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ABSTRACT
Streptococcus pneumoniae is a Gram-positive bacterium that can cause a wide range of
diseases. These include otitis media, sinusitis, pneumonia and meningitis. It can,
however, also cause asymptomatic carriage thereby behaving almost like a commensal.
It is of great interest to try to determine factors playing a role for if the bacterium will
cause carriage or whether it will cause an invasive disease (meaning that the bacterium
is sampled from the blood or the meninges). The aim of this thesis is to investigate
differences in genetic content in invasive and carriage isolates.
In the first study we set out to see how well a molecular typing method, MLST, and
genetic content as determined by microarray correlated. We found that isolates
differing in up to two MLST alleles and belonging to the same clonal complex
clustered together using microarray data. Hence the method of MLST, measuring
differences in 7 house-keeping genes, correlates well with genetic content as
determined by microarray. We also suggest an alternative typing method, a PCR
consisting of 25 accessory genes, which gives the same discrimination as MLST clonal
complexes. This method must, however be investigated further.
In paper II we wanted to see how well isolates differing in more than two alleles, and
still belonging to the same clonal complex correlated genetically. We found that both
the number of alleles differing and if the isolates compared were of the same CC and /
or Serotype affected the number of genes differing. For the three larger CCs
investigated we saw that for one of them the number of genes increased with the
number of alleles differing. For the other two there was a large increase when the
serotype of the isolates compared shifted, indicating the possibility that these CC:s in
fact come from more than one ancestor ST.
Paper III investigated the genetic content of isolates of different invasive disease
potential to see if any particular accessory region was associated with either carriage or
invasiveness. No obvious candidate was found. ARs 6 and 34 were found in most of the
invasive isolates and were absent in most of the isolates of low invasive disease
potential and were tested for invasiveness in a mouse model of infection. We were not
able to see any differences between knock-out mutants of these regions and the wild
type. This, in addition to the fact that many genes found to be important for virulence in
STM screens were absent, suggest that there is a great genetic redundancy affecting the
ability of different isolates to cause invasive disease.
In the fourth study we determined the invasive disease potential of isolates from
Stockholm, Sweden 1997-2004. Invasiveness for serotype well matched previous
studies with serotype 1, 4, 7F having a high invasive disease potential and 6A, 19F and
23 F having a low invasive disease potential. We did, however, find differences
between clonal types of the same serotype, for serotypes 14 and 6B. We further
investigated 6B by whole genome microarray and whole genome sequencing and found
a number of differences. Among these are two different variants of the important
protein PspA and the absence of PcpA, important for disease in the lung, from one of
our isolates. We were also able to determine that the four serotype 6B isolates differed
in presence/ absence of prophages, a factor that may be of importance for virulence.
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1 INTRODUCTION
In 1881 Georg Miller Sternberg and Louis Pasteur independently isolated the bacterium
later known as Streptococcus pneumoniae for the first time (Pasteur 1881; Sternberg
1881). It is a Gram- positive bacterium that shows α-hemolysis on blood agar plates. Its
cell wall is composed of several layers of peptidoglycan with bound teichoic acid (TA)
and lipoteichoic acid (LTA) anchored in the cell membrane. The pneumococcal cell
wall also contains choline bound to the TA. Pneumococci can grow as single bacteria,
in pairs or in chains. They show bile solubility and are usually optochin sensitive. All
these criteria plus agglutination with antipneumococcal polysaccharide capsule
antibodies are taken into consideration when classifying a bacterium as
Streptococcus pneumoniae (Dowson 2004). The bacteria are surrounded by a
polysaccharide capsule and, depending on this capsule, belong to one of currently 91
described serotypes. It was through the transformation of unencapsulated bacteria to
encapsulated that Avery was able to show that DNA is the carrier of genetic material
(Avery, MacLeod et al. 1979). S. pneumoniae cause a wide range of diseases, such as
otitis media, pneumonia with or without septicemia and meningitis, as well as
asymptomatic carriage. The disease is regarded as invasive if the bacterium is isolated
from a normally sterile site such as the blood or the meninges. Risk factors for
pneumococcal infections include age (< 2 years or >65), smoking, alcoholism,
underlying diseases such as chronic bronchitis, asthma, chronic obstructive pulmonary
disease, diabetes, cancer and immunosuppression including HIV (Musher 2004). A
prior viral respiratory tract infection, especially caused by influenza, is also a risk factor
for acquiring a pneumococcal infection (Musher 2004).
1.1

COLONISATION

Pneumocococcal transmission occurs through direct contact with respiratory secretions
or inhalation of aerosols from either asymptomatic carriers or from a person with
pneumococcal disease (Antao and Hausdorff 2009). When the pneumococcus enters
the nasopharynx it faces several challenges. It has to compete with other bacteria
already residing. There is also the ciliary beating that works to push the pneumococci
out of the nasopharynx. Also, in order to colonize the bacteria must adhere to the
surface. Any proteins working to adhere to the nasopharyngeal epithelial cells must
stretch through the capsule. It has, however been shown that the capsule is required for
pneumococcal colonization even though less amount of it may be beneficial (Magee
and Yother 2001). Pneumococci can change the amount of capsule they produce and
are found in two phase variants, opaque and transparent. The transparent variant has
less capsule (Weiser, Austrian et al. 1994). Nelson and co-workers suggest a model
where the opaque variant enters the nasopharynx. The higher amount of capsule allows
for escape from mucus. Thereafter the amount of capsule diminishes, giving rise to a
transparent variant for which it is easier to adhere (Nelson, Roche et al. 2007). The
opaque variant is also found in the invasive infections.
It has been shown that there is a positive correlation between carriage of
S. pneumoniae, M. catarrhalis and H. influenzae (Jacoby, Watson et al. 2007). Also,
there is a positive correlation with rhinovirus infection and carriage of these pathogens
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(Jacoby, Watson et al. 2007). On the other hand, there is a negative correlation between
carriage of S. pneumoniae and S. aureus (Jacoby, Watson et al. 2007).
1.2

