of initial

nucleic acid targets present in a sample, without quantitation of the actual amount of PCR

product formed. The sample is terminally diluted to an all-or-none end point (Fig. 5A).

To secure that as little as one target gives rise to a positive end point, a nested

amplification is usually required. To achieve quantitation, multiple replicates at serial

dilutions are assayed and the number of targets are calculated by applying Poisson

statistics on the fractions of positive and negative samples at the limit of dilution, where

only some of the parallel PCR reactions result in a product. The PCR products can be

detected by any detection method, since only a qualitative determination is required. The

drawbacks of this method involve handling of a large number of PCR tubes per unknown

sample and the contamination aspect of nested amplification. These disadvantages may

be overcome by combining nanoliter scale PCR with TaqMan detection, thereby

achieving saturated amounts of PCR products from a single DNA copy in one round of

PCR (Kalinina, 1997).
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Figure 5. Examples of PCR quantification strategies. In limiting dilution analysis (A), the approximate

endpoint is estimated in an initial experiment (1). The number of targets is then calculated from the fraction

of positives in diluted, replicate samples in a more extensive experiment (2). In competitive PCR (B), the

target is mixed with different amounts of competitor template, by some property distinguishable from the

target sequence. The number of initial target molecules is determined from the point in the internal

calibration curve where the post-amplification target- and competitor signals are identical. In quantification

by kinetic PCR (C), the normalized fluorescence •Rn of all samples is determined at least once each

amplification cycle, resulting in an amplification plot (1). An external calibration curve (2) is constructed

after amplification of a dilution series of a standard of known concentration. The threshold cycle (CT) is the

cycle number at which the fluorescence signal of the amplification product exceeds a threshold level of

fluorescence. Kinetic PCR quantification is also compatible with the competitive PCR approach, if

different FRET-pairs are used.

(II) Competitive PCR

The most widely used quantification strategy involves co-amplification of the

target and known amounts of an internal standard (Becker-André, 1989). (Fig. 5B)

Quantitation is achieved by comparing the amounts of the two PCR products formed.

Since target and standard usually compete for primers, DNA polymerase and the other

components of the reaction mixture, the standard is called competitor and the procedure

is termed competitive PCR. Basic considerations when designing a PCR-based

competitive assay include (i) design of competitor(s), (ii) simultaneous quantitation of a

reference gene, (iii) sensitivity, dynamic range and precision required (iv) quantitation in

the exponential or plateau phase, (v) choice of detection method and (vi) quality control.

Typically, a fixed amount of the unknown sample is amplified together with a dilution

series of the competitor. The competitor differs from the target sequence so that the

respective amplicons can be distinguished by for example a slight difference in length

(Piatak, 1993), a unique restriction enzyme cleavage site (Becker-André, 1989), a unique

sequence for binding of a DNA-binding reporter protein (Lundeberg, 1991) or

hybridization to a specific DNA probe (Kohsaka, 1993). The result can be presented as a

curve relating log(competitor signal/target signal) to log(initial amount of competitor).

Provided that the ratios of the amplification efficiencies of the target and competitor

remain constant during the amplification, a straight line having a slope of 1 is obtained.
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To be able to perform absolute and not only relative quantitation, additional experiments

are required to make sure of equal amplification efficiencies, since changes in

amplification efficiencies not affecting the ratio will lead to a parallel shift of the curve

(Raeymaekers, 1993). Equal amplification efficiencies are most likely obtained with

competitors as similar as possible to the target sequence (i.e. homologous competitors)

(Zimmermann a, 1996). Advantages with heterologous competitors (Siebert, 1992) as

opposed to homologous competitors are the lower risk of heteroduplex formation

(Hayward-Lester, 1995) which may interfere with the quantification of products, the

possibility to quantify several genes with one and the same competitor (Wang, 1989;

Tarnuzzer, 1996) and the possibility to include the quantitation of a reference gene, for

example a house-keeping gene (Sestini, 1995). Cloned plasmid competitors are

convenient in DNA quantitation but in RNA quantitation in vitro transcribed RNA

competitors are preferred to control for the large variations in RNA isolation and in the

RT step (Piatak, 1993). A way to circumvent the analysis of each sample with a number

of competitor dilutions and still keep the benefits of the internal control strategy is to

include multiple, distinguishable competitors of different copy numbers and perform the

quantitative analysis in a single PCR tube (Vener, 1996; Zimmermann b, 1996). The

signals from the competitors are used to construct an internal calibration curve. To

improve the sensitivity of a quantitative assay, nested amplification can be used. When

quantification is performed in the linear or plateau phase of the amplification (Siebert,

1992; Pannetier, 1993; Morrison, 1994), equal amplification between target and

competitor(s) become particularly important, since differences in amplification

efficiencies become more pronounced in later PCR cycles (Freeman, 1999;

Raeymaekers, 1993). The range within which a reliable quantification can be performed

is determined both by the presence of differences in amplification efficiencies (i. e. how

large difference in amount of two templates is representatively conserved throughout the

amplification) and the dynamic range of the PCR product detection method (i. e. the

interval where a linear response is obtained). When highly accurate quantification within

a wide dynamic range is desired, the analysis can be performed in a two-step procedure

(Souazé, 1996; Freeman, 1999). In the first round, the sample is analyzed with

competitors covering the whole relevant interval (perhaps over a range of 5-6 orders of

magnitude). In a second step, a more narrow range of standards is used to quantify the
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sample with a high accuracy or to be able to measure small changes between samples.

This narrow-range analysis can be performed as a non-competitive assay, i. e. the target

signal is unaltered by the standard (Freeman, 1999). The quantification is estimated on a

linear-scaled graph and the equivalence point (= the amount of target) is represented by

the intersection of the two lines. The target signal should remain constant and the

standard curve should be linear with a slope corresponding to a doubling of the signal as

a result of a doubling of standard input.

(III) Kinetic PCR

A completely different approach to quantitative PCR has emerged during the last

years due to technological advances in amplification product detection. The possibility to

use amplification reaction kinetics instead of measuring the amount of product

accumulated after the amplification was early suggested. However, improvements on

both chemistry and instrumentation were required before the use of this technique

became applicable. At present, three commercially available systems have been

developed to quantify nucleic acid targets by use of reaction kinetics, ABI PRISM 7700

and 5700 Sequence Detection Systems (PE Applied Biosystems), the LightCycler (Idaho

Technologies) and the iCycler iQ (Bio-Rad). These instruments detect, quantify and, if

necessary, differentiate between products in real time and without opening the tubes. The

instrument software transforms amplification plots into linear standard curves (Fig. 5C).

Different fluorescence detection principles are now compatible with these instruments.

