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ABSTRACT
Streptococcus pneumoniae is a human pathogen and a major contributor to morbidity 
and mortality worldwide. It has been estimated that it is responsible for between 1-2 
million deaths annually. The normal niche for the pneumococci is the nasopharynx 
where the bacteria can reside for months without causing any symptoms. Different 
studies have shown that up to 70% of children attending day care centers may be 
carriers. S. pneumoniae can be divided into different serotypes based on differences in 
the capsular polysaccharide. Isolates of different serotypes have different ability to 
cause invasive disease, Invasive Disease Potential (IPD). Also the bacteria can be 
further divided into genetically related clones using methods such as pulsed field gel 
electrophoresis (PFGE) and multi locus sequence typing (MLST). When using MLST 
parts of seven housekeeping genes are sequenced, and isolates belong to the same 
sequence type (ST) if they have identical sequences.  
The overall aim of this work was to genetically characterize clinical pneumococcal 
isolates and to correlate their genetics to fitness, invasiveness and ability to spread. 
Clinical isolates with known origin were characterized using MLST and microarray. 
In addition growth rates, as a measurement for fitness, were determined for some 
isolates. Also mutants with deletions in specific genes or region of genes were created 
and compared to wild type TIGR4 in an intranasal murine model of infection.  
We established that isolates of the same or related ST have similar genetic content. 
We also observed a trend that isolates belonging to serotypes associated with a high 
IDP have fewer genetic differences than isolates associated with lower IDP. We 
found the accessory genome of S. pneumoniae to be about 34% of the combined 
genomes of R6 and TIGR4, which were used as reference isolates. We determined 
that a large part of the accessory genome is located to smaller gene clusters around 
the genome, termed accessory regions (ARs). In addition to previously recognized 
regions we identified 5 new ARs giving a total of 41. We also found that by 
determining the presence or absence of a set of 25 accessory genes it was possible to 
determine the genetic relationship among the isolates. Furthermore, we found that 
virulence associated genes (found in signature tagged mutagenesis screens) may be 
absent in invasive human isolates. We tried to correlate the presence of different ARs 
with the IDP of the isolates. Two regions, AR6 and AR32, were found to be present 
in a higher proportion among isolates having a high IDP than those associated with a 
low IDP. However none of these regions were essential for mouse virulence in a 
serotype 4 background. We believe that the capacity to cause invasive disease is due 
to a combination of different regions, including the capsule, and that there is a 
redundancy amongst them. We did not find any gene or set of genes that correlated to 
the fitness of the bacteria. We did however observe that fitness in vitro is highly 
correlated to virulence in vivo. This was true for clinical isolates as well as 
constructed mutants. We also determined that the internationally successful clone of 
ST156 (Spain9V-3) constitutes around 50% of all PNSP (penicillin non-susceptible 
pneumococci) isolates in Sweden. The clone is seen with several different capsular 
types, where types 9V and 14 are most common. We found that presence of pili is a 
common trait for isolates of ST156 and that pili constitutes an advantage in a 
competition model of infection. Furthermore, at least 70% of PNSP isolates in 
Sweden were found to harbor the pilus islet. In conclusion, there is considerable 
redundancy in gene functions associated with virulence and fitness of pneumococci, 
but specific ARs (or combinations of ARs), such as the pilus islet may constitute one 
explanation for the successful spread by certain clones. 
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POPULÄRVETENSKAPLIG SAMMANFATTNING PÅ 
SVENSKA 

Streptococcus pneumoniae, även kallade pneumokocker, är en bakterie som kan ge 
upphov till flera olika sjukdomar i människan. Pneumokocker orsakar både lindrigare 
sjukdomar som öroninflammation och bihåleinflammation, men även allvarligare 
sjukdomar som lunginflammation, blodförgiftning och hjärnhinneinflammation. 
Uppskattningsvis orsakar pneumokocker årligen mellan 1-2 miljoner dödsfall runt om i 
världen. Pneumokocker kan även påvisas i näsa/svalg hos friska barn. Man har visat att 
upp till 70 % av barn som går på dagis kan vara koloniserade med bakterien och att 
bakterien kan finnas kvar i flera månader innan den försvinner.  

Pneumokocker omges av en kapsel och kan beroende på skillnader i dessa kapslar delas 
in i grupper (serotyper). Man kan också, med hjälp av en metod som kallas MLST, dela 
in pneumokocker i grupper (kloner) baserat på likheter i deras gener. Det är inte känt 
varför vissa pneumokocker orsakar allvarlig sjukdom medan andra inte gör det, men 
man vet att kapseltypen har betydelse. Pneumokocker behandlas framförallt med 
penicillin, men förekomsten av bakterier med nedsatt känslighet (resistenta) blir allt 
vanligare. 

Syftet med denna studie var att titta på det specifika geninnehållet i ett antal 
bakterieisolat som kommer från patienter respektive friska barn (s.k. kliniska isolat). 
Genom att jämföra bakterier, som kommer från patienter med blodförgiftning, med 
sådana som enbart burits av friska barn var förhoppningen att hitta gener som har 
betydelse för att bakterien ska ge upphov till allvarlig sjukdom. Vi ville också kartlägga 
varför en del genetiskt lika pneumockockgrupper (kloner) sprids så framgångsrikt i 
samhället. 