DISEASE AND CARRIAGE

The pneumococcus can give rise to a wide variety of diseases ranging from acute otitis
media (AOM) to meningitis. It can also, however, give rise to asymptomatic carriage in
the nasopharynx, most commonly in pre-school children attending day-care centers. 44
percent of children under 6 years of age has been found to be colonized by
S. pneumoniae without signs of infection (Zenni, Cheatham et al. 1995) and for
children attending day-care centers the figure is as high as 60 % (Boken, Chartrand et
al. 1995; Duchin, Breiman et al. 1995; Boken, Chartrand et al. 1996). A study from
England showed that by the age of 6 months 54 % of infants have acquired
pneumococci at least once. This increases to 97 % by two years of age (Sleeman,
Griffiths et al. 2006). Serotypes most often acquired for carriage were serotypes 6B,
19F, 23F, 6A and 14 (Sleeman, Daniels et al. 2005; Sleeman, Griffiths et al. 2006).
Serotypes 15C and 7F had the shortest duration of carriage, approximately 6 weeks,
and 6B had the longest, approximately 20 weeks (Sleeman, Griffiths et al. 2006). In the
same study by Sleeman et al an inverse relationship between duration of carriage and
the attack rate of a specific serotype was found (Sleeman, Griffiths et al. 2006). The
attack rate is the number of cases of invasive disease per 100 000 acquisitions. There is
a larger genetic diversity among isolates causing carriage than among isolates causing
invasive disease (Robinson, Edwards et al. 2001; Brueggemann, Griffiths et al. 2003).
1.2.1 Acute otitis media and sinusitis
Pneumococci may be carried into the eustachian tubes where they are normally rapidly
removed, mainly due to ciliary action. If the opening of the eustachian tubes is
obstructed due to edema caused by e.g. co-existent viral infection or allergy the bacteria
may not be cleared. Otitis media is a common disease. It is estimated that by three years
of age approximately 80% of US children has had at least one episode (Teele, Klein et
al. 1989). Streptococcus pneumoniae accounts for approximately 40% of otitis media
cases worldwide with H. influenzae accounting for another 40 % (Casey and Pichichero
2004). Apart from genetic predisposition (Rovers, Haggard et al. 2002) risk factors
include not being breast-fed as an infant, attending a large day-care center and passive
smoking (Rovers, Schilder et al. 2004).
Similar to the mechanism for otitis media the osteomeatal complex may be obstructed
due to edema. The fluid accumulated in the paranasal cavitites provides a medium for
the bacteria to grow in. Again, in this case pneumococci may not be cleared causing
sinusitis.
1.2.2 Pneumonia
Pneumonia is a major cause of morbidity and mortality world-wide, especially in
developing countries, and it is estimated that in 2002 1.9 million children under 5 years
of age died due to acute respiratory infections (Williams, Gouws et al. 2002). Another
study showed that 19% of deaths in children less than 5 years of age are estimated to be
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due to pneumonia (Bryce, Boschi-Pinto et al. 2005). S. pneumoniae is the leading cause
of community-acquired pneumonia (CAP). When pneumococci enter the lungs their
presence stimulates an inflammatory response.
The most common complications of bacterial pneumonia are pleural empyema and
non-purulent plural effusion (Goldbart, Leibovitz et al. 2009) where pleural empyema
accounts for 28% of children hospitalized with CAP (Byington, Spencer et al. 2002).
The pneumococcus is now the leading etiological agent causing pleural empyema
(Byington, Spencer et al. 2002) . The most common serotype causing empyema is
serotype 1 (Byington, Spencer et al. 2002; Tan, Mason et al. 2002; Byington,
Korgenski et al. 2006; Fletcher, Leeming et al. 2006; Goldbart, Leibovitz et al. 2009).
1.2.3 Sepsis
If the bacteria enter the bloodstream they cause bacteremia. Bacteremia with clinical
signs constitutes sepsis. The bacteremia can be primary, i.e. without focus of infection,
or secondary, where the bacteremia is the result of an established infection (Musher
2004).
1.2.4 Meningitis
Meningitis is an inflammation of the meninges of the brain (Weber 2004). Incidence in
developed countries is approximately 1/100000 per year, as compared to 12/100000 per
year in children less than 5 in Africa (Wenger, Hightower et al. 1990; O'Dempsey,
McArdle et al. 1996; Berg, Trollfors et al. 2002; Weber 2004). It has been shown that
pneumococcal meningitis is associated with higher case fatality rates and a higher
number of patients with neurologic sequelae than either Haemophilus influenzae or
Neisseria meningitidis (Baraff, Lee et al. 1993). Mortality rates are up to 40% and
sequelae occur in up to 50% of survivors (Bhatt, Lauretano et al. 1993; de Gans and
van de Beek 2002; Weber 2004).
1.2.5 Atypical pneumococcal infections
Streptococcus pneumoniae also has the ability to cause other infections such as
endocarditits, primary peritonitis, septic arthritis, osteomyelitis, soft tissue infection and
conjunctivitits (Musher 2004). Interestingly non-typeable isolates, i.e. isolates without
capsule, are prone to cause conjunctivitis (Medeiros, Neme et al. 1998; Porat,
Greenberg et al. 2006; Shouval, Greenberg et al. 2006).
1.2.6 Epidemiology
Since pneumococci are so diverse it is important to monitor which subpopulations of
bacteria actually cause disease. After vaccine introduction it is also important to
monitor changes.
Generally, in young children serogroups 6, 14 and 19 are the most prominent causes of
invasive pneumococcal disease worldwide (Hausdorff, Bryant et al. 2000). In older
children and adults the diversity is greater and no single serogroup is common all over
the world, however, serotype 14 is among the 3 most common serotypes in every
region of the world except Asia (Hausdorff, Bryant et al. 2000). This greater diversity is
3

also shown by the fact that in most regions of the world 4-5 serogroups account for 50
% of invasive pneumococcal disease (IPD) cases in older children and adults, this is in
comparison to 2-3 serotypes in younger children (Hausdorff, Bryant et al. 2000).
Sjöström et al (Sjostrom, Spindler et al. 2006) have shown that serotypes such as 11A
and 19F act more as opportunistic pathogens while serotypes such as 1 and 7F with a
high potential for causing invasive disease act more as primary pathogens. These
serotypes primarily infect younger people and give rise to a not so serious invasive
disease. Furthermore, they found that certain serotypes caused a high mortality such as
serotypes 3, 6A, 11A and 19F. Alanee et al found that serotype played little role in
accounting for disease severity, instead host factors such as old age, underlying chronic
disease and immunosuppression played the greatest role in determining disease
outcome (Alanee, McGee et al. 2007).
Genetically related bacteria are called clones. Pneumococci can be divided into clones
using molecular typing methods such as pulsed-field gel electrophoresis (PFGE) and
multi-locus sequence typing (MLST). These are further described under methods.
When using these methods you can see that not all isolates of the same serotypes are
genetically related. It also shows that isolates related by molecular typing not
necessarily share the same serotype. MLST is readily comparable between laboratories
and defines the sequence type (ST) of an isolate.
1.2.7 Odds Ratio and attack rate for causing invasive disease
In vaccine considerations the rank order of serotypes has been used to guide which
serotypes should be included (Hausdorff, Bryant et al. 2000; Hausdorff, Bryant et al.
2000). Another approach is to try to determine how often a serotype will cause invasive
disease as compared to carriage. This has most commonly been done by comparing the
Odds Ratios (OR) for causing invasive disease. This is calculated by
OR=ad/bc
where a is the number invasive serotype/clone X, b is the number of non-invasive
serotype/clone X, c is the number of invasive serotype/clone non-X and d is the number
of non-invasive serotype/clone non-X (Sandgren, Sjostrom et al. 2004) An OR >1
indicates that the serotype/clone has a high invasive disease potential, i.e. when it
encounters a host it is more likely to cause disease than carriage. An OR<1 indicates
that the serotype/clone has a low invasive disease potential and it is more likely to
cause carriage than disease.
Several studies that use this measure have been published previously (Brueggemann,
Griffiths et al. 2003; Sandgren, Sjostrom et al. 2004; Hanage, Kaijalainen et al. 2005).
However, the population material included in the studies has differed somewhat. In the
study by Brueggemann et al (Brueggemann, Griffiths et al. 2003) both the invasive and
the carriage cohort were 0-5 years, the isolates were collected from approximately the
same time period and all isolates originated from Oxford. In the study by Hanage et al
(Hanage, Kaijalainen et al. 2005) the invasive isolates were collected from children 024 months from the whole of Finland while the carriage isolates were only collected
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from the city of Tampere. In the study by Sandgren et al (Sandgren, Sjostrom et al.
2004) both the invasive and carrier isolates were collected during one year from the
same geographic area, Stockholm. However, both adult and children were included
among the invasive cases. No serotype studied in these three studies showed
consistently an OR significantly above 1 suggesting that there may be differences
depending on age or on geographic location. A meta-analysis performed by
Brueggemann et al suggested that OR is stable over time and by geographic location
(Brueggemann, Peto et al. 2004). This study however calculated OR in a slightly
different way,
OR=ad/bc
where a is the number of invasive serotype X, b is the number of non-invasive serotype
X, c= the number of invasive serotype 14 and d is the number of non-invasive serotype
14. This study determined the serotypes with high OR to be 1, 4 and 7F, intermediate
OR 6B, 9V and 19A and low OR for causing invasive disease 3, 19F, 23F and 35B
(Brueggemann, Peto et al. 2004)
Another way is to study the attack rate. In this case you compare the number of isolates
of a serotype that cause invasive disease to how often that serotype is acquired
(Sleeman, Griffiths et al. 2006). This was done by Sleeman and co-workers (Sleeman,
Griffiths et al. 2006) and they found that OR for invasiveness overall matched the
attack rates of individual serotypes.
1.2.8 The human immune response
The human immune systeme is composed of two parts, the innate and the adaptive
immune response. The innate immune system is the first line of defense against
infections. It is composed of components such as phagocytic cells, proinflammatory
cells, antigen-presenting cells, antimicrobial peptides, complement, cytokines and
chemokines leading to an inflammatory response. Inflammation brings more
antimicrobial cells and proteins to the site of infection. Cytokines activate innate and
adaptive defenses and chemokines attract leukocytes. Phagocytic cells ingest and kill
bacteria. Complement enhances phagocytosis through opsonisation and induces
inflammation. Antigen-presenting cells initiate the adaptive immune responses
(Engleberg, DiRita et al. 2007). The adaptive immune system includes components
such as antibodies, T cells and B cells. Antibodies are immunoglobulins that
specifically bind to a known ligand. The immunoglobulins are synthesized by B cells. T
cells recognize and bind antigens (Engleberg, DiRita et al. 2007).
Both the innate and adaptive human immune responses are important in pneumococcal
infections. The major symptoms are due to an inflammatory response. Several
pneumococcal virulence factors (see below) interact with the immune system. One
example is the capsular polysaccharide (see below) important for evasion of the human
immune response through the inhibition of complement mediated opsonophagocytosis
(Winkelstein 1984).
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1.3

