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ABSTRACT
The potential use of bacteria and viruses as biological terror weapons makes certain
highly pathogenic microorganisms a worldwide public health threat. In an outbreak
investigation involving a possible deliberate spread of a biological warfare agent
there is a need for a fast and reliable diagnostic method. Ideally, the same method
should be usable for both bacteria and viruses. To distinguish between natural and
deliberate spread, information on the prevalence/incidence of the organism/disease,
ecology and natural mechanisms for spread is needed. In addition, knowledge of
national and international subtypes reflecting both micro- and macro-evolution of the
organisms is required for the analysis.
The field of molecular epidemiology has evolved during the last decades with the
introduction of several different methods to type and characterize bacteria. There is
now a plethora of different molecular techniques available to identify and discriminate
between different strains of bacteria. In this thesis, rapid protocols based on
pyrosequencing technology were developed and used for discrimination of Bacillus
anthracis from closely related bacillus species. The technique was also used for
identification and subtyping of Francisella species, including the human pathogen
Francisella tularensis and its subspecies. Also a rapid generic protocol for detection
and genotyping of infectious agents including bacteria, parasites, and viruses was
developed.
Tularemia epidemics occur in limited geographical areas, and at variable intervals. The
reasons for these irregularities are still unknown. There may be ecological niches in the
affected areas, which harbor the bacteria between epidemics, or the bacterium may be
reintroduced into an ecological system that permits its amplification. The establishment
of a relevant typing system indentifying individual strains is of great importance .One
of the most promising methods, MLVA was evaluated as a tool for practical use in
epidemiological investigations of tularemia in Sweden. PFGE analysis was used as
reference method. Typing data were combined with geomapping (GIS), in order to
predict sources of infection and determine possible reservoirs for the different MLVA
types. The results indicate that MLVA has the capacity to be used as a standalone
typing method in outbreak investigations. It was possible to use this method directly on
clinical specimens without isolating the bacterium by cultivation. In most cases, a
certain MLVA type was not correlated to a strict geographic location, indicating that
subtyping might be of limited use in surveillance and outbreak investigations of
tularemia in endemic countries.
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1 INTRODUCTION
1.1 HISTORICAL PERSPECTIVES
A German pathologist, named Friedrich Henle, declared in 1840 that microorganisms
could cause human disease, and by doing so launched the “germ theory”. This theory
was confirmed by Koch and Pasteur in the 1870s and 1880s by proving that
microorganisms were responsible for causing anthrax, plague and tuberculosis. Since
then there has been a great deal of effort directed toward diagnosing microorganisms;
first by culturing and later by using microbial DNA as a target for identification.
The central dogma of molecular biology describes how genes encoded by DNA
sequences are transcribed to mRNA, which in turn is translated into functional protein
(Fig. 1). This was first proposed by Francis Crick in 1957 and became the basis of the
hypothesis that the DNA sequence of a gene corresponds to the amino acid sequence
of a protein [1]. By 1966, the entire genetic code was independently determined by
the groups of Khorana and Nirenberg, enabling prediction of protein sequences by
translation of DNA sequences. Ten years later, robust techniques for rapid DNA
sequencing were introduced [2-3], allowing for sequencing of large DNA molecules
like the 16.5 kb human mitochondrial genome [4]. Since then the sequencing
techniques and especially the enzymatic chain termination method of Sanger, have
been further developed and adapted to different kinds of automation. A dramatic
increase in sequence throughput has been accomplished, and complete sequencing of
large genomes has become achievable. Nucleic acids have been used for pathogen
detection, as every species of pathogen carries a unique DNA or RNA signature that
differentiates it from other organisms. The challenge is to establish this signature for
each microorganism of interest for rapid and specific detection, and for that purpose
reliable and accurate tools are needed. In this thesis strategies for DNA based
methods for detection and typing of different pathogens will be described. The basic
techniques as well as general procedures for sequence production and typing analysis
will be discussed.

Figure 1. The central dogma of genetic information.
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1.2 GENERAL BACKGROUND
The public and scientific view of the threat from infectious diseases has increased
during the last decade. The SARS outbreak, the bio-terror attacks in the US, the avian
flu, the H1N1 pandemic, the threats of re-emerging diseases due to climate changes etc,
have shown that a new focus on infectious diseases is needed. Increasing rates of
antibiotic resistance and the changing epidemiology of different bacterial strains dictate
the need to develop new methods to study, control, and prevent infections. Rapid and
sensitive diagnostic methods are important in order to provide correct treatment, but are
also crucial on the population level for the detection and prevention of new epidemics.
During the last ten years there has been a rapid development of molecular methods for
detection and typing of infectious agents. This has resulted in better understanding of
many infectious diseases. Molecular methods are of special value in the work regarding
highly virulent and contagious agents like B. anthracis and F. tularensis, as viable
preparations should be avoided. Molecular identification offers an attractive alternative
method to identify slow growing bacteria, such as mycobacteria, because it is rapid and
a single technique can be used to identify a variety of different species. Sequencing is
an even more powerful molecular identification method, since it answers the question
“What is the unknown isolate?”.
Studies combining molecular methods with epidemiological data can provide important
information regarding different infections and the results can be used in outbreak
investigations and surveillance. Molecular typing techniques allow investigators to
determine whether the strain causing disease in one patient is identical to that causing
disease in another patient, in order to demonstrate whether transmission has taken place
or not in a clinical setting.
In the genomic era, there has been an explosion in the development and utilization of
molecular typing for discrimination of bacterial strains in forensics, strain tracking and
outbreak investigations as well as in population structure investigations [5]. Molecular
typing methods have also been used to assess bacterial population structures in
conjunction with epidemiological parameters. Differences in clinical presentation,
manifestation, and outcome, as well as geographic distribution have been correlated
with these subpopulations [6-8]. Molecular typing methods differentiate among
bacterial subpopulations by utilizing the genetic diversity generated by mutations,
recombination, and gene transfer. The discriminatory power of a typing method is
mathematically defined as the probability that two randomly chosen strains from a
population of unrelated strains will be distinguished by the typing method [9]. The
collection of strains used in evaluation of a typing system is of utmost importance. A
test population, suitably identified at the species level, should reflect as much diversity
as possible within the species to determine the discriminatory power of the method.
During the last decades an increasing number of DNA-based techniques fulfilling
requirements for rapid detection and accurate identification of different infectious
agents have been developed. The work included in this thesis describes molecular
techniques for diagnostics and typing, as well as evaluation of some typing methods.
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1.3