Genom denna studie har vi kunnat påvisa att pneumokocker är genetiskt väldigt olika, 
endast ca 70 % av pneumokockgenerna finns i alla pneumokocker (att jämföra med 
över 99 % för människan). Resterande gener finns i en del isolat men saknas i andra, 
många av dessa gener ligger tillsammans i regioner i genomet (arvsmassan). Två av 
dessa regioner var vanligare i isolat som har kapacitet att orsaka allvarlig sjukdom än i 
andra isolat. För att vidare studera effekten av dessa två regioner konstruerades 
mutantstammar där respektive region har tagits bort. Dessa mutanter jämfördes sedan 
med de isolat som de konstruerats utifrån, i musförsök. Inga skillnader kunde dock 
påvisas. Även gener som i tidigare studier visats ha betydelse för hur virulenta (hur 
kapabla att orsaka sjukdom) bakterierna är saknades i flera av de isolat som 
undersöktes. Detta talar för att det inte finns bara en speciell region eller gen som har 
har betydelse för vilken sjukdomsgrad denna ger upphov till, utan att det är en 
kombination av flera. Det är också troligt att flera regioner med liknande funktion kan 
ersätta varandra och att man enbart skulle se skillnader om alla dessa togs bort 
samtidigt.  
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Vi kunde också demonstrera att man genom att använda metoden MLST (som enbart 
använder sig av karakterisering/sekvensering av sju konserverade gener och är en 
vanlig metod för att subtypa isolat i olika kloner) får fram resultat som är representativa 
för hela genomet. Stammar som funnits vara lika med hjälp av MLST skiljer sig bara 
på upp till 40 gener jämfört med ca 200 gener för stammar som skiljer sig med MLST.  

Vi kunde med hjälp av konstruerade mutanter och kliniska isolat påvisa att det 
föreligger en korrelation mellan tillväxthastigheten av bakterier och deras kapacitet att 
orsaka sjukdom i möss. Vi kunde dock inte identifiera någon specifik skillnad i 
geninnehåll i de kliniska isolaten som gav upphov till skillnaden i tillväxthastighet.  

Slutligen så undersökte vi isolat med nedsatt känslighet mot penicillin i Sverige. Vi 
kunde konstatera att över 50 % av alla dessa isolat tillhör samma klon, förekommande 
med flera olika kapseltyper. Genom att studera generna hos denna bakterieklon kunde 
vi se att isolaten hade en region av gener som kodar för ett pilus (ett trådlikt utskott från 
pneumokocken). Pili har tidigare visats ha betydelse för pneumokockens förmåga att 
fästa på humana celler. Totalt har över 70 % av alla svenska stammar med nedsatt 
känslighet mot penicillin dessa gener. Vi tror att pili kan vara en anledning till att vissa 
kloner är framgångsrikare och vanligare i samhället än andra. 
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1 INTRODUCTION 
1.1 WHY WE STUDY THE PNEUMOCOCCUS AND WHAT WE HAVE 

LEARNT 
1.1.1 The history of Streptococcus pneumoniae

S. pneumoniae is responsible for between 1-2 million deaths annually. In addition to 
this pneumococci are a major cause of morbidity all over the world. However S.
pneumoniae also colonizes the nasopharynx of around 50% of children worldwide, 
without giving rise to any symptoms. 

S. pneumoniae was first isolated by George Miller Sternberg and Louis Pasteur 
independently in 1880 [1, 2] and associated with pneumonia 6 years later [3]. It was not 
until 1974 the decision came to name the then called diplococcus Streptococcus 
pneumoniae [4]. Since then different methods of fighting the bacteria have been 
developed including different types of antibiotics and vaccines. Along the way of trying 
to find successful treatment and prevention for pneumococcal diseases, many important 
findings have been made. These findings do not only concern the pneumococcus itself 
but also affect the entire field of microbiology and immunology. Listed below are some 
of the most important ones. 

1884 - The development of Gram staining [5]. 
1902 - Description of the quellung reaction [6, 7]. 
1912 -1918 – Among the first descriptions of a bacterium resistant 
to antibiotics (optochin) isolated from mice and humans [8-10]. 
1927-1930 - The knowledge that immunization with capsular 
polysaccharides could be used against pneumococcal infections (as 
a vaccine) [11, 12]. 
1928 - The discovery of transformation [13]. 
1944 - The discovery of deoxyribonucleic acid (DNA) as carrier 
for the genetic information [14]. 

1.1.2 Public health impact  

S. pneumoniae affects humans by causing a range of diseases; many of them are 
common among children but also in the elderly population. The main diseases caused 
by the pneumococcus are acute otitis media (AOM), sinusitis, community acquired 
pneumonia, bacteremia and meningitis. Even though means to fight the bacteria exist, 
WHO estimated that 1.6 million persons, died due to pneumococcal diseases in 2002 
[15]. To get this in perspective, the mortality annually for malaria, AIDS and 
tuberculosis lies around 1 million, 2 million and 1.5 million, respectively [16]. 

It has been estimated that 7 million cases of pneumococcal AOM arise in the USA each 
year [17]. Also, approximately 2.6 million children, worldwide, under the age of five 
die due to acute respiratory disease each year and the pneumococcus is responsible for 
about 1 million of these deaths [17]. In Europe and the USA the pneumococcus is the 
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most common cause of community acquired pneumonia affecting about 100 per 
100 000 adults annually [17].  