VIRULENCE FACTORS

1.3.1 Capsule
The capsule is the major virulence factor of Streptococcus pneumoniae. Isolates that are
unencapsulated are in principle considered avirulent. However, clinical isolates may be
non-encapsulated. Also, one study has shown in a mouse model of infection that factors
other than capsular type seem to be of importance (Kelly, Dillard et al. 1994). In this
study they switched capsule of three different isolates of capsular types 2, 5, and 6B to
a type 3 capsule. They showed that virulence was neither that of the parental strain, nor
was it simply as the type 3 capsule donor strain.
The different polysaccharide capsules differ with respect to both their sugar
compositions and linkages, however, all capsules perform the same main function of
reducing opsonophagocytosis by limiting access of phagocytic receptors to complement
bound to the cell wall. Genetically the capsule region of an isolate is flanked by dexB
and aliA. It contains both a serotype-specific region and a common region where genes
contained within the type-specific region are unique to a specific serotype or serogroup
(Yother 2004). The type-specific region contains glycosyltransferases, polymerases,
transporters and enzymes needed for the synthesis of the serotype-specific sugars. The
common region encodes genes for modulations of capsule production and, most often,
the glycosyltransferase needed to initiate capsule synthesis (Yother 2004).
Pneumococci have been shown to switch their capsular types, and insertion sequence
(IS) elements are common in the capsular loci suggesting that transposition has played
a role in evolution. Also, capsular switches include DNA replacements from 15 up to
more than 25 kb (Coffey, Enright et al. 1998; Coffey, Daniels et al. 1999). The median
size of DNA taken up by cells through transformation is 7kb (Yother 2004) suggesting
that the large genetic transfer in capsular switches is a rare event.
The amount of capsule that is expressed is believed to vary. It is suggested that it would
be important for pneumococci to reduce capsule expression in order to expose adhesins
necessary for colonization on their surface. During systemic infection, however the
antiphagocytic properties of the capsule would make high-level capsule expression
desirable. Pneumococci do in fact exist in two different phase variants, transparent,
more common in carriage, and opaque, more common in systemic infection. Although
the capsular type is important for virulence, the genetic background in which it is
expressed also plays a major role (Yother 2004).
1.3.2 Proteins
Several proteins have been suggested as being important for virulence. Signaturetagged mutagenesis (STM) is one way of detecting these proteins. Three such studies
have been performed in S. pneumoniae identifying approximately 300 proteins (Polissi,
Pontiggia et al. 1998; Lau, Haataja et al. 2001; Hava and Camilli 2002). Several of
these are of unknown function but may well be for example adhesins.
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1.3.2.1 Pili
Gram-positive pili have only recently been identified. Two types of pili exist in
pneumococci. Pilus islet 1 (PI-1) consists of three structural proteins, three sortases and
one regulator. PI-1 has been shown to be important for colonization, virulence and the
inflammatory response in mice (Barocchi, Ries et al. 2006). It has also been suggested
to play a role in the successful transmission of the penicillin non-susceptible clone of
ST156 which is present worldwide (Sjostrom, Blomberg et al. 2007). The second pilus
islet, pilus islet 2 (PI-2) mediates adhesion to epithelial cells (Bagnoli, Moschioni et al.
2008). Usually these two pilus islet are not found together in the same isolate.
1.3.2.2 PcpA
PcpA is a 79 kDa large protein that is transcribed as a monocistronic transcript of
approximately 2.3 kb (Sanchez-Beato, Lopez et al. 1998). It is a choline-binding
protein that at its N-terminal has two tandem arrays of five leucin-rich repeats
(Sanchez-Beato, Lopez et al. 1998). PcpA is under control of the Mn2+ controlled
regulator PsaR (Johnston, Briles et al. 2006) and is only expressed under low
manganese conditions such as are found in the lungs and the blood (Glover,
Hollingshead et al. 2008). In the human nasopharynx manganese is relatively accessible
and PcpA is not expressed there. Glover and co-workers therefore propose that PcpA is
a good vaccine candidate that elicits protection against infection and not against
carriage. Thereby no ecological niche in the nasopharynx will be left empty for other
pathogens to take over (Glover, Hollingshead et al. 2008).
1.3.2.3 LytA
Lyt A is a lytic amidase that is the major autolysin in pneumococci. It cleaves Nacetylmuramoyl-L-alanin leading to cell lysis (Tomasz, Moreillon et al. 1988).
Pneumococci undergo autolysis when they e.g. reach stationary phase. A lytA- knockout mutant had significantly lower virulence than wild-type D39 (Berry and Paton
2000).
1.3.2.4 PspA
Purified PspA is able of binding human lactoferrin and competitively inhibit its binding
to pneumococci and one proposed function for this protein is iron acquisition at the
mucosal surface (Hammerschmidt, Bethe et al. 1999). The N-terminal domain is
essential for full pneumococcal virulence (Jedrzejas, Hollingshead et al. 2000). PspA
also reduces complement-mediated clearance and phagocytosis of pneumococci
(Jedrzejas 2001). It is suggested that the negatively charged pspA would simply repel
complement molecules and prevent their interaction with pneumococci (Jedrzejas
2006). Also, increase in bacterial surface charge has been correlated to the decrease in
antibacterial phagocytic activity (Jedrzejas 2006). Finally, PspA interact with human
IgG antibodies (Jedrzejas 2006). A pspA- knockout mutant was attenuated for virulence
compared to wild-type D39 after i.p. challenge, both by survival time and survival rate
(Berry and Paton 2000). PspA appears to act as a bridging element between choline of
TA or LTA and human cytokine-activated cell glycoconjugates (Jedrzejas 2001).
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1.3.2.5 PspC
PspC knock-out mutants showed a more than 50 % reduction in its adherence to known
pneumococcal ligands in eukaryotic cells (Rosenow, Ryan et al. 1997). The same
mutants also showed a 100-fold reduction in carriage in an animal model (Rosenow,
Ryan et al. 1997). Transparent pneumococci expressed increased amounts of pspC
(Rosenow, Ryan et al. 1997). PspC is capable of binding specifically to human
secretory IgA (Hammerschmidt, Talay et al. 1997), which is the most important
immunoglobulin in human secretions (Heremans 1974) and represents the major
adaptive mucosal defence factor against infectious agents (Underdown and Schiff
1986; Childers, Bruce et al. 1989).
PspC has a mosaic structure, which it has acquired from both inter- and intraspecies
genetic transfer (Brooks-Walter, Briles et al. 1999), and there is a close relationship
between PspA and PspC (Brooks-Walter, Briles et al. 1999). Recently it was shown
that certain alleles of PspC were able to bind the complement inhibitor C4b-binding
protein (Dieudonne-Vatran, Krentz et al. 2009). This protein still retains its function
and down-regulates the activation of the classical pathway. Hence it is possible for the
bacteria to escape eradication by the complement system. It has also been shown that
pspC binds C3, the third component of complement (Cheng, Finkel et al. 2000). C3 is
of central importance in host defense against bacterial infections as the site of
convergence of the classical, alternative and lectin-mediated pathways of complement
activation and the key opsonin in the complement cascade (Madsen, Lebenthal et al.
2000). It has been shown that epithelially produced C3 bound to PspC and pspC
knockout mutants failed to bind C3 (Smith and Hostetter 2000). PspC has also been
found to bind factor H (Dave, Brooks-Walter et al. 2001). PspC is important for
maintaining pneumococci in the ecological niche for nasal carriage and is necessary for
optimal carriage in an adult mouse model (Balachandran, Brooks-Walter et al. 2002).
PspC has also been identifed as the bacterial adhesin of the polymeric IgA receptor and
it has been shown that binding of PspC to human pIgR and SigA is mediated through
SC, the secretory component (Elm, Rohde et al. 2004).
1.3.2.6 Pneumolysin
Pneumolysin is the major pneumococcal cytotoxin. It is conserved among clinical
isolates of S. pneumoniae although some clones contain a non-hemolytic version
(Jefferies, Johnston et al. 2007). It acts by binding to host cell membrane cholesterol,
insertion into the targeted membrane and finally formation of pores which leads to host
cell lysis (Jedrzejas 2001). Pneumolysin is localized to the cytoplasm and was believed
to be dependent on LytA for its release (Jedrzejas 2001).
A pneumolysin-deficient mutant pneumococcal strain showed decreased adherence in
vitro but not in vivo and Rubins and co-workers conclude that the production of
pneumolysin does not play a major role in pneumococcal nasopharyngeal colonization
(Rubins, Paddock et al. 1998). However, another group was able to show that virulence
was attenuated in a pneumolysin-deficient mutant of the laboratory strain D39 (Berry
and Paton 2000).
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Pneumolysin can also activate the classical complement pathway thereby depleting
complement locally (Paton 1996). It can also initiate nitric oxide production from
macrophages contributing to tissue damage (Braun, Novak et al. 1999). Pneumolysin is
extremely pro-inflammatory and has been shown to affect production of e.g. TNF-α,
IL-1β and IL-6 (Mitchell 2004). During the first few hours of bacteremia in a mouse
model it is thought that pneumolysin plays a role in preventing inflammation-based
immunity, thereby allowing un-checked growth of pneumococci (Benton, Everson et
al. 1995).
1.3.2.7 PsaA
PsaA is present and conserved across all serotypes of pneumococci (Romero-Steiner,
Pilishvili et al. 2003). It was suggested as a pneumococcal adhesin based on sequence
similarities to other streptococcal adhesins (Sampson, O'Connor et al. 1994). However,
it has been shown that PsaA is in fact not an adhesin; it has no possibility of protruding
outside the cell wall. Its effect on adhesion is probably due to secondary effects
modulated by presence or absence of Mn or Zn (Jedrzejas 2001). It is transcribed as
part of a polycistronic mRNA including a total of three open reading frames (ORFs)
(Sampson, O'Connor et al. 1994).
It has been shown that adherence of a psaA knockout mutant to A549 cells was only
9 % of that of the wild type strain, in this case D39 (Berry and Paton 2000). The psaA
knockout mutant was also less virulent; however, virulence could be restored by
reconstitution of psaA (Berry and Paton 1996). Berry and Paton also state that the loss
of virulence is not due to poorer growth of the mutant (Berry and Paton 1996) a factor
that could otherwise contribute (Fernebro, Blomberg et al. 2008).
PsaA has been tested for immunogenicity in a mouse model of infection. Mice were
immunised by purified PsaA from a serotype 22 strain. The mice were significantly
protected against intravenous challenge by a serotype 3 strain (Talkington, Brown et al.
1996). Immunization of mice with PsaA was only modestly protective against lethal
pneumococcal infection (Gor, Ding et al. 2005). It has also been shown that PsaA
antibodies can prevent pneumococcal adherence to nasopharyngel epithelial cells
(Romero-Steiner, Pilishvili et al. 2003). However, PsaA is not accessible to antibodies
in circulation which suggest that it is not ideal as a vaccine candidate (Gor, Ding et al.
2005).
1.3.2.8 PavA
The pavA gene is localized to the cell surface even though it lacks traditional secretory
or cell surface anchorage signals. It binds fibronectin (Holmes, McNab et al. 2001) and
a pavA- knockout mutant showed 50 % reduced binding to immobilized human
fibronectin. The pavA mutant was significantly attenuated in virulence compared to
wild-type D39 in a mouse sepsis model (Holmes, McNab et al. 2001). Virulence was
also attenuated in a mouse meningitis model (Pracht, Elm et al. 2005) indicating that
PavA is important also for pneumococcal survival in the central nervous system. Pracht
and co-workers suggest that PavA is important for pneumococcal adherence but not
pneumococcal internalisation (Pracht, Elm et al. 2005). They also showed that the
effect of PavA on adherence is not due to direct binding to fibronectin (Pracht, Elm et
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al. 2005), nor that PavA is directly involved in adherence to a specific receptor but may
modulate expression or function of other adherence and virulence determinants (Pracht,
Elm et al. 2005).
1.4