GENOME VARIABILITY AND POPULATION STRUCTURE
OF BACTERIA
Mutations are responsible for all genetic variations within a single replicating genome
[10]. Mutations occur as substitutions, duplications, insertions or deletions of
nucleotides or as larger deletions and other reorganisations of the genome resulting in
loss of genetic functions or entire genes. Duplication of genes can result in the
evolution of new functions. Bacteria can also evolve by gaining new genetic material.
In many species, chromosomal DNA can be rapidly exchanged between closely related
bacteria by homologous recombination, and this event may affect the population
structure. Homologous recombination appears to be closely related to the degree of
similarity of the recombining DNA, but the recombination rate is inversely proportional
to the sequence divergence [11]. The need for homology in order to establish new
genetic material can be circumvented by the transfer of plasmid DNA. This DNA is
independent of recombination and is maintained in the recipient. Moreover, it has been
shown that genetic material of distant foreign origin can also be integrated into the
bacterial chromosome, as in the case of transposons and other genomic islands. These
changes may affect pathogenicity, antibiotic resistance, increased fitness, or virulence
[12].
Variability in bacteria also depends on natural selection and population size. In a large
population mutations will occur more frequently than in a small population, and if the
mutation is advantageous for the bacteria, the new variant will accumulate within the
population by the process of natural selection. Population structures may vary between
different bacterial species; some of them display constant horizontal transfer of genetic
material and others display inherited gene alterations [13]. Understanding the
population structure of a given pathogen is important since it determines which typing
method is the most optimal for a specific pathogen.
Microevolution in bacteria is defined as a change in allele frequencies due to mutation
or selection. One way to define macroevolution is the combined effects of
microevolutionary processes in a larger population with separate gene pools spread
over time and space (geographical spread). Stable markers, like housekeeping genes
such as rpoB and ribosomal genes 16S and 23S, have proven valuable in studies of long
term evolution. The mutation rates of these markers are not sufficient to study the
microevolution. Tandem repeats of single or oligo nucleotides on the other hand are
often associated with a rather high degree of variability and are consequently
appropriate for discrimination of individual bacterial isolates within a bacterial species,
with little sequence variation between isolates. Tandem repeats are notable hot spots for
variability as a consequence of differences in the number of repeats. The mechanism
for this has been proposed to be associated with the replication process [14]. For most
types of mutations, different parts of a genome generally display different mutation
rates, as exemplified by the fact that there is more variability in non-coding regions
than in coding regions of genomes.
1.4 GENOMIC TYPING METHODS
At present, there is a growing need to discriminate bacteria at the strain level. This is
necessary for a correct epidemiological investigation of a communicable disease, i.e. to
elucidate the transmission chain of an infectious disease. In addition, increasing
3

concerns regarding the emergence and spread of bacterial resistance to antibiotics also
requires methods for tracking of individual bacterial strains. Different methods, such as
biotyping and serotyping, have been used to address this. Development of molecular
typing methods for analysis of bacterial genomes has allowed for assessment of the
relationships among different species, as well as among individual isolates.
Culturing of pathogens, a classical bacteriological method, is routinely used in
diagnostic laboratories. Some bacterial species can be identified by their fermentation
reactions or growth on a certain media, or by phenotypic characteristics, which have
been traditionally used for identification purposes. Others methods, making use the
genetic differences among strains have, however, been developed.
To determine the relatedness of bacteria or to trace the source in outbreaks, many
different typing methods are available. Various techniques have been used to achieve
DNA based typing of bacteria such as SNP analysis including e.g. DNA sequencing
and high resolution melting (HRM) [15], and multiple-locus variable-number tandem
repeat analysis (MLVA) including e.g. DNA sequencing or fragment analysis. Within
the last ten years there has been an ongoing revolution in molecular typing of different
pathogens with a move away from gel-based methods, such as restriction fraction
length polymorphism and pulsed-field gel electrophoresis (PFGE). In certain cases it
has been possible to substitute PFGE with novel non gel-based methods, while in other
cases these have been a complement to existing PFGE. The choice of typing methods
depends on the purpose for which the generated data will be used. Some of the
questions may be answered by a classical phenotypic assessment, such as biotype and
serotype, while others may require a level of resolution not provided by classical
methods, such as the further epidemiological tracking of a strain. A decisive method
should be simple, rapid, cheap, safe, reproducible, and give easily interpreted data, as
well as accurate estimates of relationships between both distantly related
microorganisms as well as those closely related. Today different existing methods often
characterize compromises between these criteria.
The favored approaches for typing are based on MLVA and multi-locus sequence
typing, MLST. Data generated by such methods are easily stored, and used to develop
international databases that are easily accessible for comparisons between laboratories.
The use of multiple loci avoids the dangers of inaccurate conclusions being drawn from
single loci, the evolution of which may not necessarily reflect that of the genome as
whole. In addition, the molecular clocks of the various elements used as markers in
these methods differ from each other, and thus provide epidemiological information at
different levels. In general, multi-locus sequence approaches use markers with slow
molecular clocks, in order to monitor evolution over many thousands of years, while
multi-locus tandem repeat markers can have a fast molecular clock more suited to local
epidemiological methods, such as outbreak investigation or identification of
reactivation. Tandem repeat sequences display allelic hypervariability related to
variation in the number of repeats caused by slipped strand mispairing or replication
slippage, or DNA recombination between homologous repeat sequences. These
markers are known as variable number of tandem repeats (VNTRs), and are considered
high speed molecular clocks. They are useful for the discrimination of bacterial species
such as B. anthracis [16] Brucella [17], F. tularensis [18], Mycobacterium tuberculosis
4