In Sweden between 2005-2007 it was reported to the Swedish Institute for Infectious 
Disease Control that 15 per 100 000 annually suffered from invasive pneumococcal 
disease (IPD) [18] and that about 1.2 per 100 000 suffered from meningitis [19]. The 
case fatality rate for patients with pneumococcal meningitis was 24% [19]. 



                                                                                                        Chapter 1- Introduction

  3 

1.2 IDENTIFICATION, COLONIZATION AND INFECTION 
1.2.1 Morphology and identification 

Streptococcus pneumoniae is a Gram-positive, encapsulated bacterium mainly causing 
disease in humans. S. pneumoniae is a lancet shaped bacterium that is often seen in 
pairs or shorter chains. The bacteria are facultative anaerobe and -hemolytic. 
S. pneumoniae is identified based on its colony morphology and -hemolytic activity 
on bloodagar plates and by additionally sensitivity to optochin and bile solubility [20]. 
Also further characterization of the capsular polysaccharide is usually employed. 
However some pneumococcal isolates are non-typeable with regard to the capsule. This 
is either because they do not express any capsule or that they express yet unidentified 
capsules. In a recent study by Sa-Leao et al [21] as many as 7.4% of the isolates 
collected from healthy children in Portugal between 1997 and 2003 were found to be 
non-typeable isolates [21]. 

There are some differences in 
appearance depending on 
which capsule the pneumo-
coccus carries. The most 
striking ones are serotype 3 
isolates which have a specific 
mucoid appearance on blood 
agar plates (see Figure 1).  

1.2.2 Acquisition and colonization 
1.2.2.1 Acquisition and spread 

S. pneumoniae does not only cause disease, but is also a human commensal, colonizing 
the nasopharynx of healthy people, especially preschool children. The bacterium is 
spread by close contact (higher rate of transmission are seen at daycare centers and 
people in military camps and prisons) thru aerosol transmission. There is an increased 
risk for pneumococcal carriage for children when attending daycare centers [22]. In a 
study by Givon-Lavi et al the genetic composition of isolates retrieved from children in 
daycare centers were compared to those retrieved from younger siblings not yet 
attending daycare. The study demonstrated a high genetic concordance between isolates 
from the specific daycare center the older sibling was attending and those isolated from 
the younger sibling [23]. In a study by Sluijter et al [24] a total of 19 children, of which 
8 attended daycare center at some time point, were followed from birth until two years 
of age and regularly sampled for pneumococci. The study showed that all children had 
a least one episode of pneumococcal colonization [24]. In another study Sleeman et al
showed that at the age of 6 months 54% of the children had at least one episode of 
pneumococcal carriage and that the number increased to 97% by the age of 2 [25]. 
These studies together with others justifies for the assumption that almost all humans 
will carry pneumococci in their nasopharynx at one time point in their life.  

Figure 1. The apperence of S. pneumoniae on a blood 
agar plate, serotype 3 and R6 
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1.2.2.2 Carriage rate and duration 

The rate of colonization increases from birth until it peaks around the age of 1-2 and 
thereafter an age related decrease is observed [24, 25]. People continue to be 
sporadically colonized in the adolescence and even occasionally in adulthood. In a 
study Cardozo et al investigated the carriage rate in people of 10-19 years of age and 
found it to be 8.2%. [26]. In the Gambia [27] the carriage rate among children under 
five was as high as 80% decreasing to 20% in adults. Goldblatt et al showed, in a 
longitudinal study in the United Kingdom, that 25% of all persons investigated carried 
pneumococci [28]. For the subgroups children under 2 and for individuals over 18 
years of age the percentage was 52% and 8% respectively [28]. A summary of survey 
studies on people aged between 0-19 years of age from both Asia, Europe, Africa, 
North and South America has been published by Bogaert et al [29]. The carriage rate 
varied between 2% (based from throat samples collected from 1000 israelian children) 
and 86% (based on nasopharynx samples from 26 Kenyan children affected by HIV 
and upper respiratory tract infection). Generally a lower number of pneumococci was 
collected from throat samples than nasopharynx samples and the approximate median 
for all studies included in this review was a carriage rate of 30%. Some people such as 
African Americans, native Americans [30], Alaskan natives [31] and native Australians 
[32] have been found to have an increased risk of pneumococcal colonization. Other 
risk factors include crowding and environmental factors such as family size, attendance 
at daycare centers, income and recent antibiotic use [22, 33, 34]. Also the carriage rate 
fluctuates with season, being the highest during winter [35].  

Pneumococci are normally carried for several weeks, with duration times of more than 
30 weeks observed [25]. For adults the duration has been estimated to a mean value of 
19 days [36]. There are also some differences in the duration and frequency of carriage 
depending on the serotype. Sleeman and colleagues showed that serotypes 35F, 6B and 
23F had the longest duration of carriage. They also showed that 48% of the children 
were recolonized with other serotypes and that 13% had more than one serotype present 
in the same nasopharyngeal swab [25]. There have also been reports of children getting 
recolonized with pneumococci of the same serotype, but of a different genotype [24]. 
(See also Chapter 1.4) 