TREATMENT AND RESISTANCE

The drug of choice for treating pneumococcal infections in Sweden is penicillin, as it
has been for decades. Antibiotic resistance was first reported in South Africa in the
1970s and it is increasing (Witte, Cuny et al. 2008). In Sweden reduced susceptibility to
penicillin is 2 % for 2008 (www.rivm.nl/earss) but in for example Romania it is as high
as almost 70 % (www.rivm.nl/earss). For erythromycin the resistance rate in Sweden
was 5.6 % (www.rivm.nl/earss).
Penicillin and other β-lactams act by binding to the so called Penicillin Binding
Proteins (PBPs). Thereby they interfere with the crosslinking of the peptidoglycan in
the cell wall (Engleberg, DiRita et al. 2007). There are several PBPs and in order to
achieve high level resistance more than one of them needs to be altered in a stepwise
process (Hakenbeck, Tarpay et al. 1980; Zighelboim and Tomasz 1980). These
alterations usually occur through recombination of PBPs from resistant organisms,
yielding mosaic PBP genes (Hakenbeck, Grebe et al. 1999). Resistance to β-lactams
may also occur through β-lactamases, this has, however, never been reported in
pneumococci (Hakenbeck, Grebe et al. 1999). It has been suggested that one reason for
the increase in penicillin resistance is that already resistant clones have a chance to
further spread under antibiotic selective pressure (Witte, Cuny et al. 2008). It should,
however, be stressed that reduced susceptibility does not always mean treatment failure
(Bauer, Ewig et al. 2001; doern, richter et al. 2005) and it has been shown that
penicillin resistance is not necessarily a risk factor for a fatal outcome (Henriques,
Kalin et al. 2000).
Other drugs used to treat pneumococcal infections are macrolides, commonly
erythromycin and clindamycin, thrimethoprim-sulfonamide and fluoroquinolones. The
macrolides act by inhibiting protein synthesis (Engleberg, DiRita et al. 2007).
Macrolide resistance can occur in one of two ways, either through an efflux pump or by
methylation of 23S rRNA (Witte, Cuny et al. 2008). Thrimethoprim-sulfonamide act by
inhibiting bacterial dihydrofolate reductase and inhibiting dihydropteroate synthesis
(Engleberg, DiRita et al. 2007). Resistance can occur through a mosaic dihydrofolate
reductase (Witte, Cuny et al. 2008). Fluoroquinolones act by interfering with DNA
replication (Engleberg, DiRita et al. 2007). Resistance occurs through mutations in one
or both of the genes parC, encoding a topoisomerase and gyrA, the A-subunit of DNA
gyrase (Witte, Cuny et al. 2008).
Risk factors for acquiring infection with drug resistant pneumococci include >65 years
of age, β-lactam therapy in the last 3 months, fluoroquinolone therapy, alcoholism,
underlying diseases and immunosuppression (Lode 2007). Macrolide resistance is
increasing but the clinical relevance of this resistance has been questioned, just as for βlactam resistance (Amsden 1999). Newer fluoroquinolones with enhanced activity
against pneumococci also show resistance (Chen, McGeer et al. 1999).
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1.5