ABI PRISM 7700 originally used hydrolysis TaqMan probes (PE Applied Biosystems)

relying on the 5'-->3' exonuclease activity of Taq DNA polymerase. The LightCycler

used dsDNA dyes and quantitation by re-hybridization of DNA, enabling single base pair

mutant standards to be discriminated by DNA melting curves (Ririe, 1997). The basic

difference between kinetic PCR and end-point PCR quantitation is the point in the

amplification process where quantitation is performed. In end-point quantitation, all

samples are analyzed at a fixed cycle number, where samples containing few copies of

the target sequence are still in the exponential phase of the amplification whereas high-

copy number samples are detected in the plateau phase. In real-time quantitation, the

threshold cycle (CT) is defined as the cycle at which the amplification product reaches a

detection threshold and all samples are thereby detected in the exponential phase, where
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inhibition and competition between templates are less pronounced problems (Heid,

1996). The CT is inversely proportional to the logarithm of the number of target copies

present in the initial sample. A standard curve is constructed by relating the CT to the

number of starting molecules, using exactly quantified DNA or RNA standards amplified

in the same PCR run as the samples. Well-to-well variations of fluorescence can be

normalized using a reference dye. To overcome the disadvantages with interpolation of

samples to an external calibration curve and reach an absolute quantitation of DNA and

to compensate for variable efficiencies in the RT step, addition of an internal

(competitive) standard is recommended. Competitive PCR with real-time detection is

possible by use of different reporter fluorescent dyes (Gibson, 1996). Target and standard

can be detected in the same tube or, if a wide dynamic range is required and overlapping

spectra is a problem, in duplicate reactions containing both target and standard but only

one of the two detection probes. Additional advantages with kinetic analysis, except from

the exponential phase detection, include fewer manipulations enabling high throughput

systems and no post-PCR sample handling reducing the risk of contamination. A

consequence of the sensitive detection system is that only a single round of amplification

is required to quantity within a wide dynamic range. The visualization of the

amplification process itself, including within-cycle monitoring can be useful in the PCR

optimization process and provide indication of inhibition of the amplification in clinical

samples.

2.4 DNA sequence determination

During the last twenty years, several techniques for determination of the exact

nucleotide sequence of a DNA molecule have been developed. The most used one is

Sanger's dideoxy chain termination method (Sanger, 1977), in which four sets of

terminated, labeled DNA fragments of different lengths are synthesized by a DNA

polymerase and separated by gel electrophoresis (illustrated by solid-phase sequencing

(Hultman, 1989), Fig. 6A and cycle sequencing (Carothers, 1989; Innis, 1988), Fig. 6B).

Mass spectrometry can be used for mass analysis of Sanger fragments (Jacobson, 1991)

or by performing a dissociation-based sequencing reaction in the mass spectrometer

(Little, 1995). In chemical and enzymatic degradation techniques, the terminally labeled

DNA molecules are fractionated in four nucleotide-specific reactions (Maxam, 1977). A
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completely different approach is sequencing by hybridization (Bains, 1988), detecting

perfect complementary between the DNA molecule to be sequenced and oligonucleotides

attached to a high density DNA array (Drmanac, 1998). In sequencing-by-synthesis,

nucleotides are detected as they are incorporated during a primer-directed DNA

polymerase extension (exemplified by pyrosequencing (Ronaghi, 1998), Fig. 6C).

Despite the rapid development in sequence-based technology, DNA sequencing is still

rather expensive.

In the detection and analysis of infectious agents, DNA sequencing is primarily

used in the discovery and identification of microorganisms or antibiotic resistance-

encoding genes. "New" pathogens have been identified both by using broad range PCR

(Wilson, 1994) and by using representational difference analysis (RDA) of diseased and

normal tissue (Chang, 1994). When the obtained sequence is aligned with previously

known sequences, phylogenetic relationship can often be inferred. From the sequence

data, a specific assay for detection of the pathogen might be developed, to be used in

diagnostics and to study the epidemiology and ecology of the pathogen. The phylogenetic

relatedness can also be used to suggest suitable culture conditions for isolation of the

organism and potentially also antigenic relatedness for the development of

immunodiagnostic tests (Dumler, 1995). Alternatively, pathogen-specific, antigen-

encoding sequences recovered from diseased tissue can be cloned and expressed,

allowing immunodiagnostic tests to be developed for organisms not yet isolated by

culture (Feldmann, 1993). DNA sequencing to detect antibiotic resistance as well as the

dynamic changes in viral drug resistance can also often be translated into simpler tests

(see above).
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Figure 6. Examples of DNA sequencing techniques. Solid-phase Sanger sequencing (A) of PCR products

was developed to allow automated sequencing of both DNA strands separately, and to facilitate change of

reaction buffers by using super-paramagnetic particles and the highly stable streptavidin-biotin interaction.

The Sanger fragments generated in cycle sequencing (B) are synthesized by a thermostable DNA

polymerase during thermal cycling. In pyrosequencing (C), unlabeled nucleotides are added iteratively to

the primed template in a four-enzyme mixture. Correct nucleotides are incorporated by the polymerase and

PPi release is detected by the actions of ATP sulfurylase and luciferase. Excess of nucleotides or

nucleotides not complementary to the template are degraded by apyrase.
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PRESENT INVESTIGATION

3. Diagnosis of Bordetella infection by PCR (I-IV)

3.1 Pertussis and laboratory diagnosis of Bordetella infection

Of the six to date known species of the genus Bordetella, only three are normally

associated with human illness; B. pertussis causing classical whooping cough, B.

parapertussis causing pertussis-like disease and the less frequently occurring B.

bronchiseptica causing respiratory disease also in other mammals. When these three

species were first investigated by DNA analysis their close genetic relatedness raised the

question whether they actually were three separate species or represent only different

subspecies (Musser, 1986). However, further analysis by DNA restriction profiles,

analysis of LPS and the lack of cross protection after infection or immunization with one

of the species confirmed the differentiation into three separate species (Khattak, 1993;

Amano, 1990).

Pertussis is a highly contiguous disease, in its typical form characterized by a

catarrhal, a paroxysmal and a convalescent stage. The virulence factor traditionally

believed to be responsible for the classical symptoms of whooping cough is pertussis

toxin (PT) (Pittman, 1979), considered only to be produced by B. pertussis, even though

the PT promoter as well as the structural genes are present also in the other two species.

Since the earlier widely used whole-cell vaccines suffer from poor potency and frequent

side reactions, alternative component vaccines have been developed and tested during

recent years (Marwick, 1995; Schmitt-Grohe, 1995; Trollfors, 1995).

To avoid spread of pertussis and to efficiently reduce the symptoms of the disease

by antibiotic treatment, rapid diagnostic procedures are required. In epidemiological

studies and in vaccine efficacy trials, differentiation between the species is of interest.