1.2.2.3 The complexity of the human pharynx 

Not only S. pneumoniae colonizes the human pharynx but more than 700 bacterial 
species can be found there [37]. Other potentially harmful bacteria include S. aureus 
[38], S. pyogenes [39],  H. influenzae [40], N. meningococcus [41] and M. catarrhalis 
[40]. Not only intraspecies but also interspecies competition in the nasopharynx occur 
[42]. In order for S. pneumoniae to avoid being outcompeted it has developed a number 
of different ways to damage other bacteria such as the production of bacteriocides and 
hydrogen peroxide [42]. While there seem to be a negative correlation between 
colonization with S. aureus and pneumococci [38], there is an increased risk of carrying 
meningococci if you are already colonized with pneumococci [41]. Also co- 
colonization with genetically closely related oral streptococci provides a bank for new 
genetic material to be taken up by transformation and recombination events [43]. 
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1.2.3 Disease 

From the nasopharynx the bacteria may 
spread to the ear, sinus, lung, blood and 
meninges were it causes disease. S. 
pneumoniae can give rise to acute otitis 
media (AOM), sinusitis, pneumonia, 
bacteremia, meningitis and other less 
frequent diseases. The different 
diseases are further discussed below. 
However the different disease patterns 
do not promote further transmission 
which argues for the hypothesis that 
they happen by accident rather than as 
a natural cause of infection [43]. The 
disease is charachterized as invasive 
when bacteria are cultured from normally sterile body sites. 

1.2.3.1 Otitis media and sinusitis 

Some bacteria are carried into the Eustachian tubes and subsequently cleared. However 
in some instances the bacteria are not cleared leading to an acute infection AOM. 
S. pneumoniae together with H. influenzae are the most common causes of AOM [44]. 
A correlation has been reported, between the number of AOM episodes and the 
frequency of colonization [45]. AOM is the most common of the pneumococcal 
diseases affecting over 7 million people annually [17]. Complications following AOM 
include hearing loss [46] and more severe infections. 

Sinusitis is a result of accumulation of fluid in the paranasal sinus cavities, which is a 
good medium for the bacteria to proliferate in. Like with AOM, S. pneumoniae together 
with H.influenzae are the most common causes of sinusitis [44]. 

1.2.3.2  Pneumonia 

Pneumonia arises when the bacteria are carried to the alveoli. The bacteria activate the 
immune system and cause an increased number of white blood cells to migrate to the 
lungs. This mix of proliferating bacteria, excessive fluid and white blood cells defines 
the presence of pneumonia, which is usually diagnosed with the help of chest 
radiography. Symptoms include cough, fatigue, fever, chill sweats and shortness of 
breath [44].   

1.2.3.3 Bacteremia and meningitis 

Bacteremia and meningitis are the pneumococcal diseases with the highest Case Fatility 
Rate (CFR). Bacteremia is seen in 20-30% of cases with pneumococcal pneumonia and 
similarly patients with meningitis often suffers from bacteremia [44]. Bacteremia 
occurs when pneumococci enter the blood and septicemia is defined as bacteremia in 
association with clinical symptoms. 

Figure 2. The prevalence and severity of the 
most commonly caused disease by S.
pneumoniae
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Meningitis is an inflammation of the meninges, the membranes covering the brain and 
the spinal cord. Meningitis has been reported to have CFR of up to 34% [47], in 
addition up to 50% of survivors suffer from sequelae [48, 49]. Since the introduction of 
the vaccine against H. influenzae type B, pneumococci together with meningococci 
have taken over as the most frequent causes of meningitis [50].  

1.2.3.4 Other diseases 

Other pneumococcal diseases include conjunctivitis, acute tracheobronchitis, 
endometritis, peritonitis, septic arthritis, osteomyelitis, and endocarditis [44]. Un-
encapsulated (non-typeable) pneumococci can cause conjunctivitis and have been 
found to have a higher Odds Ratio (OR3.9) of doing so compared to their prevalence in 
carriage [51].  

1.2.3.5 Pneumonia and influenza 

Secondary bacterial infection, including pneumococcal pneumonia, often occurs after 
influenza virus infection. The secondary bacterial pneumonia is a major cause of excess 
morbidity and mortality during typical influenza pandemics [52], including the major 
pandemic of 1918–1919, where pneumococci could be found in more than half of the 
blood samples obtained from soldiers with influenza [53, 54]. This suggests that more 
individuals died from secondary bacterial pneumonia than from the primary virus 
infection. Sun and Metzger [55] reported that interferon-  produced by T cells in the 
lung after influenza infection inhibits alveolar macrophage–mediated clearance of 
pneumococci and, consequently, leads to enhanced susceptibility to secondary bacterial 
infection [55]. The combined cause-of-death category pneumonia and influenza has 
been ranked as the sixth leading cause of death in the United States following heart 
disease, cancer, stroke, unintentional injuries, and chronic obstructive pulmonary 
disease [56]. 