[19] and Yersinia pestis [20]. While PFGE typing usually detects a broader range of the
genomeas compared to VNTR and standard MLVA it does not necessarily provide a
relevant perspective of the entire genome. The disadvantage of all these methods is that
they are limited to a number of known markers, which cannot reflect all the events in
the genome. An MLVA typing system for F.tularensis with 25 VNTR was recently
developed by Johansson et al. [18].
The best method to determine the identity of a bacterium is to sequence its entire
genome. This is, however, an unrealistic method for typing as it is still too expensive.
Instead, commonly used methods targeting genomic variability such as MLST, MLVA
and PFGE, are frequently used for molecular epidemiology in different laboratories as
well as in this thesis.
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2 METHODS
2.1 PCR/REAL-TIME PCR
Polymerase chain reaction (PCR) is a very powerful technique [21], used to amplify a
segment of DNA (template) by using two oligonucleotides (flanking primers) in a
series of synthetic reactions (PCR cycles) catalyzed by a DNA-polymerase in the
presence of a mixture of the four dNTPs [22]. This technique was initially very labor
intensive, since the enzyme was not heat stable, and consequently degenerated by the
heat needed to degenerate the DNA in between each cycle of PCR. When the heat
stable DNA polymerase was isolated from the bacterium Thermus aquaticus, this
technique was drastically simplified, as the need to replace the polymerase between
cycles was eliminated [22]. Perkin Elmer commercialized the first thermal cycler. This
technique has its limitations, namely poor quantification abilities, as scientist quantified
the PCR products in agarose gels by measuring the intensity of the ethidum bromide
stained gel using UV sensitive cameras. Another limitation was the inability to
calculate the efficiency of the PCR reactions. These problems were addressed by the
development of real-time PCR.
Higuchi et al further developed PCR to Real-Time PCR by monitoring the reaction so
that the efficiency of the reaction could be calculated [23]. The capacity to monitor
PCRs in real time has revolutionized the way PCR is used in the clinical microbiology
field. This technique is used to amplify and concurrently quantify a targeted DNA
molecule and enables both detection and quantification of DNA. Real-time PCR needs
a fluorescent reporter that binds to the formed product and reports its presence by
fluorescence. There are a number of dyes and probes available. The reporter generates a
fluorescent signal that reflects the amount of formed product. In the beginning of the
process the signal is weak and cannot be distinguished from the background, but when
the product accumulates, the signal increases exponentially. Finally, the signal levels
off and is saturated, due to the reaction running out critical components such as
primers, reporters, or dNTPs. The number of cycles required to reach this threshold is
called the CT value. The amplification response curves are expected to be parallel in
the growth phase of the reaction, and the setting of the threshold level should therefore
not be critical. Different instrument software use different methods and algorithms to
select the threshold.
We have used either conventional or real-time PCR techniques for DNA amplification
in all of our studies in order to detect infectious agents and/or to make templates for
sequencing.
2.2

DNA SEQUENCING TECHNOLOGIES

2.2.1 Sanger sequencing
Sequencing is the process to determine the order of the nucleotide bases along a DNA
strand. The most important techniques for DNA sequencing are the enzymatic chain
termination method [3], which generate a nested set of single stranded DNA fragments
which are separated by size on acrylamide gels. The Sanger method (enzymatic chain
termination) is based on the principle that single-stranded DNA molecules differ in
6

length by just a single nucleotide, and can be separated from one another using
polyacrylamide gel electrophoresis. The DNA template is first prepared as a singlestranded DNA, and then a short oligonucleotide is annealed to the same position on
each template strand. The oligonucleotide acts as a primer for the synthesis of a new
DNA strand that will be complementary to the template DNA. After the first
deoxynucleotide is added to the growing complementary sequence, DNA polymerase
moves along the template and continues to add base after base. The strand synthesis
reaction continues until a dideoxynucleotide is added, blocking further elongation and
the reaction terminates. Therefore, the sequencing result is a set of new chains, all of
different lengths. This method gives a high yield of detailed data, but has its
disadvantages, mainly by being costly, both in terms of apparatus and reagents, but also
by needing trained personnel for the laboratory work and maintenance. In 1998, a new
sequencing method was reported by a Swedish group at the Royal Technical Institute in
Stockholm [24]. The method was named pyrosequencing, as one of the essential
products in the reaction was pyrophosphate. Instead of separating the products on gels,
this method detects each nucleotide as it is inserted in the elongated DNA chain, giving
a signal output much earlier than Sanger sequencing.
2.2.2 Pyrosequencing
Pyrosequencing (Fig. 2) is a sequencing technique based on luminometric real time
monitoring of DNA synthesis. In this method, the released pyrophosphate (PPi)
generated by nucleotide incorporation of DNA polymerase is converted to ATP by the
enzyme sulfurylase. Thereafter, ATP serves as substrate for the light-harvesting
enzyme luciferase. The nucleotides are thus added to the DNA enzyme mixture one at
the time, iteratively, in a cyclic manner. In order to remove unincorporated nucleotides
and ATP between each cycle of nucleotide addition, the nucleotide-degrading enzyme
apyrase is included in the system. A CCD camera finally detects the light produced as
the end product of the three enzyme cascade (Klenow polymerase, ATP sulfurylase and
luciferase) [24]. So far, the method has been used for applications where sequence
primers can be designed to produce a read length sufficient for a correct result.
Examples include single nucleotide polymorphism (SNP) analysis [25-29],
identification and subtyping of bacteria [25], mutation detection in disease genes [3031], and quantification of and mutation detection in HIV-1 [32-33]. The
pyrosequencing technology has been further developed and is today also available as a
tool for large-scale sequencing (genome Sequencer FLX, 454 Life Science/Roche).
Other full genome sequencing technologies have recently become available, such as the
Illumina Genome Analyzer System (Solexa/Illumina) and SOLID (Applied
biosystems). Commonly, the laboratory part of all the different methods constitute a
minor part, as data handling, follow up sequencing and bioinformatics are still issues to
be solved for the application outside the research lab. The costs of sequencing methods
remain too high for them to be implemented in routine diagnostics, despite drastically
reduced prices. We have developed this method further in paper I and applied it in
paper III.
Pyrosequencing has been applied to organism detection by combining short stretch
DNA sequencing with signature matching in a suitable characterized phylogenetic
7

target, 16S rRNA, in addition to a variety of target genes in bacteria [25, 34-35]. Even
though pyrosequencing yields limited amounts of DNA sequence information,
pathogen detection could still be made [25]. The utility of pyrosequencing to rapidly
identify bacterial species by analysis of variable regions in 16S and 23S rDNA has been
demonstrated in previous studies [34, 36]. Speed, cost-effectiveness, robustness and a
user-friendly design makes the technique an attractive choice in a routine
microbiological laboratory. A drawback for some applications as compared to Sanger
sequencing, is, however, its relatively short read-length, which is usually limited to
approximately 70 nucleotides [37].