VACCINE

Pneumococcal disease is a major cause of morbidity and mortality worldwide. It is
highly desirable to prevent these infections by vaccination. Since pneumococci are
extremely diverse it is however difficult to target all pneumococci with one vaccine.
Licensed for use as at present are PPV-23, a 23-valent vaccine that gives protection
against 23 of the 91 pneumococcal serotypes, PCV-7, a 7-valent vaccine conjugated to
a protein as well as PCV10, a 10-valent conjugated vaccine where the protein carrier is
from H. influenzae. PPV-23, is a polysaccharide based vaccine that has T-cell
independent antigens. Therefore it does not yield enough antibody responses in young
children who lack the mature B lymphocytes necessary to elicit T cell independent
antibody-mediated immunity. The conjugated vaccine, however, yields a T-cell
dependent response and therefore gives rise to a better memory for the antigen.
The PPV-23 is a polysaccharide vaccine containing serotypes 1-4, 6B, 7F, 8, 9N, 9V,
10A, 11A, 12F, 14, 15B, 17F, 18C, 19A, 19F, 20, 22F, 23F and 33F. These are chosen
because they represent at least 85 to 90% of the serotypes that cause invasive infections
(Jedrzejas 2001). PPV-23 has been shown to prevent 45 % of pneumococcal
pneumonia, significantly reduce the risk of hospitalization and the risk of death (59%)
in elderly >65 years of age in a study from Spain (Vila-Corcoles, Ochoa-Gondar et al.
2006)
PCV-7 is primarily licensed for use in children less than 2 years of age and includes
serotypes 4, 6B, 9V, 14, 18C, 19F and 23F. These are the serotypes that are responsible
for almost 90 % of invasive pneumococcal disease in children in the USA and Canada
(Hausdorff, Bryant et al. 2000). Also, in the same country, they are responsible for
approximately 60 % of acute otitis media cases (Hausdorff, Bryant et al. 2000) It has
been suggested that PCV-7 could prevent 12000 cases of meningitis and bacteremia,
53000 cases of pneumonia, 116 deaths and 1 million episodes of otitis media per
vaccinated birth cohort (Lieu, Ray et al. 2000). The PCV-7 has an efficacy against
invasive pneumococcal disease by vaccine serotypes of 89% (Pavia, Bianco et al.
2009). PCV-7 vaccination has decreased rates of pneumococcal infection both in
Canada, where incidence in the age group between 1 and 23 months of age decreased
from 58.9/100000 to 7.3/100000 (Laupland, Gregson et al. 2009), and in the USA
(Poehling, Talbot et al. 2006). In fact, a German study (Herz, Greenhow et al. 2006)
showed that an overall decrease of bacteremia cases occurred where there was a
decrease in pneumococcal bacteremia after introduction of PCV-7 without a
simultaneous increase in bacteremia caused by other organisms. However, there has
been reports of increases in pleural empyema (Byington, Korgenski et al. 2006; Gupta,
Khaw et al. 2008).
Despite the success in decreasing rates of pneumococcal infections there has been
reports regarding increasing rates of pneumococcal infections due to non-vaccine types.
The increase is primarily due to increases in serotype 19A (Messina, Katz-Gaynor et al.
2007; Pelton, Huot et al. 2007; Mera, Miller et al. 2008) but increases in serogroups 11,
15, 33 and 35 has also been reported (Mera, Miller et al. 2008). Of concern is that this
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increase in serotype 19A often is coupled to antimicrobial resistance (Messina, KatzGaynor et al. 2007; Pelton, Huot et al. 2007; Pichichero and Casey 2007)
A10-valent conjugated vaccine has just been licensed including PCV-7 plus serotypes
1, 5 and 7F. A 13-valent protein-conjugated vaccine including also serotypes 3, 6A and
19A is coming soon (Antao and Hausdorff 2009).
1.6