Since the pathogen rapidly looses its viability outside the body and is fastidious about

growth conditions, optimal sampling, transport conditions and processing of samples are

necessary. The golden standard in laboratory diagnosis of pertussis is culture (Müller,

1997). In combination with biochemical analysis, the specificity is high and

differentiation between Bordetella species is possible, but the sensitivity is only about 50
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% (Onorato, 1987) and culture takes 3 to 12 days to complete (Katzko, 1996). In

epidemiological studies, serology is a valuable diagnostic method, but in vaccine studies

it is important to be able to distinguish between Bordetella infection and vaccine effects

(Mink, 1994). Since acute and convalescent sera are preferred, rapid diagnosis early in the

disease is difficult with serology.

As an alternative to culture, different regions in Bordetella spp. DNA have been

used as targets in diagnostic PCR, such as insertion sequences (Glare, 1990; He, 1993;

Houard, 1989; Lichtinghagen, 1994; Olcen, 1992; van der Zee, 1993), the adenylate

cyclase gene (Douglas, 1993), the porine gene (Li, 1994) and the pertussis toxin (PT)

promoter region (Houard, 1989; Reizenstein, 1993; (I); Stefanelli, 1996). An advantage

using the PT promoter is the possibility to amplify B. pertussis, B. parapertussis and B.

bronchiseptica in a single PCR with generic primers with subsequent differentiation

between the three species by restriction analysis of the PCR amplicons. A comparison

between the different PCR assays is difficult, since they use different reference methods

and study populations, different sampling and processing methods and report varying

rates of false positive samples. However, most assays are able to detect single organisms

but show less than 100 % sensitivity when compared to culture, probably illustrating the

fact that the sample preparation method is critical for the diagnostic sensitivity of the

PCR (Müller, 1997). The two main factors are yield of bacterial DNA from the sample

and occurence of Taq DNA polymerase inhibiting factors in the clinical sample. The

most frequently used methods to enrich and purify the target prior to pertussis PCR

include centrifugation to pellet the bacteria, repeated washing of the bacteria if the

sample contained blood, ultrasonication, treatment with mucolytic agents or proteinase K

or cation exchange treatment, phenol-chlorophorm extraction of DNA or just a simple

boiling of the sample (Meade, 1994; Muller, 1997).
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3.2 Solid-phase sample preparation and detection of Bordetella (I)

The aim of this study was to evaluate if immunomagnetic separation of intact

(fresh or frozen) Bordetella bacteria can replace the previously used PCR sample

preparation method based on centrifugation, repeated washings if the sample contained

blood, Proteinase K treatment and boiling. To avoid PCR product analysis by gel

electrophoresis, a solid-phase detection assay, DIANA (Detection of Immobilized

Amplified Nucleic Acids) was combined with restriction analysis to allow

differentiation between Bordetella species in an enzyme-linked immunosorbent assay

(ELISA) format (Fig. 7). The paramagnetic support allows for rapid capture of target

organism, complete removal of inhibitors and change of reaction buffers by magnetic

separation, enables enzymatic manipulations to be performed on immobilized nucleic

acid and facilitates automation.

Aspirate

IMS

PCR

Colorimetric detection (DIANA)

 
 

LacI-β Gal

STMA17

STMA11

STMA10

STMA18
pertussis toxin 

promoter

Solid-phase 
detection and typing

restriction  sites
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Figure 7. The integrated concept consists of (i) immunomagnetic separation (IMS), (ii) PCR, (iii) detection

of immobilized amplified nucleic acid (DIANA) in an enzyme-linked immunosorbent assay (ELISA)

format, together with, (iv) typing of bacteria by restriction enzyme analysis

Immunomagnetic separation of bacteria was performed by using two polyclonal

rabbit sera directed against B. pertussis and B. parapertussis, respectively, as primary

antibodies, bound to a secondary anti-rabbit antibody which were covalently coupled to the

magnetic bead. The enriched and purified bacteria were simply lyzed by an intial heat

denaturation cycle prior to the PCR program. A 300-bp long fragment of the PT promoter

region was amplified using two sets of oligonucleotide primers in a nested procedure,

incorporating biotin and the lac operator sequence into the PCR amplicons. Following

PCR amplification, simultaneous binding of PCR product onto streptavidin-coated

magnetic beads and binding of the recombinant lac repressor-β-galactosidase fusion

protein was performed. Positive samples, with the lac operator sequence incorporated by

PCR, were colorimetrically detected after addition of chromogenic substrate. Furthermore,

the assay was combined with species identification based on restriction enzyme analysis of

positive samples. The PCR amplicons immobilized onto the solid support were separately

treated with three different restriction enzymes allowing a colorimetric determination of

Bordetella species in a given sample. Restricted fragments resulted in little or no signal

since the lac operator was removed by magnetic separation and the intact fragments

resulted in a strong colorimetric response. Fifty-five frozen nasopharyngeal aspirate

samples from patients participating in a phase 3 pertussis vaccine efficacy trial and with

suspected pertussis infection were analyzed in a blinded fashion test. The samples were

analyzed in parallel by culture and the clinical history and vaccination status of the patients

was known. Among the 22 samples from which B. pertussis was isolated by culture, 21

samples were positive by IMS-PCR-DIANA (95 %). The growth estimates showed that

this group of samples contained samples with both few and many viable bacteria. Two

samples were negative by culture, but showed to be positive when analyzed by the PCR-

based assay. Unfortunately, serology results were missing for both these patients, but they

had a duration of paroxysmal cough of 29 and 55 days respectively, which should be
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compared to the minimal criterium of • 21 days for pertussis, which was used within the

trial, in accordance with a WHO consensus meeting (WHO, 1991). One culture-positive

sample was negative by PCR. This patient was positive for B. pertussis also by serology,

but had no paroxysmal cough. The duplicate sample analyzed by culture contained few

bacteria, corresponding to 3 CFU. This unexpectedly missed sample stresses the fact that

homogenous samples are difficult to achieve making comparisons between different

methods somewhat difficult. Restriction enzyme typing of amplicons showed that all

samples were of B. pertussis origin and no mixed infections were observed. This was in

accordance with the culture results.

3.3 Sequencing of a pertussis toxin promoter region used in DNA-based

diagnosis of Bordetella infection (II, III)

In recent years, studies involving genetic and functional analysis of the PT

promoter and its regulation have resulted in publications of several PT promoter

sequences. Some of these sequences differ from the first described B. pertussis, B.

parapertussis and B. bronchiseptica PT promoter sequences, used in the design of PCR

primers and in the choice of restriction enzymes for typing (see above). Therefore, we

decided to undertake sequence analysis of the promoter region used by us to detect and

distinguish between B. pertussis, B. parapertussis and B. bronchiseptica. The goal was to

investigate whether amplification with generic primers and subsequent restriction

analysis can be used to reliably identify the three species. In addition, clinical isolates

from samples originally negative in a PT promoter PCR directly on nasopharyngeal

aspirates but positive in culture were analyzed. Another objective was to investigate if

DNA sequence polymorphism could explain the lower diagnostic sensitivity obtained for

patients with B. parapertussis infection than for patients with B. pertussis infection in a

validation of a nested PT promoter PCR in a pertussis vaccine trial (Reizenstein, 1996).