Figure 2. The nucleotides A, C, G and T are added sequentially, one at a time, to the
primer-template complex. The incorporation of a nucleotide results in the production of
one molecule of pyrophosphate (PPi) which is converted to a light flash through a
cascade of enzyme reactions. Any non-incorporated nucleotides are broken down by
the enzyme apyrase.
2.3

16S rRNA AND rpoB ANALYSIS

The 16S rRNA gene is highly conserved among bacteria. Its function is essential for the
existence of the bacteria, and it is a structural part of the 30S ribosomal small subunit
[37]. Therefore, sequence analysis of this gene is widely utilized for identification and
phylogenetic classification of bacterial species. However, the 16S rRNA gene is not
8

useful for typing at the strain level, as the DNA sequence is too conserved, except
among a few species, such as N. meningitides [38]. Other genes, with less conserved
sequences, have been utilized for both species identification and strain typing. The
choice of appropriate genes may vary according to the species. The gene rpoB which
encodes the β subunit of RNA polymerase, has been used for species identification and
subtyping [39]. 16S rDNA analysis was used in paper III for species and subspecies
determination. rpoB analysis was used for species determination in paper I.
2.4 PFGE ANALYSIS
PFGE involves embedding organisms in agarose, lysing the organisms, and digesting
the chromosomal DNA with restriction endonucleases that cleave infrequently in the
gel [38]. Slices of agarose containing the chromosomal DNA fragments are inserted
into the wells of an agarose gel, and the fragments are resolved into a pattern of discrete
bands in the gel by an apparatus that switches the direction of current in a
predetermined manner. The DNA restriction patterns of the isolates are then compared
with one another to determine their relatedness. PFGE represents a gold standard for
typing of many microbes such as Salmonella enteritidis [39]. This method has been
standardized and became a prioritized tool for use in large networks of laboratories in
both the USA (PulseNet) and Europe (PulseNet Europe), and this method is used in
paper IV. This technique was developed by Schwartz and Cantor [40] by altering the
voltage gradient used in normal gel electrophoresis to improve the resolution of larger
molecules, due to the size of the fragments being resolved, and the fact that the DNA
does not move in a straight line through the gel. Small fragments can find their way
through the gel matrix more easily than large DNA fragments. Nevertheless, with a
periodic change of field direction, the various lengths of DNA react to the change at
differing rates, i.e. larger fragments of DNA will be slower to realign their charge
when field direction is changed, while smaller fragments will be quicker. Over the
course of time, and with the consistent changing of directions, each band will begin to
separate more and more even at very large lengths. Thus a separation of very large
DNA fragments by use of PFGE is possible. Instead of constantly running the voltage
in one direction, the voltage is periodically switched in three directions: one that runs
through the central axis of the gel and two that run at an angle of 120 degrees either
side. The pulse times are equal for each direction resulting in a net forward migration
of the DNA.
PFGE typing has produced stable and highly reproducible profiles of F. tularensis
isolates in our laboratory. This method has been used to provide laboratory data for
epidemiological characterization and tracing of F. tularensis isolates. PFGE analysis
is however time-consuming and has a very low resolution. Every gel holds only 30
lanes of which at least three are occupied by a DNA size marker. Processing a gel
requires laboratory personnel to work a minimum of five days from the making of
bacterial suspensions until the digitalized band patterns are obtained. In our case it
creates a risk of laboratory acquired infections due to the extremely contagious nature
of F. tularensis. PFGE may be used for genotyping or genetic fingerprinting. It is
commonly considered a gold standard in epidemiological studies of pathogenic
organisms. The choice of typing method depends on both the aim of the assay and the
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organism, a discriminatory power of methods varies widely between bacterial species
with limited sequence differences, such as F. tularensis.
2.5 VNTR
Prokaryotic genomes contain a wide array of repetitive DNA elements ranging from
single-nucleotide repeats to large, complicated repeats of dozens of nucleotides.
VNTRs are repeats that are found in tandem and demonstrate interstrain variability.
Multi-locus VNTR analysis (MLVA) has become a reliable way to establish genetic
relatedness for epidemiological typing of organisms such as B. anthracis [16],
Escherichia coli O157:H7 [41], F. tularensis [42], Salmonella enteritidis serovar
Typhimurium [43].
VNTR typing is a PCR-based method which amplifies the repetitive region using
primers localized in the flanking conserved sequences. The PCR products of the
tandem repeat loci are either sequenced or size determined by fragment analysis in
order to reveal the number of tandem repeats. In paper IV fragment analysis was
performed by using fluorescein labeled primers and capillary electrophoresis to
fractionate the PCR amplicons. The actual number of tandem repeats within each PCR
amplicon was determined by using a computer program, Gene Mapper® (Applied
Biosystem).
For F. tularensis MLVA with 25 VNTR loci has enabled discrimination between
individual isolates [18]. Five of these VNTR loci were used in paper IV.
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3 AIMS

The general aim of this thesis has been the development and/or evaluation of methods
for detection and typing of serious pathogens.
The specific aims were:
I.

To discriminate between B. anthracis and closely related bacillus species
by use of pyrosequencing technology.

II.

To develop a rapid generic protocol for detection and genotyping of
infectious agents. The aim was to develop a protocol applicable for
bacteria, parasites, and viruses.

III.

To evaluate a rapid method based on 16S PCR and pyrosequencing for the
identification and subtyping of Francisella, including the human pathogen
F. tularensis and its subspecies.

IV.

To evaluate MLVA as a tool for practical use in epidemiological
investigations of F. tularensis infections in Sweden, and combine the
results with geomapping (GIS), in order to predict sources of infection and
determine reservoirs of the bacteria.

3.1 ETHICAL CONSIDERATIONS
Study II
The study was approved by the Ethics Committee of the Medical Faculty, Karolinska
Institutet, and by the Regional Ethical Review Board in Stockholm (2006/911-31/3).
Study IV
The study was approved by the Ethics Committee of the Medical Faculty, Karolinska
Institutet, and by the Regional Ethical Review Board in Stockholm (2008/1020-31/2).
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4 RESULTS AND DISCUSSION
4.1