GENETICS

1.6.1 Sequenced laboratory strains
1.6.1.1 TIGR4
The TIGR4 isolate is a clinical isolate from the blood of a 30-year old male patient
from Norway (Tettelin, Nelson et al. 2001). It has also been called JNR.7/87,
KNR.7/87 and N4. It is a serotype 4 isolate of ST205. This isolate is often used as a
model in mouse experiment studies since it is highly virulent in mice.
Its full sequence has been revealed through random shotgun sequencing and it was the
first complete genome sequence of Streptococcus pneumoniae. It consists of a single
circular chromosome almost 2.2 Megabases (Mb) in size. Its G+C content is 39.7 %. It
can be found in GenBank under the accession number AE005672. The investigators
were able to assign biological roles to 64 % of the predicted proteins. 20 % had no
database match. Approximately 5 % of the chromosome is made up of insertion
sequences many of which are frame-shifted or degenerate. There are 108 RUP
elements. These are thought to act as a non-autonomous insertion sequence. Also in the
TIGR4 chromosome are 127 BOX elements. These are modular DNA repeats
composed of three subunits. The IS, RUP and BOX elements all contribute to
pneumococcal genome plasticity. Several pathways for sugar metabolism are present in
the genome as well as a high percentage of ATP-dependent transporters (Tettelin,
Nelson et al. 2001).
1.6.1.2 D39
D39 is the progenitor of the isolate that was used by Avery and co-workers to
demonstrate that DNA was the carrier of genetic material (Avery, MacLeod et al.
1979). It is a serotype 2 strain first isolated in 1916 (Lanie, Ng et al. 2007) and it is
commonly used by researchers worldwide still today. It is deposited in GenBank under
the accession number CP000410. Since the sequence of its descendant strain R6
(described below) is known it was sequenced through PCR walking. This means that
overlapping PCR products was designed and sequenced based on the R6 genome. By
using more than one strain of D39 obtained from different researchers they were able to
show that the isolates had remained stable with only 13 mutational differences found
between two of the isolates (Lanie, Ng et al. 2007). D39 carries a plasmid, pDP1. This
cryptic plasmid contains seven open reading frames but only one of these, a replication
protein, has known function.
1.6.1.3 R6
R6 is derived from the highly virulent type 2 strain D39. It was isolated through the
steps of R36, which in comparison to D39 has lost its capsule and also lost in virulence.
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Next came R36A that in comparison to R36 showed changes in morphology and
increased transformability. After this came R6 with yet increased transformability and
decreased colony size.
R6 is an unencapsulated isolate of ST128. Its genome consists of just above 2 Mb
encoding 2043 predicted proteins and its G+C content is 40 %. Its GenBank accession
number is AE007317. It has a 7504 bp deletion in the capsular genes. Over 500 of the
genes are predicted to be either located on the surface of the bacterium or secreted. For
23 % of these no function could be predicted. There are systems for utilization of at
least 12 carbohydrates. R6 is incapable of synthesizing aspartate, lysine, methionine,
threonine, isoleucine, glutamate, arginine, glycine, histidine and leucine. BOX, RUP
and IS elements comprise > 3 % of the genome (Hoskins, Alborn et al. 2001).
When comparing R6 to its mother strain D39 synteny is almost 100 %. The vast
majority of differences between these isolates are mutational differences.
Rearrangements have not occurred between these two isolates (Lanie, Ng et al. 2007).
1.6.2 Transformation
Transformation is the ability to take up DNA and incorporate it into the genome. It was
F. Griffith that discovered and named the phenomenon transformation in an experiment
where he found that heat-killed encapsulated pneumococci could transfer the ability to
produce a capsule to live unencapsulated pneumococci (Griffith 1928).
S. pneumoniae is a naturally transformable bacterium. Genetic transformation also
occurs naturally in many other bacterial species, e.g. Haemophilus influenzae, Neisseria
gonorrhoeae, Neisseria meningitidis and Bacillus subtilis. Bacteria such as E. coli can
also be transformed, however, this does not occur in nature and the cells must be made
competent first. This artificial tranformation is more limited in the amount of DNA the
cells can take up, in natural transformation it has, however, been estimated that
pneumococci may take up as much as 10 % of its DNA content (Lacks 2004).
The process of transformation is suggested as follows: Double-stranded DNA is bound
to the surface of the pneumococcus. Next a single-stranded cleavage occurs at random
sites. EndA, a membrane-located nuclease, cleaves the other strand to give a doublestrand break. EndA also degrades the complementary strand making it possible for the
single-stranded donor strand to enter the cell (Lacks 2004). EndA is essential for uptake
of DNA into cells, without it DNA is simply bound to the outside of pneumococcal
cells (Lacks, Greenberg et al. 1974).
Pneumococcal cells are not always competent to take up DNA. Competence is
controlled in two ways, by early and late genes. There are approximately 20 early genes
(Claverys and Havarstein 2007). When extracellular competence-stimulating peptide
(CSP) is accumulated it starts a signal transduction system which leads to the upregulation of CSP. CSP induces competence. This CSP is found in several allelic
variants distinct from each other, two of which, CSP-1 and CSP-2 are the most
common (Claverys, Martin et al. 2007). The signal transduction system also upregulates production of comX, the alternative sigma factor, which replaces SigA in
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RNA polymerase. This leads to an enhancement of late genes involved in competence
(Luo, Li et al. 2003). There are approximately 60 late genes induced by ComX
including genes involved in e.g. DNA binding, DNA uptake and processing after the
DNA has entered the cell (Claverys and Havarstein 2007).
LytA and other lytic factors are induced in one of the late genes operons, perhaps
suggesting a role in lysing of non-competent cells thereby yielding DNA available for
uptake. This phenomenon has been termed “pneumococcal fratricide” (Havarstein,
Martin et al. 2006). The so called fratricide effectors include CbpD, CibABC, ComM,
LytA and LytC all of which have different functions (Claverys, Martin et al. 2007).
LytA and LytC are bot lytic enzymes (Claverys, Martin et al. 2007). CbpD is a cell wall
degrading toxin; hence it is important for killing neighboring cells (Claverys and
Havarstein 2007). CibAB presumably constitute a 2-peptide bacteriocin (Claverys and
Havarstein 2007). CibC provides immunity to CibAB and ComM, one of the early
genes, yields immunity towards the lytic enzymes (Claverys and Havarstein 2007;
Claverys, Martin et al. 2007). Thereby the competent cells do not lyse themselves but
rather other cells nearby that are not in the competent state.
1.6.3 Recombination vs mutation
By what means does genetic change occur? Through homologous recombination of
pieces of DNA a few kilobases in size or is it through point mutation? The answer is a
little bit of both and attempts have been made to determine what influence each of these
two events, i.e. recombination and mutation. For the pneumococcus it has been
estimated that the rate at which an allele changes is 10:1 in favor of recombination
(Feil, Enright et al. 2000). An individual nucleotide is 50-fold more likely to change by
recombination than by mutation (Feil, Enright et al. 2000). These estimates have been
made by looking at MLST alleles for which a vast amount of data exists. Single locus
variants (SLV) were examined and since it is unlikely that more than one point
mutation should have occurred when the rest of alleles are unchanged these cases were
taken as recombination. It becomes more difficult when alleles only differ in one
nucleotide site. This is not necessarily through point mutation since a bacterium could
just as easily recombinate an allele with one nucleotide difference as many. Feil and coworkers then made the assumption that a recombining allele should be present
elsewhere in the genetic pool and hence it is likely already present in the MLST
database. So, an allele that has occurred through point mutation differs in one
nucleotide site from its SLV and this allele is a novel allele, not previously present in
the MLST database (Feil, Enright et al. 2000; Feil, Holmes et al. 2001; Spratt, Hanage
et al. 2001). This implies that drawing phylogenetic trees of bacteria based on sequence
of one gene is not valid . Also, in a study comparing 13 streptococcal genomes it was
determined that gene gain and gene loss are major determinants of evolution (Marri,
Hao et al. 2006).
1.6.4 Genome plasticity
In 2001 the first three genome sequences were made public ((Dopazo, Mendoza et al.
2001; Hoskins, Alborn et al. 2001; Tettelin, Nelson et al. 2001). Since then a vast
number has become publicly available. From the study of the first three, one can
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conclude that the pneumococcal genome contains over 2000 genes of which
approximately 60 % has a predicted function. The G+C content is just below 40 %. IS,
BOX and RUP elements, i.e. repetitive elements, were numerous, giving a great
potential for genome rearrangements. These kind of repetitive elements have been
shown to contribute to genome plasticity in H. pylori (Aras, Kang et al. 2003). In
comparing the three sequenced strains they varied from each other in about 10 %
(Tettelin and Hollingshead 2004). Other studies have revealed that the core genome of
a pneumococcus is approximately 70 % (Hakenbeck, Balmelle et al. 2001; Bruckner,
Nuhn et al. 2004). The rest is accounted for by the accessory genome, with genes that
may or may not be present. In the paper of Tettelin et al (Tettelin, Nelson et al. 2001) a
comparative genome hybridisation of 13 additional strains was also carried out. They
identified 13 so called regions of diversity. These can be fully or partly present or
absent in the genomes studied. Some of these regions may have been originally
acquired from other organisms as suggested by their atypical GC content.
Obert and co-workers (Obert, Sublett et al. 2006) performed comparative genome
hybridizations using microarray of 72 strains of serotypes 6A, 6B and 14. 42 of these
were invasive and 30 were noninvasive. They identified the core genome to be 1553
genes, or 73 % of the TIGR4 genome. In their study they identified 7 regions of
diversity to be associated with the noninvasive phenotype and 2 that were associated
with the invasive one.
In a study performed by Silva and co-workers (Silva, McCluskey et al. 2006) 13
isolates were investigated also using comparative genome hybridizations by
microarray. They represent 7 serotypes, although 6 of the isolates were of serotype 14,
and 8 different STs .They identified 3 new regions of diversity for a total of 25 regions
of diversity where three or more accessory genes were absent in at least one of the
isolates. These regions of diversity range in size from 1.7 to 34.8 kb. No attempt was
made to define the pneumococcal core genome. They were able to show that isolates of
the same serotype (14) and ST (124) differed in genetic content. These isolates also
differed in virulence in a mouse model of infection.
Hiller and co-workers performed a comparative analysis of seventeen fully sequenced
strains (Hiller, Janto et al. 2007). They propose that pneumococci possess a
supragenome consisting both of the core genome, that is present in all isolates, and an
accessory genome that may or may not be present. They found that there are 3170
sequence clusters present in total in the 17 strains. 46 % of these, corresponding to 73
% of coding sequences, are present in all isolates. 36 % are present in two or more
isolates and 18 % are unique to a single strain. Of the unique genes 64 % are annotated
as hypothetical and approximately 5 % have something to do with phage proteins. The
core genes include 30 % hypothetical genes. In an individual isolate 21 to 32 % of the
sequence clusters were accessory. They suggest that sequencing of 33 individual
isolates will yield 99 % of the supragenome that is present in at least 10 % of the
population.
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1.6.5 Phages
Another factor that can be of importance for genome plasticity is temperate
bacteriophages. In S.aureus it has been shown that they may carry accessory virulence
factors (Goerke, Pantucek et al. 2009). Previously up to 76 % of clinical isolates have
been shown to contain phages (Ramirez, Severina et al. 1999). Another study report 53
% of isolates as carrying at least one prophage (Romero, Garcia et al. 2009). Recently
Romero and co-workers analyzed 10 pneumococcal bacteriophages, all of which
belong to the Siphoviridae group (Romero, Croucher et al. 2009). They found that the
phages can be divided into three groups based on sequence similarities, with 56 % of
prophages belonging to group 1, 26 % belonging to group 2 and 11 % belonging to
group 3 (Romero, Garcia et al. 2009). However, all phages are organized in five gene
clusters, lysogeny, replication, packaging, morphogenesis and lysis (Romero, Croucher
et al. 2009). All putative integrases, present in the lysogeny cluster, belong to the
integrase family of tyrosine recombinases. Next to the lysogeny cluster the replication
cluster is located. This cluster is highly conserved within phage groups but not between
them. The packaging cluster is essentially the same in all phages. The morphogeny
cluster can differ within phage groups, e.g. most of the sequence differences for phage
group 1 are located here. The lysis cluster contains the holin and endolysin genes. The
endolysin is a N-acetylmutamoyl-L-alanin amidase. It is 91.5 % similar within phages
and 68.3 % identical to the LytA protein. Genes homologous to phage virulence genes,
such as pblB of Streptococcus mitis and vapE of Dichelobacter nodosus, were
identified but many genes had no homologues.
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2 AIMS
The general aim with this thesis is to characterize the genetic relationship and genomic
content of pneumococcal clinical isolates causing invasive disease or carriage.
2.1