1.2.3.6 Risk factors 

Risk factor for acquiring pneumococcal disease include age (less than 2 or over 65), 
smoking [57], alcoholism, and underlying diseases, such as congestive heart failure, 
malignancies, diabetes and liver diseases [58]. Also immune deficiencies have been 
shown to enhance the risk of pneumococcal infections, most commonly seen in patients 
suffering from HIV infection [58]. Adults and children infected with HIV have an 
increased risk of acquiring IPD [59]. A study of 2346 patients with IPD showed that 
18% had HIV/AIDS, 15% suffered from other immunocompromising conditions, 31% 
had chronic disease and 54% had no underlying diseases [60]. They also observed that 
certain serotypes, 1, 7F and 12F, were more common in patients with no underlying 
disease whereas others, 6B, 9N, 18C, 19F and 23F, were more common in 
immunocompromised patients [60]. Also Sjöström et al looked at serotypes responsible 
for causing invasive diseases and the percentage of underlying disease. They observed 
similar results, that serotype 1 and 7F isolates mainly infect the previously healthy. One 
interesting notion is that 11A (a serotype which was not investigated by Fry et al) was 
only found in people with underlying diseases in this study [61]. 
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1.3  HOST PATHOGEN INTERACTIONS 
1.3.1 The human immune system 

Humans are the natural host for S. pneumoniae and most symptoms seen associated 
with pneumococcal disease are due to the reaction of the immune system. The human 
immune system has several ways of fighting against bacteria and other 
microorganisms. The first line of defenses is the barrier mechanism of the skin and 
mucosa.  Additionally several body secretions, such as the saliva, contain substances 
with bactericidal effects, known as antimicrobial peptides, and enzymes breaking down 
the bacteria.  

However, if bacteria enter the body, the immune system has several ways of 
recognizing the bug. Cells have different receptors specialized in recognizing different 
conserved patterns in microorganisms, so called pattern recognition receptors. One of 
the main class of these receptors are called toll like receptors (TLRs) [62]. Of the 
different TLRs, TLR2, (possibly in combination with TLR1 and/or TLR6), TLR4 and 
TLR9, recognizing peptidoglycan, lipoteichoic acid and lipopetides, pneumolysin and 
unmethylated CpG motifs, respectively, have been suggested to play a role in the 
recognition of pneumococci [63-65]. Other pattern recognition receptors such as the 
intracellular nucleotide- binding oligomerization domain (NOD) and the 
peptidoglycan- recognition proteins (PGRPs) may also play a role in the host response 
of pneumococci. In addition soluble proteins such as the C-reactive protein (CRP) is 
involved in clearing the bacteria [62]. 

Upon recognition a number of events take place increasing the production of 
substances dangerous to the bacteria as well as increasing the number of immune cells 
(such as macrophages, neutrophils and dendritic cells) in close proximity fighting with 
the bugs. The complement system, which can be activated by several different 
mechanisms, leads to attachment of protein C3b to the microbes, thereby initiating a 
cascade of events. It is a powerful way of fighting bacteria and gives rise to lysis of 
Gram negative bacterial cells and also makes it easier for phagocytic cells to recognize 
the bacteria by opsonization. When the complement is activated even larger numbers of 
immune cells (mostly neutrophils) are attracted to the area of infection and the 
inflammatory response is increased [62].  

In addition to clearance of the bacterium the induction of these early immune responses 
(recognition, phagocytosis, complement activation) also initiates activation of T- and 
B-cells. These cells are necessary for the production of specific antibodies directed 
against the bacteria. They may also induce an immunological memory that can protect 
against reinfection [62]. 

1.3.2 The pneumococcal cell wall 

The pneumococcus, like typical Gram positive bacteria, consists of a cytoplasmic 
membrane and a thick outer cell wall. The outer cell wall of pneumococci is composed 
of peptidoglycan, teichoic acid (TA) and lipoteichoic acid (LTA), that only differ in the 
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way they attach to the cell wall, all are decorated with phosphorylcholine (ChoP) [66]. 
Choline uptake and incorporation is carried out via the licA-D genes [43]. Attached to 
the ChoP are a group of proteins termed choline binding proteins (CBP) [67]. Most of 
these proteins have repeat sequences of approximately 20 amino acids that mediate 
attachment to the cell surface. The amino (N) –terminal sequence is protein specific and 
varies with the function of the protein [67]. Other cell wall bound proteins are the 
lipoproteins and proteins with an LPxTG motif. The LPxTG motif proteins are 
covalently linked to the cell wall upon cleavage of the sequence by a designated sortase 
[68, 69]. There also exist some non classical surface proteins (called moonlighting 
proteins) where the mechanism for anchoring or secretion remains unknown [70]. 

1.3.3 Host pathogen interaction 

When pneumococci are introduced to the nasopharynx their first encounter is the 
mucus layer. It has been demonstrated that most capsules, due to the charges, reduce 
the trapping by the mucus [71]. When the bacteria enter the mucus layer they undergo a 
shift toward the transparent phase variant, which expresses less capsule, thereby 
opening up for the underlying receptors to have a chance of binding. Shortly after 
pneumococci are acquired an influx of neutrophils to the nasal spaces occurs. There is 
also an uptake of pneumococci into the lumen of the nasal spaces. It has been shown 
that mutants lacking pneumolysin persist longer in colonization [72]. This is thought to 
be due to absence of the osmotic stress, which leads to more chemokines being 
expressed and a higher influx of neutrophils, caused by pneumolysin. Colonization 
promotes both mucosal and systemic immunoglobulin production, however probably 
not enough to give a protective immune response to future infection. It has been shown 
that pneumococci infecting hosts that lack TLR2, which recognizes LTA and upon 
recognition starts an immune response, exhibit delayed clearance [64]. Also mice that 
do not express Major Histocompability Complex (MHC) class II show prolonged 
carriage, indicating a role of CD4+ T-cells in clearance [64].   