PYROSEQUENCING TECHNOLOGY AS A RAPID METHOD FOR
IDENTIFICATION OF BACILLUS ANTHRACIS
Bacillus anthracis, the causative agent of anthrax, is a Gram-positive, aerobic or
facultatively anaerobic, endospore-forming and rod-shaped bacterium. It can cause
acute infection in both animals and humans. Anthrax is primarily a disease of
herbivores, which acquire the infection after coming into contact with soil borne spores.
The distribution of anthrax is worldwide, and the disease can be transmitted to humans
when spores of B. anthracis are introduced by ingestion, inhalation or skin contact. B.
anthracis is a potential bio-terror agent. To identify B. anthracis, both conventional and
molecular methods have been applied. Presumptive identification is based on
demonstrating a lack of β hemolysis on sheep horse blood agar plates and the
organism’s lack of motility. B. anthracis has two plasmids: the toxin encoding pXO1
(182 kb) and the capsule encoding pXO2 (95 kb) [44-45]. Both plasmids are needed for
virulence, and the lack of either of the plasmids results in attenuation of the bacteria.
The pXO1 plasmid contains genes lef, cya, and pag, which encode the toxin lethal
factor, edema factor, and protective antigen, respectively [46-48]. The pXO2 plasmid
contains the genes capA, capB and capC, necessary for capsule formation [49]. These
genes have been used as markers to identify B. anthracis both in environmental and
clinical samples by PCR [50-51].
In the autumn of 2001[52] anthrax was utilized for bioterrorism in a series of attacks
where spores from the bacteria were packaged into conventional letters and sent to
embassies and governmental institutions worldwide. The practice still occurs
occasionally. Some of these letters did indeed contain anthrax spores and 22 persons
fell ill. Five patients inhaled the spores and succumbed to the most deadly form of the
disease. Many other letters was sent but turned out to contain harmless white powder
and all other investigated suspected materials were negative for B. anthracis. This
occurrence stimulated an international bio-terror scare and increased many countries
awareness of preparedness. The interest for B. anthracis increased, which can be seen
in the increased numbers of scientific publications on this microorganism.
This bio-terror event resulted in efforts to establish rapid protocols for B. anthracis
detection in clinical and environmental samples. In order to trace infectious agents used
for bioterrorism it is important to identify and characterizes the organism with high
accuracy. Speed, sensitivity and accuracy are desirable, but often conflicting, properties
of diagnostic methods. One such example is the use of separate methods for detection
and genotyping of infectious agents. Primary detection is often performed quickly by
molecular techniques or microscopy, but genotyping requires more time and resources.
A rapid method for genotyping is clinically important since different subtypes of
microbes have been shown to be associated with different symptoms and differences in
susceptibility to antibiotics [53-57]. Genotyping is also fundamental for the
epidemiological understanding of transmission routes and the diversity of infectious
agents [58]. Thus, development of new detection methods that are fast, reproducible,
inexpensive, user friendly and possible to combine with subsequent genotyping is of
great importance.
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Many of the available methods for identification of B. anthracis are either time
consuming or have limited specificity. For this reason a new technical assay that
enables rapid and reliable species identification is important and essential as a part of
the preparedness against bioterrorism [51, 59]. In this study, we investigated the
possibility to use the pyrosequencing technology as a tool for identification of B.
anthracis. This method has previously been shown to be efficient for the analysis of a
wide range of microbial markers [60-61]. One of the main benefits of the
pyrosequencing technology is the capacity to perform rapid analyses of multiple
samples: up to 96 samples can be analysed in 30 minutes. This technology provides a
rapid and accurate way of adding validity to PCR-based assays by qualitatively
verifying a positive PCR. The risk of false positives is thereby minimized, which is
very important for the treatment of anthrax patients. The rpoB gene was used as a
chromosomal marker for B. anthracis in this study. The rpoB gene is common target
for real-time PCR analysis for B. anthracis [62]-[63] as well as for other bacterial
species [64] and was chosen in order to make discrimination between B. anthracis and
other closely related species of the Bacillus genus possible.
In order to genotype two SNP positions in one single reaction, the B. anthracis strains
were run in duplicate in the pyrosequencing reaction. SNP genotyping was achieved by
sequencing several fragments in one single well using a unique sequencing primer for
each desired SNP. The resulting pyrogram was a mix of the overlapping sequences
(Fig. 3). The dispensation order had to be designed to generate unique peaks for each
fragment in the multiplex genotyping reaction. In order to secure analytic precision, one
or two polymorphic peaks from each fragment were analysed without nucleotide
incorporation from the other fragment. The advantage of this duplex reaction is that it is
time-saving and the cost of the analysis is reduced. The use of one well for all four SNP
positions may also further optimise the method. One fragment from each plasmid was
sequenced (Fig. 4 and Fig. 5) in order to investigate the virulence of the strains in our
collection.
The 16S rRNA gene has also been used for identification of unknown bacteria as well
as for phylogenetic analysis. Two fragments from the 16S rRNA gene of B. anthracis
were amplified and sequenced in this study. The accession number AY138358 was
used to design the PCR- and sequencing primers. The positions of interest in the
AY138358 sequence were 77, 90, 92, 182, 189, 192, 200, 208, 1015, 1036 and 1045.
Unfortunately we were unable to rely solely on the 16S rRNA gene, as these positions
are not specific for B. anthracis, but our other Bacillus species have the same sequence
as B. anthracis in some of these positions (data not shown).
PCR assays combined with rapid and accurate DNA sequencing are valuable methods
that have the potential to enhance speed and sensitivity in diagnosis and monitoring of
microbial infections. The pyrosequencing technology is powerful for sequence
verification of PCR products (19). Although a primer pair may be selected to
specifically amplify only a specific target, it is still important to verify that the
amplified fragment is of the correct origin, which is especially important when using
PCR for diagnostic purposes. Pyrosequencing provides a rapid way of adding
confidence to PCR-based assays by qualitatively verifying that a positive PCR result is
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not the effect of mis-priming and amplification of unwanted DNA targets. SNPs are
principally appropriate markers for subtyping since they are evolutionarily stable and
amenable to high-throughput detection methods, sush as pyrosequencing and real time
PCR [25, 62, 65].
In conclusion, the present study confirms the usefulness of high throughput sequencing
of PCR amplicons in diagnostic bacteriology. Volokhov et al., have shown that
multiprobe microarray hybridizaton can be used for identification of B. anthracis [66],
and here we illustrate for the first time how pyrosequencing technology can be used for
identification of the B. anthracis. The use of pyrosequencing in diagnostic laboratories
has advantages such as rapidness, simplicity, no presence of radioactive substances,
relatively low costs, automatization and a high level of accuracy.
a)

b)

c)

d)

Figure 3. Pyrograms of duplex SNP determinations of the rpoB gene showing
B. anthracis specific nucleotides 911C, 912T (a) and 913C, 914A (b). The corresporing
nucleotides in B. cereus are 911T, 912C (c) and 913T, 914G (d).
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Figure 4. Pyrogram from B. anthracis plasmid pXO1. The sequencing fragment is
from a region of the lef gene located on this plasmid.