When analyzing a total of 33 ATCC type strains and clinical isolates, we

experienced technical difficulties in determining the nucleotide sequence in part of the

sequenced region. All strains were sequenced by conventional Sanger DNA sequencing

by one or more strategies including (i) a solid-phase method involving FITC-labeled

terminators and T7 DNA polymerase, (ii) a cycle sequencing protocol involving Cy5-

labeled terminators and ThermoSequenase DNA polymerase or (iii) cycle sequencing
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with Cy5-labeled primers and ThermoSequenase DNA polymerase. The best result was

obtained when dye-primer cycle sequencing was performed and the Sanger fragments

were analyzed at high gel temperature. However, a short region of the sequence remained

difficult to resolve (especially pronounced in all the B. parapertussis strains and in B.

bronchiseptica strain ATCC 19395) due to sequence compressions. These problems

being the result of strong secondary structures that cause band compressions during

electrophoresis of the Sanger fragments. Therefore, we employed an alternative non-gel

based sequencing method, pyrosequencing, to resolve the sequence in this region. This

sequencing-by synthesis method is based on coupled enzymatic reactions, which

transform the inorganic pyrophosphate (PPi) released when a nucleotide is incorporated

into the primed singel-stranded template into a light signal, which can be detected by a

photon detector device. By use of biomagnetic separation during preparation of the

sequencing template, bi-directional pyrosequencing can be performed (Fig. 6C). The

polymerase dependent contribution of strand-displacement activity in primer extension

through self-complementary regions was investigated by performing pyrosequencing

with three different DNA polymerases. The results showed that the activity of

exonuclease-deficient (exo-) Klenow DNA polymerase (that possesses a strong strand-

displacement activity) was comparable to the activity on a "normal" template. An exo-

mutant of φ 29 DNA polymerase, which is deficient in strand-displacement activity, was

unable to read through a hairpin structure. An exo- T7 DNA polymerase (Sequenase)

showed a relatively high catalytic activity on this template. The results obtained by bi-

directional pyrosequencing using exo-Klenow polymerase revealed repeated sequences

able to form stable palindromic hairpin structures in the strains showing strong

compressions in Sanger sequencing. The pyrosequencing result for these strains was

confirmed by sequencing of a synthetic template containing the same structural motifs,

resulting in identical pyrosequencing data.
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Taq  I

Bgl  I

Hae II

a    1 CGTCCGGCCG GCACCATCCC GCATACGTGT TGGCAACCGC CAACGCGCAT GCGTG----- -----CAGAT TCGTCGTACA AAACCCTCGA TTCTTCCGTA  
b    1 CGTCCGGCCG GCACCATCCC GCATACGTGT TGGCAACCGC CAACGCGTAT GCGTG----- -----CGGAT GCGTCGTACA AAACCCTCGA TTATTCCGTA  
c    1 CGTCCGGCCG GCACCATCCC GCATACGTGT TGGCAACCGC CAACGCGTAT GCGCGCGGAT GCGCGCGGAT GCGTCGCACA AAGCCCTCAA TCCTTCCGCA  
d    1 CGTCCGGCCG GCACCATCCC GCATACGTGT TGGCAACCGC CAACGCGTAT GCGCG----- -----CGGAT GCGTCGCACA AAGCCCTCGA TTCTTCCGCA   
e    1 CGTCCGGCTG GCACCATCCC GCATACGTGT TGGCAACCGC CAACGCGTAT GCGCGCGGAT GCGCGCGGAT GCGTCGCACA AAGCCCTCGA TCCTTCCGCA 
 
a  101 CATCCCGCTA CTGCAATCCA ACACGGCATG AACGCTCCTT CGGCGCAAAG TCGCGCGATG GTACCGGTCA CCGTCCGGAC CGTGCTGACC CCCCTGCCAT  
b  101 CATCCCGCTA CTGCAATCCA ACACGGCGTA AACGCTCCTT CGGCGCAAAG TCGCGCGATG GTACCGGTCA CCGTCCGGAC CGTGCTGACC CCCCTGCCAT  
c  101 CATCCCGCTA CTGTAATCCA ACACGGCGCA AACGCCCCTT CGGCGCAAAG TCGCACGATG GTACCGGTCG CCGTCCGGAC CGTGCCGACC CCCCTGCCAT  
d  101 CATCCCGCTA CTGCAATCCA ACACGGCGCG AACGCTCCTT CGGCGCAAAG TCGCACGATG GTACCGGTCG CCGTCCAGAC TGTGCCGACC CCCCTGCCAT 
e  101 CATCCCGCTA CTGCAATCCA ACACGGCGCG AACGCCCCTT CGGCGCAAAG TCGCACGATG GTACCGGTCG CCGTCCGGAC CGTGCCGACC CCCCTGCCAT  
 
a  201 GGTGTGATCC GTAAAATAGG CACCATCAAA ACGCAGAGGG GAAGACGGG ATG (Start, S1 subunit) 
b  201 GGTGTGATCC GTAAAATAGG CACCACCGAA ACGCAGAGGG GAAGACGGG ATG (Start, S1 subunit) 
c  201 GGTGTGATCC GCAAAATAGG CGCCACAGAA ACGCAGAGGG GAAGACGGA ATG (Start, S1 subunit) 
d  201 GGTGTGATCC GCAAAATAGG CGCCACCGAA ACGCAGAGGG GAAGACGGG ATG (Start, S1 subunit) 
e  201 GGTGTGATCC GCACAATAGG CACCACGGAA ACGCAGAGGG GAAGACGGA ATG (Start, S1 subunit)

Figure 8. The five different sequences encompassing the 239 or 249 nucleotides upstream of the start

codon of the PT subunit 1 gene found among the 33 ATCC reference strains and patient isolates sequenced.

The three restriction sites used for species identification are marked with boxes. Restriction enzyme

recognition sequences are underlined. The nucleotide positions in sequence b (B. pertussis ATCC 9797 and

9340) that are different from those in sequence a (B. pertussis patient isolates) are marked in boldface. The

nucleotide positions in sequence e (B. bronchiseptica ATCC 19395) that differ from those in sequence d

(B. bronchiseptica ATCC 786 and AB1254) are also marked in boldface. Sequence c is the sequence

common to all of the B. parapertussis strains.