The phosphorylcholine (ChoP) present on the pneumococcal cell wall binds to the 
receptor for platelet activating factor (rPAF) [73]. This binding induces internalization 
of the bacteria and promote transcellular migration [73]. Human CRP also binds the 
ChoP of pneumococci where it in interaction with C1q of the complement system 
activates the classical pathway. When CRP bind to ChoP it also inhibits the binding of 
ChoP to rPAF [74]. For pneumococci to give rise to disease a local generation of 
inflammatory factors is needed. It is generally said that clearance of pneumococci is 
dependent upon interaction between serotype specific antibodies, complement and 
phagocytic cells [29, 43]. One way for pneumococci to fight the clearance is by 
expression of a zinc metalloprotease which specifically cleaves IgA1, the major 
immunogloubulin in mucosal secretions [75]. In addition to the binding by ChoP it has 
been shown that PspC, which is non covalently anchored to ChoP, binds to human 
polymeric Ig receptor [76, 77]. PavA and enolase bind to the extracellular matrix 
components fibronectin and plasminogen respectively [78, 79]. Pili promote adhesion 
to cells but the receptor on the host cell is still unknown [80, 81]. 
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1.3.4 Virulence factors and adhesive proteins 

Below follow a more detailed description of some of the more important virulence 
factors and/or adhesive proteins: 

1.3.4.1  The Capsule 

The capsule is about 200-400 nm thick and is in most cases covalently bound to the cell 
wall peptidoglycan [82, 83]. The capsule is considered to be the major virulence factor 
of pneumococci. The capsule acts anti-phagocytic. In addition the capsule provides a 
degree of resistance to autolysis [84], reduces trapping by neutrophil extracellular traps 
[85] and limits binding to mucus [71]. Different capsular serotypes are associated with 
different types of disease. This might be due to their relative capacity to withstand 
phagocytosis and different ability to elicit a humoral immune defense [43].  

1.3.4.2 Pneumolysin 

Pneumolysin, a member of the family of cholesterol dependent cytolysins, is a 52 kDa 
soluble protein. About 40 monomers of pneumolysin undergo structural changes when 
creating a polymer which takes the form of a large, ring shaped, transmembrane pore 
[86]. The sequence of pneumolysin is well conserved among isolates. The activity of 
pneumolysin includes capacity to damage alveolar cells, inhibit the ciliary movement of 
respiratory epithelia and reduce migration of phagocytic cells [87]. Pneumolysin is 
released upon autolysis of the pneumococcal cells [88]. Pneumolysin is important for 
symptoms seen in pneumonia [89-92]. A mutant with altered pneumolysin, making it 
non-haemolytic, was found to be more virulent than a mutant lacking pneumolysin. 
This suggest other not yet identified virulence attributes for the protein [91]. Also one 
clone expressing serotype 1, has been found to cause invasive disease and to carry a 
non-haemolytic pneumolysin [93]. 

1.3.4.3 Pneumococcal surface protein A 

Pneumococcal surface protein A (PspA) is a highly electronegatively charged and 
highly variable choline binding protein [94, 95]. PspA inhibits activation of C3 and 
thereby inhibits the complement cascade. PspA binds to lactoferrin, a human 
transporter for iron, and is thought to inhibit the bactericidal effect of apolactoferrin 
(the iron depleted form of lactoferrin) [96, 97]. Depending on the capsular type used, 
different studies have shown PspA to be required for growth and to affect virulence 
while others have not [98-101].

1.3.4.4 Pneumococcal surface protein C  

PspC (also known as CbpA and SpsA) is a choline binding protein that binds to the 
polymeric immunoglobulin receptor PIgR (also known as secretory component), which 
normally binds secretory IgA [76, 77]. This binding promotes translocation across the 
respiratory epithelium [102]. Reduced virulence has been demonstrated using a 
knockout mutant in a mouse model [103]. PspC also binds factor H which prevents the 
formation of C3b and the activation of complement [104, 105]. 
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1.3.4.5 Pneumococcal adherence and virulence factor A 

Pneumococcal adherence and virulence factor A (PavA) has been demonstrated to bind 
to fibronectin and to affect virulence of the bacteria [79, 110]. It is located at the cell 
surface even though it lacks the classical cell wall determinants. PavA was present in 
all 64 independent pneumococcal isolates tested by Holmes et al [79]. 

1.3.4.6 Pneumococcal surface adhesion A 

Pneumococcal surface adhesion A (PsaA) is the divalent metal ion binding lipoprotein 
component of an ATP binding cassette (ABC) transporter system for manganese [111]. 
Pneumococcus mutants lacking PsaA show decreased virulence in models of 
pneumonia, bacteremia and colonization [112, 113]. PsaA mutants have been reported 
to have decreased adherence to mammalian cells [113, 114]. These results have been 
suggested to be the effect of lower expression of other adhesins due to loss of 
manganese transport. Indicative of this is that when other genes of the same operon are 
mutated similar loss of adherence is seen [115]. Manganese uptake also seems to be 
essential for resistance to oxidative stress, hence the decreased virulence when mutated. 
However results showing binding of purified PsaA to the E-cadherin has also been 
reported [114].