Figure 5. Pyrogram from B. anthracis plasmid pXO2. The sequencing fragment is
from a region of the cap gene located on this plasmid.
4.2

REAL-TIME PCR FOLLOWED BY FAST SEQUENCING: AN
OPTIMIZED,
SCALEABLE
DIAGNOSTICS
PIPELINE
FOR
SCREENING AND CHARACTERIZATION OF POLYMORPHIC
MICROBIAL PATHOGENS
The goal of this study was to produce an easy-to-perform, reproducible clinical
diagnostic screening method with a direct sequencing pipeline. The aim was a method
that would be open to any organism, any polymorphism, any template, as well as any
level of automation, and using only readily available clinical laboratory equipment, as
well as meeting the turnaround time demanded by today’s medical community. As a
model for this protocol we used Giardia lamblia. G. lamblia (synonymous with
Giardia intestinalis and Giardia duodenalis) is a flagellated, binucleated, tetraploid
protozoan parasite that colonizes and replicates in the small intestine, causing
giardiasis. G. lamblia infects a wide range of vertebrates including humans, livestock
and pets [67]. Currently eight different genotypes or assemblages have been identified
[67-68]. Only genotypes A and B have been found in humans [69]. The prevalence of
G. lamblia in humans varies between 2 to 5% in the industrial world to 20-30% in the
developing world. The clinical symptoms vary among patients, ranging from
asymptomatic infections to malabsorption and severe chronic diarrhea [67, 70-71]. The
parasite is transmitted through ingestion of cysts from sources such as contaminated
drinking water, and it has been associated with several large water-borne outbreaks
[72]. Primary diagnosis of G. lamblia infection is based on microscopy of stool
specimens for the presence of G. lamblia cysts or trophozoites; however, analysis of
single stool specimen has been shown to be effective in only 70% of all cases [73-75].
The sensitivity of microscopy-based diagnostics depends highly on the experience of
the microscopist and the number of examined samples. This results in a costly and
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time-consuming method lacking the ability to discriminate between different
genotypes. Alternative diagnostic methods are needed to increase sensitivity and reduce
labour time. PCR-based assays for direct detection of G. lamblia in stool samples have
been described, with similar or improved sensitivity as compared to microscopy [7677]. A rapid method for genotyping is clinically important, as mentioned in paper I,
since different subtypes of microbes have been shown to be associated with different
symptoms and differences in susceptibility to antibiotics [53-55, 57]. Genotyping is
also fundamental for the epidemiological understanding of transmission routes and the
diversity of infectious agents [58]. Thus, development of new detection methods that
are fast, reproducible, user friendly and possible to combine with subsequent
genotyping is of great importance.
The G. lamblia beta-giardin gene was chosen as target for the PCR and sequencing
analyses since it contains conserved regions suitable for screening, as well as
characterized polymorphisms that can be used as genetic markers for genotyping [7879]. Primers were designed using Primer Express 3.0 (ABI), with three deviations from
the manufacturer’s guidelines: (i) the forward primer was designed with an M13 tail at
the 5’end, (ii) a polymorphic region in the reverse primer required the use of two
equimolar primers, resulting in amplicons differing by one bp, and (iii) the 286 or 287
bp amplicon is longer than the 150 bp suggested by the manufacturer for optimal RealTime assays. To investigate if these modifications had any effect on Real-Time PCR
efficiency, we ran 10-fold dilution series over five logarithms on a G. lamblia control
DNA template. A PCR efficiency of 99% was obtained (mean slope = -3.23).
Forty-two clinical samples, all positive for G. lamblia by microscopy and nested betagiardin PCR (except one sample that was negative in nested beta-giardin PCR) [79],
were also tested. All samples were positive in Real-Time PCR. Amplicons from
positive samples subsequently entered the sequencing pipeline. The total run time from
PCR cleanup, Big Dye incorporation, dye terminator clean up, sequencing, through
completed data analysis was approximately 70 minutes (Fig 8). All samples were
minimally 180 bases (QV≥20; ≤1% probability of a miscalled base), generally starting
60 bases from the 3’-end of the M13 sequencing primer. The maximum read length
was 280 nucleotides. G. lamblia genotypes A and B could easily be distinguished and
identification of some of the major sub-genotypes was possible. Further, Giardia
genotypes C to F from infected dogs, sheep, and cats could also be unambiguously
identified and discriminated, adding the possibility of implementing the methodology
in routine veterinary diagnostic laboratories (data not shown). The sensitivity of our
PCR systems, compared to the previously published beta-giardin nested PCR [79], was
evaluated, and there were no significant differences between the two methods. All
PCRs were specific to G. lamblia, and no amplification was detected when testing
DNA from a panel of other infectious microorganisms, including Giardia-negative
faecal samples.
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Figure 8. Time table for all steps. Blue columns represent the new method and the red
columns represent the old method with nested PCR.
By having tailed M13 primers in the front-end PCRs, the sequencing pipeline has no
optimization for any assay coming in. A totally universal sequencing step removes
human error. The risks that come with a universal primer are the risks of contamination
and cross contamination. This is the reason why we favour a cleanup reaction that can
be added to the sample, rather than transferring the sample to a new plate, running
through filters, or ethanol precipitation. The sample remains in the sequencing plate
even as it is loaded and run on the sequencing instrument. An additional benefit is the
time saving generated by the highly effective cleanup step as seen in (Fig. 8).

Figure 9. Giardia lamblia mixed infection. Chromatogram for patient sample D146
with both nucleotides T and C, which indicates double infection with both genotypes A
and B of G. lamblia.
Some of the chromatograms from clinical samples showed double peaks at one or more
positions (Fig. 9). The number and positions of double peaks in G. lamblia assemblage
B, using our method were in agreement with the results found when using the standard
nested beta-giardin PCR and Sanger sequencing. Double peaks present in sequences
within assemblage B may be a result of allelic sequence divergence or mixed infections
with multiple sub-genotypes [79]. Out of the 42 clinical samples, three indicated
multiple double peaks in positions corresponding to double infections with genotypes A
and B; previously two of these were characterized as single genotype B infections, and
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one was not detected in the nested beta-giardin PCR (sample D146, Fig. 9). These
results indicate that this new method is likely to be more sensitive and potentially adds
an advantage to screening patient material for mixed infections, as compared to the
original nested beta-giardin PCR.
In this study we have developed an innovative protocol for combining Real-Time PCR
with a fast sequencing protocol. The proposed methodology allows for increased time
savings through further optimization of the Real-Time run. At the present, however,
sequencing of amplicons generated using fast Real-Time PCR chemistry has not
yielded satisfactory results. The full process from extracted DNA to analyzed sequence
is performed within three hours (Fig. 8). The overall benefit of this method, with the
inclusion of an M13 tail, allows for the creation of a rapid, universal diagnostic
screening and confirmation platform for diagnostic use as well as for subsequent
genotyping of any nucleic acid under ~300bp. The use of this method is worth
considering, if applied to cases where rapid screening and genotyping is required.
4.3