PAPER I

The aim of this paper was to investigate whether molecular typing by (MLST) gives a
good estimate of the genetic content of clinical pneumococcal isolates and to find
alternative methods for molecular typing.
2.2

PAPER II

The aim of this paper was to examine how well clinical pneumococcal isolates
belonging to larger eBURST groups correlate genetically.
2.3

PAPER III

The aim of this paper was to examine whether we can find a special virulence factor or
accessory region important for disease outcome.
2.4

PAPER IV

The aim of this paper was to determine the invasive disease potential in children for
pneumococcal serotypes and clones and to find associations between bacterial genetic
content and disease potential.
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3 METHODS
3.1

BACTERIAL ISOLATES

The isolates used in this thesis have been sampled in different ways. R6 and TIGR4 are
laboratory strains obtained from Professor Elaine Tuomanen. The PMEN isolates are
recognised by the Pneumococcal Molecular Epidemiology Network as being
internationally spreading bacterial clones. These were obtained from Professor
Alexander Tomasz and Professor Herminia de Lencastre. The invasive isolates have
been collected from the clinical microbiology laboratories in Sweden. The carriage
isolates come from three different carriage studies performed in 1997, 1999 and in 2004
respectively where children have been sampled at day-care centers in the Stockholm
area.
3.2

SEROTYPING AND ANTIBIOTIC SUSCEPTIBILITY TESTING

Serotypin was performed using the gel diffusion method (Halbert, Swick et al. 1955) in
combination with the Quellung reaction using serotype-specific sera obtained from
Statens Seruminstitut in Copenhagen, Denmark. Drug susceptibility was determined
using the disk diffusion method according to the Swedish Reference Group for
antibiotics (SRGA) with antibiotic discs from Oxoid.
3.3

PULSED-FIELD GEL ELECTROPHORESIS

The PFGE method was developed in 1984 (Schwartz and Cantor 1984). It is used for
molecular epidemiology commonly in outbreak investigations. It is fast and relatively
cheap but it is not so easy to compare results between laboratories.
When performing PFGE you imbed the whole genome DNA of your isolate of interest
into agarose. Thereafter the DNA is cleaved by a restriction enzyme, apaI in this thesis,
and run on a gel. By using electric pulses from various directions it is possible to
separate even the larger fragments. The results have then been analysed using the
BioNumerics software with the clone inclusion criteria of Tenover et al (Tenover,
Arbeit et al. 1995).
3.4

MULTI-LOCUS SEQUENCE TYPING

MLST is another tool for molecular epidemiology developed by Enright and Spratt
(Enright and Spratt 1998). It is easily compared between laboratories and is better at
determining genetic relationship over time than PFGE. However, the discriminatory
power is less than with PFGE.
When performing MLST you sequence approximately 450 bp each of seven housekeeping genes in the pneumococcal genome. For the pneumococcus genes aroE, gdh,
gki, recP, spi, xpt and ddl are used. Each locus is given a number depending on the
particular sequence. These seven numbers give the allelic profile and also the ST.
Isolates differing in one allele are said to be single-locus variants (SLVs) of each other.
Isolates differing in two alleles are said to be double-locus variants (DLVs).
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3.5

EBURST ANALYSIS

eBURST is an algorithm that tries to determine relatedness between specific STs. The
algorithm also attempts to determine which clone is the founder of the clonal complex
(CC). In a clonal complex all isolates share the same alleles at least 6 loci with at least
one other member of the group. The founder is the ST that has the largest amount of
SLVs in that group. If two STs in a group have the same amont of SLVs the ST with
the largest number of DLVs is considered the founder (Feil, Li et al. 2004). In this
thesis eBURST groups are named after their predicted founder.
3.6

MICROARRAY

The microarray used in this thesis is based on the open reading frames of the two
genomes of TIGR4 and R6. A total of 2797 50-oligonucelotides are spotted in
triplicates on glass slides.The experiments were carried out using a reference design
consisting of an equimolar mix of R6 and TIGR4 as a control. Whole genome DNA is
cut into pieces and then labeled with Cy-3 or Cy-5. It is then hybridised to the
oligonucelotides. In papers I, II and III 3-4 hybridisations per isolate were carried out
including at least one dye-swap experiments. In paper IV two hybridisations including
one dye-swap was performed. The microarrays were scanned at 532 and 635 nm.
In the analysis fluorescent spot and background intensities were quantified using the
GenePix Pro software. Median pixel intensity was calculated for each spot. Spots
showing a reference signal lower than background plus two standard deviations, being
saturated or showing obvious abnormalities were removed from the statistical analysis.
For statistical analysis the R project for statistical computing was used
(www.rproject.org). The log2 fluorescence ratios were normalised to the median. A
bayesian linear model and the Holm multiple testing correction test was used to adjust
individual p-values (Holm 1979). The isolates were compared to the reference strains
as well as to each other. Genes were considered absent if they had an M value of less
than -1 and a p-value less than 0.01
This microarray only consists of the full genome of two pneumococcal isolates, TIGR4
and R6. We can never detect genes that are not present in either or these two genomes
hence we miss some information in the analysis. Also, the number of genes that are
absent in one isolate is not an exact number but more of an approximation. This lies in
the nature of the statistical analysis. Some genes may be present but differ enough in
sequence over the oligonucleotide to give a false negative result.
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4 RESULTS AND DISCUSSION
4.1

PAPER I

The common molecular epidemiological tool, MLST, measures relatedness through
sequencing of 7 house-keeping genes. These genes naturally belong to the core genome
and it is unclear how well molecular typing with MLST correlates to genetic content of
pneumococcal isolates. In paper I we determined genetic content using our whole
genome based microarray and correlated the result to sequence type, ST, as determined
using MLST. 40 pneumococcal isolates were tested. Some of these belonged to the
same clonal complex as determined by eBURST. When performing hierarchical
clustering of the microarray results isolates belonging to the same clonal complex
clustered together. This suggests that they are closely related. Isolates that did not
belong to the same CC did not cluster together suggesting that they are genetically
more distant from each other.
All isolates were compared to all others in a pairwise manner to determine the number
of genes that differed between the pneumococcal isolates. The isolates in a particular
comparison were grouped into one of the following groups: group A clonal complex
with the same serotype (24 comparisons), group B clonal complex with different
serotypes (25 comparisons), group C not a clonal complex but with the same serotype
and group D neither belonging to the same clonal complex nor to the same serotype.
Isolates belonging to the same clonal complex were more similar regardless of whether
they belonged to the same serotype or not. In contrast, isolates belonging to the same
serotype were not more similar to each other than isolates of different capsular types.
The number of differences between isolates belonging to the same clonal complex was
investigated in more detail. Isolates belonging to clonal complexes with serotypes of
high invasive disease potential, CC306 of serotype 1 and CC191 of serotype 7F, had
differences ranging from 0-44 genes. Other clonal complexes had differences ranging
from 1-53 genes. Interestingly no differences of the gene content of the isolates of
ST306 as well as for the isolates of ST191 could be detected. This suggests that isolates
belonging to these invasive STs have few intraclonal differences.
An alternative approach for molecular typing was investigated in the paper. Instead of
the expensive and time-consuming method MLST, we found that the absence or
presence of genes in the accessory (variable) genome could function as a predictor of
relatedness. Presence and absence of 25 genes in 25 accessory regions was determined
through PCR. Their presence varied among the 40 isolates tested. Isolates belonging to
the same clonal complex did not differ in presence/absence in more than 2 of these 25
genes. In contrast, isolates belonging to different CCs differed in more than 4, hence it
seems possible to determine genetic relatedness through PCR alone. This would be a
great advantage compared to MLST since it is cheap and fast to use. However it needs
to be tested on a larger set of isolates.
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4.2