1.3.4.7 Pneumococcal pili 

Pili in Gram positive bacteria was recently discovered and the first report of a 
pneumococcal pilus by Barocchi et al was published in 2006 [80]. The pneumococcal 
pilus is encoded by the rlrA pathogenicity islet [116]. RlrA is a transcriptional 
regulator, that positively regulates the transcription of six downstream genes [117], 
encoding three pilus subunit proteins with LPxTG motifs (RrgA, RrgB and RrgC) and 
three sortase proteins (SrtB, SrtC and SrtD) acting as transpeptidases covalently linking 
the pilus subunit proteins to one another. RrgB constitutes the backbone of the pilus 

which takes the form of a coiled coil 
structure, and is decorated with RrgA and 
RrgC [118]. However, neither protein is 
required for the polymerization of RrgB, 
suggesting a non-essential role for RrgA 
and RrgC in the initiation of pilus 
assembly [119]. RrgA is however 
responsible for the adherence to host cells 
[81]. The rlrA islet was first shown to be 
involved in virulence in 2002 [116] and in 
2006 it was also shown to be involved in 
adherence [80]. 

Reports on, including paper III in this 
thesis, the presence of pili in different serotypes and clonal complexes have been 
published [120-123]. Pili are present in about 30% of investigated isolates [122] and are 
associated with certain serotypes [121]. However further characterization of the isolates 
makes it clear that the presence is linked to clonal complexes (which in most cases 

Figure 3. Electon microscopic picture of
pneumococcal pilus 
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express the same capsule) rather than serotype itself. Some of the most common clonal 
complexes expressing pili are clonal complexes; CC156, CC176, CC236, CC205, 
CC146, CC247 and CC558 [122, 123]. Also the sequence of genes encoding pilus 
subunits varies to some degree and the isolates having pili can, based on the sequence, 
be divided into three different clades [122, 123]. The pilus genes compose one genetic 
region which is only present in some pneumococcal isolates and will be referred to as 
Accessory Region 11 (AR11) in paper II. 

1.3.4.8 Type two pili 

Even more recently, in 2008, a second type of pilus, termed pilus islet 2 (PI-2) was 
discovered [108]. This pilus is present in some of the clones, which lack the pilus islet 1 
(PI-1, rlrA islet), such as clones of serotype 1, 2, 7F and some clones expressing 19A or 
19F. One clonal complex, CC236, has been found to express both types of pili. This 
pilus consists of three structural proteins and two sortases and has been shown to 
adhere to A549 cells as well as other cell types [108]. The PI-2 will not be discussed 
any further and all mentioning of pilus in the text refers to PI-1. 

1.3.4.9 Autolysins

S. pneumoniae is known to undergo lysis at stationary phase, which is due to the major 
autolysin of pneumococci, LytA. LytA, a choline binding protein, is an amidase that 
cleaves N-acetylmuramoyl-L-alanin, which leads to cell lysis [107, 124]. Mutants 
lacking LytA has been shown to confer reduced virulence in pneumonia and bacteremia 
models [90, 101, 125], as well as being unable to undergo lysis at stationary phase 
[124]. Additionally pneumococci express two more autolysins, LytB and LytC. LytB is 
highly expressed during early exponential phase and has been shown to be important 
for cell separation [126]. Also loss of function of LytB and LytC in mice models 
reduced the rate of colonization [127].  

1.3.4.10 Neuraminidase 

Neuraminidases have been shown to cleave sialic acid residues from glycoproteins and 
cell surface oligosaccharides and from soluble proteins such as lactoferrin and IgA2 
[128]. Pneumococci have three neuroamidases encoding genes, nanA, nanB and nanC.
342 isolates from various origins of different serotypes and STs were screened for the 
presence of the nan genes. All isolates tested carried the nanA gene and a majority also 
the nanB [129]. However the nanC is located in an accessory region (AR27, see 
paper II) and present in only about 50% of the isolates tested [129]. Loss of nanA and 
nanB has been shown to affect survival in respiratory and bacteremic models [130]. 
Also a mutant lacking nanA was tested in a chinchilla model. Here mutants were 
cleared earlier but no differences in virulence were observed [131]. 

1.3.4.11 Others 

Also several other proteins have been indicated to affect virulence including SpxB 
which is responsible for the production of hydrogen peroxide [101, 132]. (Some of 
these proteins are listed in Table 1). Additionally signature-tagged mutagenesis (STM) 
screens of pneumococci have found that up to 20% of the mutated strains screened 



                                                                                                        Chapter 1- Introduction

  13 

showed deceased virulence [116, 133, 134], in comparison to only up to 7% found in 
other pathogens [135-137]. Among the genes identified in STM screens are 20 different 
genes believed to encode transcriptional regulators [138]. 

1.3.5 Other properties of the pneumococci 
1.3.5.1 Competence  

The pneumococcus is a naturally transformable bacterium, meaning that it can take up 
DNA from the environment and incorporate it into its own genome. The concept of 
transformation was first introduced by Griffith in 1928 [13]. It was with the help of 
transformation Avery and colleagues were able to make the discovery of DNA in 1944 
[14]. In 1964 Tomasz and Hotchkiss reported competence of pneumococci to take place 
at a certain cell density in exponentially growing cultures [139]. In 1965 Tomasz 
showed the competent state to be dependent on the production of a hormone like 
pneumococcal product [140], later named competence stimulating peptide (CSP). 