RAPID IDENTIFICATION OF FRANCISELLA BY PYROSEQUENCING
OF 16S RDNA
F. tularensis is a small Gram-negative, capsulated, non-motile, aerobic bacterium [80].
This intracellular bacterium is the causative agent of tularemia, a zoonotic disase
commonly known as rabbit fever. Tularemia is a severe disease that occurs throughout
the Northern hemisphere. It is endemic in Sweden with up to several hundred reported
cases annually. The genus Francisella comprises two species: F. tularensis and F.
philomiragia, and within F. tularensis there are four subspecies, two of which are
pathogenic for both humans and animals. F. tularensis subspecies tularensis (Type A),
is highly virulent, and found in North America, whereas F. tularensis subspecies
holarctica (Type B), is moderately virulent and found in Europe, Asia and North
America. The less virulent F. tularensis subspecies novicida has been isolated in North
America and Australia and F. tularensis subspecies mediasiatica in the former Soviet
Union. Tularemia can occur in different clinical forms; depending on the route the
bacteria enter the body. Inhalation of infected dust leads to the respiratory form of
tularemia. Ulceroglandular tularemia is seen after transmission by arthropods or direct
contact with infected animals. Oropharyngeal tularemia is seen after oral ingestion of
contaminated food or water. The incubation period is usually 3 to 6 days. The initial
symptoms after infection with subspecies tularensis and holarctica are similar, and
include chills, fever, muscle pain, and headache. Tularemia caused by F. tularensis
may rapidly progress to severe disease with septic shock and potentially a fatal
outcome. It is a challenge to understand the geographic distribution of type B
subpopulations as they occur throughout Northern Hemisphere.
Culture of F. tularensis should be attempted only in Bio-safety level 3 (BSL3)
laboratories and immunization of the staff should be undertaken as a safety measure. F.
tularensis is relatively slow growing, and for diagnostic purposes the bacteria require,
incubation for 5-8 days in order to exclude growth. That is why the detection of
bacterial DNA in patient samples is an attractive alternative to culture, especially since
the work can be based on non-viable bacteria and provides rapid analysis in a Biosafety level 2 laboratory environments. Due to its virulence F. tularensis is included
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among the top 6 category A pathogens as a potential bioterrorism agent. If deliberate
release of the organism is suspected, there is an urgent need to understand the
pathogenic potency of an isolate as well as its putative origin. Whenever tularemia
appears in an area believed to be free from the agent, characterization of isolates will
become urgent. In the case of naturally occurring tularemia the methods for typing and
classification of the bacteria are important for epidemiological purposes.
In the present study pyrosequencing was used to analyze V1 16S rDNA sequences of
32 reference strains and 96 Swedish isolates from cases of ulceroglandular tularemia.
The 16S rRNA is a structural part of the 30S ribosomal small subunit and its function is
essential in bacteria. It consists of 8 conserved and 9 variable regions in between the
conserved region V1-V9 [81]. The goal was to develop a method for rapid
identification of suspected Francisella subspecies isolates using a previously validated
set of primers. Although the protocol is generic, and can be used to screen for a large
variety of bacterial species, its application here depends on a more rapid approach with
dispersion order specifically adapted to the Francisella genus sequence. Additional
tests were successfully performed to further shorten the time for analysis using a SYBR
green qPCR protocol with the ABI7500 FAST platform. The analysis could be
completed in less than 1.5 h (data not shown), which is useful not only from a clinical
point of view , but also in the context of an outbreak or a suspected bioterrorism event,
as the index case may be rapidly identified and treatment initiated at an early stage. The
clinical usefulness of the method was demonstrated by analysis of samples from
patients with ulceroglandular tularemia collected over a 13-year period. Single
nucleotide polymorphism (SNP) analysis, which is able to discriminate between
virulent F. tularensis subtypes, first used to test reference strains, and subsequently
applied to patient samples. All samples were shown to contain markers of human
virulence, according to the pyrosequencing results. A 37 nucleotide sequence
specifically identifies the Francisella genus (Fig. 10) and further subgrouping is
possible by SNP analysis. The subgroup, to which all patient isolates were allocated,
includes the human virulent subspecies F. tularensis subspecies tularensis, F.
tularensis subspecies holarctica and F. tularensis subspecis mediasiatica. A second
subgroup includes F. tularensis subspecies novicida and F. philomiragia (Fig. 11).
Human pathogenic isolates can be discriminated from that less significant to human
disease, e.g. environmental strains or contaminants in order to determine whether or not
an isolate should be processed in a BSL-3 laboratory for further analysis. In conclusion,
the method should be considered as a rapid molecular tool to identify Francisella and
its subspecies with significance to human disease. Further epidemiological
investigations require high resolution techniques, such as MLVA or whole genome
sequencing.
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4.4