PAPER II

In Paper II the genetic relatedness of clinical isolates belonging to the same clonal
complex and differing in up to 4 alleles was investigated using microarray. The two
largest clonal complexes in the MLST database, CC156 and CC138 as well as a
medium size clonal complex, CC124, were chosen for analysis. Also isolates
representing the largest clonal complexes of serotypes 1 and 3 were investigated. There
was some variation as to how similar isolates of different clonal complexes were.
For CC138 three serotype 6B isolates and one 19F isolate were analyzed. The 19F
isolate was more divergent than the serotype 6B isolates suggesting that either there has
been some larger genetic replacement during the serotype switch or that they belong to
two branches. One branch including serotype 6B isolates and the other including
serotypes 19F and 23F that have come together by chance.
For CC156 the number of genes differing rose with the number of alleles differing.
Serotype does not seem to play a great role for genetic diversity in this CC as isolates of
even the same ST can have different serotypes.
For CC124 the results are somewhat similar to those for CC138. Here the number of
genes differing also increases with number of alleles differing but there is a great leap
between 2 alleles differing, with 15 genes differing, and 3 and 4 alleles differing, with
192-225 genes differing. In all comparisons of isolates differing in 3 and 4 alleles the
comparisons are between isolates from different branches having different serotypes.
Again, either there have been some major genetic rearrangements during serotype
switching or the major cluster with serotype 14 and the branch with various serotypes
have come together by chance.
For serotype 1 over 100 genes differed between isolates of three of the largest clonal
complexes. Only between 51 and 78 genes differed between isolates of CC217 and
CC2296, even though isolates compared differed in 5 and 6 alleles. This suggests that
perhaps these two clonal complexes represent CCs that have been separated by chance
and they may have originated from a common ancestor.
For serotype 3 three clonal complexes were included. The largest CC180 was
substantially different from the others. The other two, however, CC260 and CC378
only differ from each other by between 35 and 51 genes. The isolates differ in three
alleles. The mean number of genes differing between isolates differing in three alleles
is 143 which of course is much higher. This would indicate that these two clonal
complexes are in fact one and the same. Interestingly isolates of these clonal complexes
belong to the same clone as determined by PFGE.
In general we conclude that differences in number of genes differing between isolates
as compared by microarray are determined by the number of alleles differing between
isolates, if they belong to the same clonal complex or not and if they are of the same
serotype or not. Use of more than one molecular typing method is useful when
determining genetic relatedness. Assumptions of genetic similarity within large clonal
complexes should be done with caution.
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4.3

PAPER III

The invasive disease potential varies between serotypes and perhaps clonal types. The
reason for this is unknown. In this paper we investigated presence and absence of
accessory regions as determined by microarray in serotypes with a known invasive
disease potential.
34 % of the genes in the combined genomes of R6 and TIGR4 were absent in at least
one of the isolates tested. Since the microarray method is not set up to detect
differences in sequence we cannot conclude that all of these genes are in fact missing.
Instead we focus on accessory regions were several consecutive genes were found as
absent or present. Of the accessory genes, not belonging to the core genome, 40 % were
found in such regions.
In our dataset we found 5 new accessory regions that had not been previously
described. These mainly encode hypothetical proteins. Our criteria for these regions
were at least 3 genes next to each other in the genome missing in at least one of our
isolates.
Through three STM screens approximately 290 genes have been found as being
essential for virulence in mouse models of infection. Interestingly about one third of
these were absent in our clinical isolates. 32 were found to be located in accessory
regions. This suggests that there is a great redundancy in the function of these proteins.
Isolates belonging to CC306 of serotype 1 have been shown to have a high invasive
disease potential. The isolates in this CC belongs to two different STs, ST306 (two
isolates) and ST228 (one isolate). The two ST306 isolates did not differ in genetic
content but the ST306 and ST228 isolates differed in presence/absence of
approximately 40 genes. These include AR10, AR19, AR27 and part of AR16. AR10,
involved in mannose metabolism and AR19 are present in ST228 which is significantly
more virulent than ST306 after intraperitoneal challenge in mice.
Serotype 7F is also regarded as a serotype with high invasive disease potential. Two of
the serotype 7F isolates were of the same ST, ST191, and hardly any genetic
differences were found among them suggesting that invasive STs are more clonal.
In isolates of the serotypes with high IDP (types 1, 4 and 7F) 26 of the totally 41 ARs
were absent in at least one isolate. 17 of these harbor genes identified in STM screens
as being essential for mouse virulence. No AR is associated solely with isolates of high
IDP, however, AR6 and AR34 stood out as the best candidates. We were however not
able to show any difference between knockout mutants of these regions and wild type
bacteria in a mouse model of infection. This suggests a high level of redundancy among
ARs.
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4.4

PAPER IV

In paper IV we determined the invasive disease potential of pneumococcal serotypes
and clones by characterizing invasive isolates and carriage isolates from children in the
Stockholm area between 1997 and 2004. Serotypes 6B, 14, 7F, 1, 6A, 19A, 18C and
19F were, in rank order, the most common serotypes causing invasive disease, all of
which individually accounting for over 5 %. Serotype 6B alone accounted for 24 % of
all invasive disease cases. Serotype19F was most common type found among the
carriage isolates, followed by 6B, 6A, 23F and 14. Again, all of these serotypes
accounted for above 5 % each. The majority of these serotypes are included in the 7valent protein-conjugated vaccine and all serotypes mentioned above are included in
the 13-valent vaccine.
When comparing these results to which serotypes cause disease in adults the picture is
somewhat different. The serotypes that individually account for at least 5 % of the
invasive disease in adults are in rank order 14, 1, 4, 9V, 23F, 3 and 7F. All these
serotypes are included in the 13-valent conjugated polysaccharide vaccine.
Invasive disease potential was calculated for the serotypes found among the children by
comparing invasive disease and carriage isolates. Serotypes with an OR >1 for causing
invasive disease were 1, 4, 7F, 19A, 18C and 6B. Serotypes with an OR <1 for causing
invasive disease were 6A, 23F and 19F. Interestingly, one of the most invasive
serotypes in previous studies, serotype 14 was not significantly invasive in our data set.
6 clonal complexes had an OR >1 for causing invasive disease: CC9, where all isolates
were invasive, CC482, CC205, CC176, CC306 and CC 191.
CC176 consisted of three PFGE clones. Interestingly, we showed that the invasive
disease potential differed with clonal type as determined using PFGE. Four isolates
representing the three different PFGE clones with different invasive disease potential,
where two were invasive and two non-invasive, were subjected to microarray analysis.
Two of these isolates, one invasive and one carriage isolate were of ST176. The other
two belonged to ST138. 18 genes differed in presence/absence between these four
isolates. The gene pcpA, a choline-binding protein important for lung disease, was
absent in one of the carriage isolates. Interestingly the two isolates of ST 138 had
different pspA alleles.
Since we can only detect differences in genes present on the chip (ie genes present in
TIGR4 and R6) we subjected the four pneumococcal isolates to whole genome
sequencing to unravel other differences. Interestingly we found that one of the invasive
isolates contained a phage. To study whether we could find a correlation between
invasive disease and phages we further studied the presence or absence of phages
among our clinical isolates belonging to the PFGE clones of CC176. Phages were
present on most of the PFGE clones. Most of these were of phage type 3 but phage type
1 and 2 were present in some of the clones. However, this typing of phages is
performed using only a couple of genes and there may be great variation due to
recombination between regions of the phages.
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