After alignment of the sequences obtained in these two studies (Fig. 8), we

compared the sequences to the PT promoter sequences available in the public databases

and focused on the restriction enzyme recognition sequences used for species

differentiation. A number of nucleotide differences not affecting the restriction analysis

using TaqI, BglI and HaeIII were observed. However, B. bronchiseptica ATCC 19395

contains the previously considered B. parapertussis-specific Bgl I recognition sequence

in addition to the expected Taq I site. The Hae II site, present in the other B.

bronchiseptica strains, is disturbed by a G-A polymorphism (sequence e in Fig. 8). B.

bronchiseptica ATCC 19395 differ also from the other two B. bronchiseptica sequences

by containing the 10 bp insertion present in B. parapertussis and by having nine

nucleotide substitutions (marked in bold in sequence e, Fig. 8) compared to the other B.

bronchiseptica strains. Since the database sequence most similar to B. bronchiseptica

ATCC 19395 was a B. parapertussis strain, we decided to investigate B. bronchiseptica

ATCC 19395 further. Strain 19395 was identified at the Culture Collection, University of

Gothenburg, Sweden as Bordetella bronchiseptica by use of 103 classical biochemical

features and numerical analysis.
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In summary, a total of five different sequence types for the pertussis toxin

promoter region and four different restriction patterns were found among the 33 strains

analyzed (Fig. 8). To confirm the restriction sites found by sequencing, we performed the

previously described colorimetric restriction analysis of PCR products (Fig. 9).

0.0
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Figure 9. Results from colorimetric restriction enzyme analysis of Bordetella strains representing the five

different PT promoter sequence types to confirm the four restriction patterns revealed in Fig. 8.

Thus, according to the PT promoter sequences available today, restriction analysis

of amplicons from the promoter region using Taq I, BglI and Hae II results in

identification of the three species. In addition, the results indicate that the two different B.

bronchiseptica sequence variants can be distinguished by restriction analysis.

Alternatively, the five different sequence types could be identified by designing a

sequencing primer (which hybridizes to nucleotides 113 to 90 in Fig. 8) and performing

pyrosequencing to determine at least 32 bases that could distinguish between species. In

conclusion, the results of this study indicate that the PT promoter region can be used for

reliable discrimination between the three major Bordetella species causing human

infection. However, the findings in this study justify further sequence analysis of isolates

from cases with contradictions in biochemical and serological reactions and clinical

history.
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3.4 Quantification of Bordetella pertussis (IV)

Traditionally, the diagnosis of pertussis is only a qualitative determination,

providing a yes or no answer. A quantitative assay might be valuable primarily as a

research tool, to provide some additional insight into the host-parasite relationship during

clinical and subclinical infections. The number of bacteria could be determined and

potentially be related to clinical symptoms, sampling time, treatment with antibiotics and

vaccination status etc. For this purpose, a competitive nested PCR assay with DIANA

detection was developed.

In this study, the target sequence amplified by PCR was located within the

insertion sequence IS 481, present in approximately 70-80 copies per bacterial cell of B.

pertussis only. A PCR competitor plasmid containing the lac operator sequence was

constructed and used in a competitive PCR designed to quantify between 102 and 107

bacteria/ml with PCR product detection by DIANA. The assay was evaluated by analysis

of a total of 46 nasopharyngeal aspirate samples, which were vortexed and boiled for 30

min before amplification of an aliquot with nested primers. Semiquantification by culture

and a standard qualitative PCR were performed in parallel. In 7 of the 23 samples that

were positive both by culture and by the quantitative PCR, the CFU/ml was too high to

be counted (no dilutions of the aspirate samples were cultured). In one single case the

quantitative estimation by PCR was lower than with quantification by culture. In the

remaining samples, the number of bacteria quantified by PCR was 1.5 to 233 times

higher than the viable count determined by culture. The intra- and inter assay variations

for the quantitative PCR-DIANA assay were estimated to be up to 24 and 66 %

respectively. The intra-assay variation was found to be up to 48 % for quantification by

culture.

A second aim of the quantitative assay was to identify samples containing

strongly inhibitory substances. This is possible since the PCR competitor being present

serves as an internal PCR control. No such samples were identified in this study.

However, a discrepancy between the results obtained with the qualitative PCR and the

quantitative PCR assay was observed. Four samples that were negative by qualitative

PCR were determined to contain between 30 and 60 bacteria/ml by the quantitative PCR.

This might be the result of weak PCR inhibitory effects, resulting in a reduced

absorbance mainly in the dilution with the lowest competitor concentration
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(corresponding to 30 bacteria/ml), thereby making it difficult to distinguish between

negative samples containing inhibitory substances and low-copy positive clinical

samples. Another explanation could be the difficulty to mix and aliquot the sometimes

inhomogeneous samples (indicated by the high CV obtained also for quantification by

culture), most obvious with samples containing low amounts of targets.

In conclusion, the amount of B. pertussis target DNA present in an aspirate

sample is probably higher than the number of viable bacteria. If quantification of live

bacteria is satisfactory or preferred for study of patient-bacterium relationship, this can be

achieved by culture of the sample and of one or two dilutions of the aspirate. The

superior benefit from pertussis diagnosis by PCR is probably the high sensitivity obtained

in combination with the rapidness of a qualitative assay. To avoid and identify false

negative samples due to inhibition of PCR, a sample preparation method involving

removal of the inhibitors and possibly amplification of an internal PCR control can be an

alternative.



M. NYGREN
___________________________________________________________________________________________________________________________

40

4. PCR-based detection of Vibrio cholerae O139 Bengal (V)

4.1 Background

Until 1992, Vibrio cholerae serogroup O1 was the only etiological agent

recognized causing epidemic cholera, while non-O1 serotypes were only associated with

smaller, local outbreaks of cholera. Of the seven cholera pandemics so far recorded, the

last three ocurred when typing of microorganisms had become feasible and were

determined to be caused by V. cholerae O1. In the beginning of 1992, a new strain not

related to the by then known 138 serogroups spread rapidly through India and

Bangladesh, into neighbouring countries and imported cases were reported also from

other continents. The new epidemic species V. cholerae O139 Bengal causes a disease

indistinguishable from classical cholerae and was predicted to have the potential to cause

an eighth cholerae pandemic, since aquired immunity to cholerae caused by V. cholerae

O1 does not protect against cholerae caused by V. cholerae O139 Bengal (Albert, 1994).

A large number of studies have been performed to characterize this novel

serotype. V. cholerae O139 Bengal was found to be morphologically and biochemically

similar to V. cholerae O1 El Tor, associated with the seventh pandemic. However, in

contrast to V. cholerae O1 but similar to many non-O1 serogroups,V. cholerae O139

Bengal possesses a polysaccharide capsule (Johnson, 1994). The capsule is suggested to

confer increased virulence, possibly facilitating invasion and bacteremia and potentially

also an increased ability to survive in the aquatic environments which constitute the main

reservoir for vibrios (Mooi, 1997). Another difference revealed was an altered LPS

antigen structure including the O antigen. When the O139 Bengal rfb  gene cluster

responsible for O antigen biosynthesis was investigated, new genes for O antigen and

capsule polysaccharide synthesis, assembly and transport seem to have been aquired by

horizontal gene transfer to replace the corresponding V. cholerae O1 genes (Comstock,

1996; Stroeher, 1997).