EVALUATION OF MLVA FOR EPIDEMIOLOGICAL TYPING OF
FRANCISELLA TULARENSIS - EXPERIENCES FROM AN ENDEMIC
COUNTRY
MLVA based on the five published VNTR loci was successfully used in this study for
the typing of F. tularensis isolates from Swedish patients. Cluster analysis assigned the
127 samples into 33 MLVA types. However, attempts to correlate geographic origin of
the isolates to specific MLVA types did not generate a clear cut result. The samples
analysed in the present study represent 127 patients from a large geographical area of
an endemic country during a time frame of 16 years. Ft-M3, Ft-M6, Ft-M20, Ft-M22
and Ft-M24 displayed repeats sizes of 9, 21, 12, 6 and 21 base pairs, respectively. The
most variable allele was observed for the fastest evolving locus, Ft-M3, with 17
different repeat variations, and this locus provided an enormous capacity to
discriminate among our isolates. The Ft-M6 and Ft-M20 demonstrated 3 different allele
variations, while the Ft-M22 and Ft-M24 showed only 2 variations. Although 25
VNTR loci have been described by Johansson et al [18], we chose 5 VNTR loci based
on their published diversity. High mutation rates for VNTR loci can result in
homoplasy, with identical VNTR loci in strains with different genetic backgrounds.
Isolates may share mutational changes for reasons other than common ancestry, which
could result in an improper isolate link. To exclude homoplasy our isolates were
analyzed by a second typing method, PFGE.
In this work, the restriction enzyme Pme I was used for PFGE typing of the patient
isolates. Although two other restriction enzymes were also tested, namely XhoI and
BamH1, Pme I was chosen due to its higher discrimination power for our isolates.
PFGE analysis of the 124 clinical isolates revealed three different but rather similar
PFGE profiles (types 1-3). The Bionumerics (Applied Maths, Inc.) version 3.5
software was used to make comparisons of the band patterns. The discriminatory
power of typing methods differs, depending on the approach of the method and the
possible variability of the studied feature. For PFGE the discriminatory power can
vary depending on the used restriction enzyme. For MLVA, on the other hand, the
discriminatory power depends on the number of loci and the features of these loci.
PFGE is not only very laborious to perform, but also needs viable bacteria. There are
also difficulties regarding comparisons of results between laboratories, which is why
we set up a real-time-PCR, based on canonical single nucleotide polymorphisms
(canSNP) (unpublished data Wahab et al). Our results suggest that this method has
the same resolution as PFGE and appears to be a promising tool for the study of the
macro-evolution of F. tularensis.
The MLVA data was analyzed by eBURST (http://eburst.mlst.net/), which uses allele
profiles to display the relationships among closely related isolates from a bacterial
population [82-83]. It uses an algorithm to classify the founder of the population by
classifying the VNTR type that differs from the others by only one (single locus
variants, SLV) or two (double locus variants, DLV) loci. eBURST is based on a
model of bacterial evolution, whereby a single ancestral founding genotype
undergoes diversification to produce a subset of closely related genotypes [83]. A
single spot on the eBURST diagram (Fig. 12) represents each individual MLVA type,
and the size of the spot is proportional to the number of isolates in the population that
share that type. eBURST analysis based on the allelic variants of each VNTR locus
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demonstrated two unlinked clonal complexes among the 33 MLVA types found in
our study (Fig 12). A large majority of our isolates were related to each other, since
they formed one of the clonal complexes, while the remaining three types formed
another clonal complex. Out of 127 isolates, just 24 were outliers, which could not be
traced back to the founder via single locus variants.

Figure 12. Phylogenetic relationship by eBURST. Each spot represents a specific
MLVA type. The predicted founder is Type 6. The size of the spot is proportional to the
number of isolates in the population that share that MLVA type.
In this study we evaluated MLVA for usefulness in practical epidemiology. MLVA
types were compared to detailed epidemiological information, including geomapping of
place of exposure. For this purpose the geographical information system (GIS) was
used. The results indicate that subtyping might be of limited use in surveillance and
outbreak investigations of tularaemia on the national level in endemic countries like
Sweden.
Genetic diversity functions as a way for populations to adapt to a changing
environment. If there is more variation, it is more likely that certain individuals in a
population will have variations of alleles that are suited for a particular environment.
Those individuals are more likely to survive and produce offspring carrying that allele.
The population will continue to grow for further generations due to the survival of these
individuals. VNTR data in this study demonstrated the highest genetic diversity at 0.90
for ft-M3 and the lowest at 0.15 for ft-M20. With an increasing number of laboratories
using MLVA, there is a need for standardization of allele nomenclature, so that data
can be interpreted and shared effectively between laboratories, Lista et al. have reported
on the discrepancies between the relative allele fragment size, as determined by
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fragment analysis software for MLVA markers, and the actual sizes determined with
complete genome sequencing and direct sequencing of PCR products. This will be a
reality if different analysis software, instruments, size standards or fluorescent dyes are
used, and the risk is increased when the alleles of the loci contain short repeats, e.g. 2-3
nucleotides [84]. This problem can be overcome by analyzing a set of reference strains
of known genotypes and allele sizes or by sequencing the alleles. It is very important
that the data can be reliably compared in each laboratory.
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5 CONCLUDING REMARKS

The last years have been momentous for infectious disease trackers and public health
professionals around the globe. The spread of cholera in Haiti following a catastrophic
earthquake, the worldwide H1N1 influenza pandemic, the EHEC O104 outbreak and
the reemergence of polio in Tajikistan, when we thought this disease had nearly
vanished – these are but a few of the challenges we have faced. At the same time, the
diagnostic and typing methods for different pathogens have become more sensitive and
rapid, which improves the possibility to defeat infections. Neither B. anthracis nor F.
tularensis constitute a part of the human normal bacterial flora, and their presence in
clinical specimens therefore indicates infection, regardless of the quantity of the agent.
They are easy to disseminate and they have potentially high mortality rates after
exposure by inhalation, which is why they are classified as category A bioterrorism
agents according to the Center for Disease Control and Prevention (CDC). On the other
hand, there is a distinct requirement for a wider range of applications for detection and
identification of these two bacteria to be used by veterinary public health services under
field conditions. They are zoonotic bacteria, and the first indication of their intentional
release might well arise as a disease outbreak among animals. Rapid and accurate
assays for microbial identification are essential to ensure proper medical intervention in
the case of a suspected intentional release of these two agents. One such protocol was
established here in paper II and is based on novel application of DNA sequencing. The
analysis, including amplification of target genes, is performed in less than three hours.
Another approach that has been applied on two different pathogens is based on
pyrosequencing. Pyrosequencing generates short sequences, and is thus a suitable
method for analyzing SNPs within a short gene fragment. As applied in this thesis
(papers I and III) it proved to be very useful for the analysis of the Francisella 16S
rDNA gene for determination of species and subspecies. Likewise, pyrosequencing of
the rpoB gene was useful for discrimination of B. anthracis from closely related
bacillus species. The analysis, including amplification of target genes, is performed
within two hours.
Protocols for the high resolution molecular typing methods available today are more
time consuming than the methods described above. Both MLVA and PFGE, which
have been evaluated for molecular epidemiological typing of F. tularensis, are very
accurate methods for many pathogens. However, for rapid typing they have to be
replaced by more rapid and less labour intensive methods.
MLVA studies have shown that F. tularensis subspecies holarctica isolates from the
United States and Sweden grouped together in several of major clades, suggesting a
more recent common ancestor for the European and North American F. tularensis
populations. The minor genetic diversity of subspecies holarctica suggests that this
subspecies has recently expanded across the Northern hemisphere. Future typing should
be based upon methods that result in distinct character data, easily exchanged between
laboratories. Investigation of the molecular epidemiology of F. tularensis will provide
deeper insights into the patterns of spread and be helpful in the establishment new
methods and strategies for disease prevention. Tularemia has previously been
considered to be a disease of the north (“Norrlandssjuka”) in Sweden. However,
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according the Swedish National Surveillance System, numerous cases occur in central
Sweden. This change in the geographical pattern of tularaemia could possibly be
attributed to a southward movement of the mosquito vector, but many questions remain
unanswered and more research is needed in this area.
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