The traditional stool culture technique for cholera diagnosis takes approximately

two days to complete and include culture on selective medium, analysis of biochemical

reactions and agglutination with absorbed polyclonal sera or monoclonal antibodies to

confirm serotype. Several methods have recently been described for detection of both

etiologic agents today known to cause cholerae and by some of the methods,
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differentiation between V. cholerae O1 and V. cholerae O139 is possible. Co-infection

with vibrios of both serogroups has also been reported to occur ocasionally (Sharma,

1998). Slide agglutination tests with polyclonal sera were first used to identify V.

cholerae O139 in colonies and directly in stool samples (Albert, 1994). A diagnostic kit

(Bengal SMART) based on monoclonal antibodies has been developed for rapid and

specific detection of V. cholerae O139 Bengal (Qadri, 1995). A CAMP hemolysin test

has also been evaluated for differentiation between V. cholerae O139 Bengal and O1

(Lesmana, 1996). DNA probes have been used in a colony hybridzation approach to

identify V. cholerae O139 Bengal (Nair, 1995). Today, a number of PCR assays have

been developed to identify V. cholerae O139 Bengal, also a multiplex PCR for detection

of toxigenic V. cholerae O1 and O139 by co-amplification of serogroup-specific regions

of the rfb cluster and ctxA, encoding the toxic subunit of cholera toxin (Hoshino, 1998).

4.2 Isolation and characterization of a Vibrio cholerae O139 Bengal-

specific DNA region (V)

When the V. cholerae O139 Bengal polysaccharide capsule was analyzed, it was

found to contain the rare sugar colitose, absent from V. cholerae O1. The biochemical

pathway of colitose is not completely known, but the very similar sugar tyvelose is

present in certain Salmonella serogroups and could theoretically be transformed into

colitose by an epimerase. Since the sequences of the rfbJ, rfbS and rfbE genes involved in

the synthesis of abequose, paratose and tyvelose are known (Verma, 1989), we wanted to

investigate whether V. cholerae O139 Bengal contains a gene analogous to the

Salmonella rfbS gene. By arbitrary PCR (Luk, 1993) with primers complementary to the

Salmonella rfbS gene we isolated a 693 bp region (Fig. 10), surprisingly showing no

similarity to the Salmonella sequence. A restriction fragment length polymorphism

including Southern blot analysis with the Salmonella rfbS PCR product as probe also

indicated that the Salmonella rfbS  gene was not present in V. cholerae O139 Bengal.
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 O139-2

O139-1

O139-3

O139-4

Open Reading Frame 1

Open Reading Frame 2StartStop

TGTAATGATTAGAAAGAAAGTTATTGATAAATATAAAATTAATTATGATTTAGGTTATAAAGATGCCGAAGACTATAAATTTTGGGTCGATTTTTCAAAA 

 

 
TATACACTTTTTTCTAATGTTCCTGAAATATTGTTGCGTTATAGGTATCATCAAGAGAGTATATCACGTGTAGCTGATAATAAAGAAAATAAAGAAAGAT 

 

 
TTGAGATCATTTCAAAAATTCAAAATGAAGTGCTTACATCTATAGGGATTGTATTGACAAATGAAGGTGCGAAAAATCATTTCATTCTTTCACTTAATGA 

 

 
GCGCATTATTAACAATGTAACAGATTGTGATATGATAAGAGCGCATCTTTTAAAAATAAGTAGTTCTCAAATTGAAAGTAGCCAATTTGATTCTTCTGCT 

 

 

ATAGAAAGGCTTATGTTAAAAAAATATTTTATTTATCTGATTTTATCGATAAGAAGAGATAAAGATCTGAGTTATCTAAAGATATTTGATTTAATGTTTT 
 

 

TAAAAGGTGCCTTTTTATTTTTAAAAGATAAAATGGAGCAGTTTTAATAATGACGCTTGATATCTCAGTTGTTATTCCTCTATATAATAAAAACTACTCT 
 

 

ATTGTAAGATGTTTGAATTCTGTTTTATATCAAACTATTTTGCCTTTTGAAATAATTATTGTTAATGACGGTTCGACTGATGATAGTCTCGTT

Figure 10. DNA sequence of the V. cholerae O139 Bengal PCR fragment obtained with Salmonella rfbS

primers. The two open reading frames are marked and the four V. cholerae O139 Bengal PCR primers are

indicated by arrows.

The DNA sequence of the fragment obtained by arbitrary PCR was translated into

amino acid sequence (Fig. 11) and a database search revealed significant similarity of the

two open reading frames to glycosyltransferases from different bacterial species (Fig.

11).
Open Reading Frame 1

Vibrio cholera O139

Haemophilus influenzae

Neisseria gonorrhoeae

Neisseria gonorrhoeae

Neisseria gonorrhoeae

Neisseria meningitidis  

A
B
C
D
E
F

A
G
H
I
B
E

Open Reading Frame 2

Yersinia enterocolitica

Vibrio cholera O139

Escherichia coli

Neisseria gonorrhoeae

Shigella dysenteriae

Haemophilus influenzae

 VMIRKKVIDKYKINYDLGYKDAEDYKFWVDFSKYTLFSNVPEILLRYRYHQESISRVADNKENKERFEIISKIQNEVLTSIGIVL       

 +++R  V  ++K+ ++  Y  AEDYKFW + S+    +N PE L++YR H    S V ++++N+   +I  +     L  IGI       

  MI ++ +    + +D  Y  AEDYKFW +  K    +  PE L++YR+HQ+  S   + ++ +  ++I  +I+     + GI +     

  MI ++ +    + Y+ G   AEDY+FW D SK    +  PE L++YR H   +S     ++++    I    +N+ L S+G        

  MI ++ +    + YD     AEDY+FW D SK    +  PE L++YR H   +S     ++++    I    +N+ L S+G        

  MI ++ +    + Y+     AEDY+FW D SK    +  PE L++YR H   +S     ++++    I    +N+ L S+G       

MTLDISVVIPLYNKNYSIVRCLNSVLYQTILPFEIIIVNDGSTDDSLV 

 T  +SV+IPLYN       C+ S++ QT    EIII+NDGSTD+S+       

  +D+SVVIP+YN    I   ++SVL Q  +  E+II+NDGSTD    

    +S++IP +N   +I RC+ S L QT    EII +NDG +D+S    

    +SV++  YN    I   ++S++ QT    EII++NDGSTD +L       

    +SV+I  YN      + L +V+ QT    +I+IV+DGSTD +L   

Figure 11. Deduced amino acid sequences of the two open reading frames are aligned with some of the

similar protein sequences found in databases by using BLAST software. +, a similar amino acid as defined

by the software. The first amino acids correspond to nucleotide 2 to 4 (valine in open reading frame 1) and

550 to 552 (methionin in open readingframe 2) in Fig. 10. Sequences B; C; D; E, and F are identified as

glycosyltransferases, sequence G is identified as a 40.5-kDa hypotetical protein, and sequence I is

identified as a galactocyl transferase.
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Since the isolated fragment was not obtained by amplification of V. cholerae O1

with Salmonella rfbS  primers, the sequence could be unique for the O139 serotype and

might therefore be used in specific diagnosis of V. cholerae O139 Bengal. To investigate

this further, a primer pair complementary to the new V. cholerae O139 Bengal sequence

was synthesized (Fig. 10). The specificity of the primers was evaluated on a total of 418

strains. The 34 V. cholerae O139 Bengal strains tested were positive whereas none of the

384 control strains were positive. To be able to perform a sensitive and specific analysis

of clinical and environmental samples suspected to contain low amounts of V. cholerae

O139 Bengal, a nested PCR assay was developed by designing an outer primer pair (Fig.

10) in addition to the previously evaluated inner primers. The nested PCR was able to

detect single V. cholerae O139 Bengal bacteria in a serially diluted bacterial lysate.

The developed assay was the first reported PCR assay specific for V. cholerae

O139 Bengal and it has been used for specific detection of V. cholerae O139 Bengal in

clinical samples (Albert a, 1997) as well as in environmental water samples (Falklind,

unpublished).

4.3 Future analysis of V. cholerae O139 Bengal isolates

After the first outbreaks in 1992, the V. cholerae O139 Bengal fraction of the V.

cholerae isolates collected in Bangladesh and India continued to grow during 1993 and

almost replaced the serogroup O1, but during 1994 and 1995 V. cholerae O1 El Tor

reemerged and transiently displaced the O139 vibrios to again become the dominant

strain in most regions (Mitra, 1996; Faruque, 1996). The reemerging El Tor vibrios were

characterized by detailed analysis of several genes, resulting in the conclusion that the

reemerged strains represent a new clone of El Tor vibrios, different from those which

were replaced by V. cholerae O139 Bengal in 1992 (Faruque, 1997). However, during

1995 and 1996, the incidence of V. cholerae O139 Bengal increased again to coexist with

the El Tor vibrios in Bangladesh and India (Mitra, 1996). The molecular characterization

of these isolates suggests that they represent a new clone of the Bengal vibrios (Faruque,

1999). Changes in antibiotic susceptibility have been demonstrated (Mitra, 1996) and the

CAMP hemolysin test does not distinguish V. cholerae O139 Bengal isolated after the

middle of 1995 from V. cholerae O1 (Albert b, 1997). However, the PCR assay described

above (V) is positive also for recent isolates. The recently recognized cyclic changes of
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predominant serotype in cholerae epidemics of Southeast Asia need to be studied in more

detail. Both clinical and environmental surveillance and molecular fingerprinting of O1

and O139 clones are probably important both to design effective cholera vaccines (Arya,

1997; Waldor, 1994) and to predict and circumvent outbreaks of cholera epidemics in the

future (Mooi, 1997).
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5. PCR quantification of human immunodeficiency virus

type 1 (VI-VII)

5.1 Background

The clinical syndrome later known as aquired immunodeficiency syndrome

(AIDS) was first described in 1981 (Control, 1982). However, retrospective studies have

shown that AIDS was widely spread long before 1981, with serology-confirmed infection

in central Africa already in 1959 (Nahmias, 1986). Since then, the human

immunodeficiency virus (HIV) (Barré-Sinoussi, 1983), the causative agent of AIDS, has

infected more than 50 million people and has caused approximately 16 million deaths,

and the AIDS pandemic is still growing.

The HIV-1 virus replicates rapidly in vivo, with short half-life for both plasma

virus and virus-producing cells (Perelson, 1996). Together with the low-fidelity

replication by HIV-1 reverse transcriptase (RT), this results in a rapid evolution and

selection of HIV-1 quasispecies into dominating, drug-resistant variants (Wei, 1995).

Therefore, treatment with a combination of multiple viriostatics is used today, to achieve

a rapid decrease in viral load and to avoid development of viral drug resistance

(Colgrove, 1999; Mathe, 1999).

In addition to detection of drug-resistant HIV-1 variants (Ballard, 1998), nucleic

acid-based analysis is applied in the qualitative detection of HIV-1 RNA in pools of

donated blood, to reduce the risk of viral transmission in the time interval in which HIV-1

infected donors are highly infectious but do not have any detectable antigens (Morandi,

1998). Quantitative analysis can be applied to analyse the amount of HIV-1 DNA in

different tissue reservoires during latent infection (Chun, 1997). However, important is

also the quantitation of HIV-1 viral load (Clarke, 1999), with implications in monitoring

of antiretroviral therapy, detection of emerging drug resistance and in assessment of

disease prognosis (Hodinka, 1998; Mellors, 1996). Different nucleic acid amplification-

based methods have been used for sensitive and accurate quantification ov HIV-1 viral

load (Hodinka 1998) and several tests are commercially available (Lin 1998).
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5.2 Quantification of HIV-1 using multiple PCR competitors and gel

electrophoresis (VI)

A major disadvantage of the commercial assays for quantification of HIV-1 and

other pathogens is their high cost. Furthermore, they are still available only for a limited

number of organisms. The introduction of real-time, homogeneous quantitative PCR (see

above) has enabled high-throughput quantification assays to be developed for a wide

range of pathogens. However, for kinetic analysis these methods require expensive

instrumentation and / or costly probes. Consequently, alternative competitive PCR assays

are still developed. These usually make use of co-amplified PCR competitors, slightly

different in sequence from the target to be quantified, and quantification of the resulting

PCR products by different methods (see above).

In this study (VI), we wanted to improve a recently described single-tube

format for quantification of HIV-1 DNA, which is based on the use of three, different

sized competitors in a single reaction tube (Vener, 1996). The post-PCR analysis and

quantification is performed by conventional gel electrophoresis using an automated

laser fluorescent DNA sequencer. The peak areas of the competitors are used to

construct the internal calibration curve for estimation of the target copy number. In this

study, we have described a sensitive RT-PCR assay (Fig. 12) with four RNA

competitors differing in size but containing the same primer annealing sequences as

the wild-type target. We prepared HIV-1 RNA from plasma samples by a sensitive

solid phase technique (Albert, 1992), enabling capture of down to a few competitor

RNA molecules. Since the RNA competitors also comprised of a poly(A) stretch,

various possibilities were evaluated in respect to solid phase purification, i.e. poly(A)-

poly(T) hybridization. The experiments performed to analyze RT and PCR

amplification efficiencies showed that the ratios between competitors and target were

kept during RT, outer and inner PCR.
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Figure 12. The basic concept of the competitive approach for quantification of HIV-1 RNA in plasma. The

mixture of amplicons resulting from the single-tube RT-PCR is analyzed by conventional gel

electrophoresis using an automated laser fluorescent DNA sequencer. The peak areas of the competitors are

used to construct an internal calibration curve for estimation of the target copy number.

A common problem with competitive PCR is that the detection principle often

suffers from a limited dynamic range. Automated fluorescence-based sequencers,

which we used, usually have a working dynamic range of 10
2-10

3

-fold, and signal

values that are higher than this range are displayed as truncated peaks in

chromatograms. To circumvent this problem and to produce peaks that can be reliably

used in creation of a calibration curve, we used two overlapping sets of RNA

competitor mixtures which together covered the interval between 40 and 500,000

copies of HIV-1 RNA. In addition, different amounts of PCR product were loaded on

the polyacrylamide gel.

An important aspect of any quantification system is the precision of the assay and,

in this respect, our assay compares well with commercial assays. Thus, the pooled

duplicate standard deviation of log copies obtained for the overall procedure was 0.13
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(SD < 0.13 log). The coefficient of variation, ranged from 10 to 24% and from 27 to 36

% for within- and between-run assay, respectively.

Another factor to consider is the lower limit of detection of any quantification

system. Since patients treated with modern combination therapy often present a very

rapid decrease of viral load, which becomes undetectable by PCR (Mathe, 1999), there is

a clear need for assays with very high sensitivity. With RT-nested PCR, detection of

single RNA molecules is possible. Consequently, the competitor mixture should contain a

very small amount of the least abundant competitor, but still enough copies to be

reproducibly detected by the PCR. By solid-phase technology, with its possibility to

concentrate target molecules, the limit of detection strictly depends on the volume of

plasma available.

5.3 Quantification of HIV-1 using multiple PCR competitors and

bioluminescence detection (VII)

With the aim to develop a quantitative, competitive and non gel-based PCR assay

using the multiple competitor strategy, we evaluated a bioluminescent detection principle

(VII). This detection system relies on the capability of an exonuclease-deficient DNA

polymerase to distinguish between a match over a mismatch (at the 3' termini) primer in

an extension assay (Nyrén, 1997). The inorganic pyrophosphate (PPi) released as a result

of successful extension is converted to ATP by ATP sulfurylase, and luciferase produces

a proportional amount of visible light, which is detected by a luminometer .

In this study, we have chosen the HIV-1 polymerase gene as amplification target,

since the primers located in the previously utilised 3' long terminal repeat (LTR) region

failed to accurately quantify some isolates, probably due to polymorphic positions in the

LTR region (VI). We also wanted to develop a system that minimizes the differences

between the target and the competitor in respect to size, to rule out amplification bias.

Amplification of the new competitor constructs results in PCR products of identical

length as the HIV-1 target (138 bp) and differing at only four nucleotide positions. The

principle of the competitive quantification method is outlined in Figure 13.
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Figure 13. The basic concept of the bioluminometric technique for quantification of PCR products. The

mixture of amplicons resulting from the single-tube PCR is captured onto the solid phase and made single-

stranded, before divided into four aliquots and subjected to template-specific primer extension reactions.

The inorganic pyrophosphate (PPi) released in the DNA polymerase-catalyzed reaction is monitored by

coupled enzymatic reactions using ATP sulfurylase and luciferase. Light generated as a result of a

successful extension is measured by a luminometer. The competitor signals are used to construct the

internal calibration curve for estimation of the target copy number,

In this model system, the target (proviral HIV-1 DNA or a plasmid containing the

cloned target) is co-amplified with the three plasmid DNA competitors using nested

primers. The resulting biotinylated PCR fragments are immobilized onto streptavidin-

coated paramagnetic beads. After alkali treatment, immobilized single-stranded DNA is

divided into four aliquots, which are each mixed with one of four specific

oligonucleotides. These extension primers, differing over three nucleotides at the 3'-end,

hybridize specifically to either the wild-type HIV amplicon or to one of the three
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competitor amplicons. The four resulting complexes are used as substrates in separate

primer extension assays (Nyrén, 1997) to quantify the amount of each amplicon. The

signals resulting from specific extension of each extension primer are directly correlated

to the original amount of the target and competitors. The three competitors can thereby be

used to create an internal calibration curve in order to allow estimation of the HIV target.

In this initial report, the dynamic range of the bioluminometric assay was

expanded to be able to cover the copy number interval required for clinical analysis of

HIV-1 viral load. This was achieved by use of two different competitor mixtures that

together covered between 50 and 625 000 copies. All combinations of extension primer

and PCR amplicon were analyzed and all background signals were approximately 5 % of

the corresponding match signals. To further investigate the detection limit and the

linearity of the bioluminometric primer extension assay, various amounts of one

competitor amplicon were detected in a background consisting of a mixture of the other

three amplicons. It was possible to reproducibly detect 0.025 µl of a specific amplicon in

a total of 5 µl of PCR product, corresponding to a sensitivity of 1:200. In addition, a

mixture of all four PCR amplicons in approximative relative amounts 1:5:25:125 was

prepared, divided into four aliquots and analysed separately with all four extension

primers. The obtained results demonstrate a linearity and conformity between duplicate

samples (Fig. 14). In experiments including competitive PCR, different configurations of

plasmids were used as template. Mix A (50, 250, 1 250 and 6 250 copies the four

plasmids, respectively) and mix B (5 000, 25 000, 125 000 and 625 000 copies) were

used to investigate whether the four plasmids were PCR amplified with the same

efficiency. The results for the low-copy and high-copy mixtures show linearity in both

intervals, thus indicating similar amplification efficiencies. To evaluate the quantification

method on proviral HIV-1 DNA, a new competitor mixture containing 50, 560 and 6 250

copies of the three competitors was established. This mixture was then used with 200 and

1000 copies of HIV-1 MN DNA (Myers G B, 1991), also estimated by separate end-

dilution experiments. A linear response was obtained making an estimation of the target

copy number possible by using the internal calibration curves, which give an estimation

of 203 and 1072 MN copies, respectively. The obtained results are in good agreement

with the results obtained from end-point experiments.
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Figure 14. Luminometric traces (A) and calibration curve (B) from bioluminometric primer extension

analysis of a mixture of PCR amplicons. The four plasmids were amplified separately and the PCR

products were mixed in relative amounts 1:5:25:125. The mixture was then divided into four aliquots, each

analysed with its respective extension primer.
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Alternatives to the mismatch extension principle also exist with the present

competitors. It is possible to take advantage of the unique three-nucleotide

homopolymeric sequences in the competitors and the target by designing a fully

complementary primer (identical for target and competitors) adjacent to this region and

perform one-basepair (dideoxynucleotides) or three-basepair (deoxynucleotides)

extensions with individual nucleotides, resulting in four parallel extension reactions.

Hereby we can theoretically from one and the same competitor obtain three different

calibration signals. This could then be used to expand the dynamic interval of the

bioluminometric assay by having three competitors with nine possible calibration signals.

A fully automated instrument for pyrophosphate-based detection has recently been

developed, enabling extension analysis of 96 DNA fragments simultaneously in less than

five minutes.
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