A very sophisticated machinery is involved in inducing the competent state and in the 
uptake of DNA. The genes involved in inducing competence are contained in two 
separate operons and are called comA-E [141]. comC encodes CSP-1 or CSP-2 [142, 
143], depending on the strain of pneumococci, which interacts with ComD [144]. 
ComD in combination with ComE acts as a two component system (TCS) [145] which 
further up-regulates competence and interacts with ComX, an alternative sigma factor 
[146]. This induces transcription of the late competence genes involved in the 
degradation, uptake and incorporation of DNA [146]. In addition to regulation of the 
late competence genes ComX also regulates several other genes and it has been shown 
that competent pneumococci induce fratricide [147]. This means that bacteria in the 
competent state express proteinaceous toxins, such as CbpD, LytA, CibA and CibB that 
will induce lysis of non-competent bacteria present [147]. This results in free DNA, 
which the competent bacteria then can take up. 

Pneumococci have been shown to produce biofilm [148, 149], and it was later shown 
by Oggioni et al [150] to be produced when bacteria were incubated with CSP 
supplemented medium. This report links competence and the production of biofilm 
formation. Oggioni also demonstrated that isolates mutated in comD, i.e. unable to be 
stimulated by CSP, are more virulent in an intravenous model but less so in an 
intranasal model compared to the wildtype (TIGR4). This suggests that the bacteria in 
liquid media (blood) tend to be in a planctonic state, whereas during tissue infection 
(lung and meninges) the bacteria are in a biofilm like state and that the competence 
system is the prime regulatory mechanism for the development of the later stage [150]. 

1.3.5.2 Phase variation 

Upon infection in humans the pneumococcus can undergo spontaneous phase variation 
shifting between opaque or transparent variant depending on the site of infection [151]. 
The opaque variant of pneumococci has been found to express more capsule but less 
teichoid acid and less hydrogen peroxide yielding it to be more virulent in systemic 
infections [151, 152]. The transparent variant on the other hand is a better colonizer of 
the nasopharynx.  
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1.4 PNEUMOCOCCAL GENETICS AND EPIDEMIOLOGY 
1.4.1 Molecular characterization and epidemiology 
1.4.1.1 Capsules and serotype 

Most pneumococci are covered by a thick polysaccharide capsule, and they have been 
described as avirulent without the capsule. There are some differences in the structure 
of these capsules and depending on those the pneumococcus can be classified into 
different serogroups (such as 1, 2, 3, etc) but also further divided into serotypes such as 
9A, 9V, and 9N. So far 91 different serotypes have been described [153-155]. 

1.4.1.2 Sequence type, clones and clonal complexes 

Based on different molecular typing methods one can distinguish pneumococcal 
isolates based on their genetic content. The definition of the term ”clone” has 
sometimes shifted. Often “clones” are used in the meaning of genetically highly related 
isolates or isolates that have originated from a common ancestor, however it is hard, 
based on molecular typing methods, to know where to set a cutoff in order to fulfill this 
definition. Therefore other terms have been introduced to explain the genetic 
relatedness between isolates based on the different methods used. Below follows a 
short description of the terms used in this thesis. 

Pulsed Field Gel Electrophoresis (PFGE) is a method where the chromosomal DNA of 
the bacteria are cleaved/digested with a restriction enzyme and then separated with 
electropulses [156]. The resulting banding pattern is in our case analysed with a 
computer program called Bionumerics. Based on previous publicasions [157] we have 
defined a PFGE-clone as isolates differing in  3 bands (higher than 85% similarity).  

Another method is Multi Locus Sequence Typing (MLST) where parts of 7 
housekeeping genes are sequenced and compared [158]. Isolates belong to the same 
sequence type (ST) if they have exactly the same sequences.  It is however likely that 
isolates differing in only one or two alleles, compared to other isolates differing in more 
alleles, are more genetically similar, hence the terms single locus variant (SLV) and 
double locus variant (DLV). Also two terms for grouping the STs exists. The first is 
called clonal cluster and refers to isolates that belong to the same ST, SLVs or DLVs. 
The other group term clonal complex (CC) is defined based on the entire collection of 
isolates within the MLST database (http://spneumoniae.mlst.net/), using an algorithm 
present on the MLST webpage [159]. Shortly a clonal complex (also termed eBURST 
groupor CC) is defined as a group of STs in a population that shares 6/7 alleles with at 
least one other ST in the group. Isolates belonging to a clonal complex may be assumed 
to have a recent common ancestor [159]. A study by Turner et al [160] listed three 
criteria for eBURST analysis to be robust, a) population snapshot should not show a 
single large straggly group, b) There should be no SLV links across this group and c) 
the proportion of STs in the largest group should be between 5 and 25%. All of these 
criteria are met for S. pneumoniae, hence, eBURST analysis should be reliable. 
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Table 2. The PMEN clones

Table 2. The PMEN clones. 

Some STs are common worldwide and are termed PMEN clones (listed in Table 2) 
[161]. Many of these clones will be discussed in the different papers and in the result 
section. The definition of a PMEN clone is:  

i. Clone should have wide 
geographic distribution (isolated 
on at least 2 continents, not just 
within a single city or country). 

ii. Clone can be resistant to one or 
more antibiotics that are in wide 
clinical use; or a global 
susceptible clone known to be 
important in disease. 

iii. Data on the clone needs to be 
published or in press before 
ratification by the network. 

iv. New clones for consideration into 
the network need to be proposed 
at an annual PMEN meeting. 

v. Clone must be made available to 
the network for typing analyses 
and confirmation before 
acceptance into the network. 

vi. Clone must be made available for 
deposit into the ATCC collection 
of clones. 

vii. Clones will be also available 
through the Streptococcus 
Reference Laboratory in Germany 
and Emory University in USA. 

(http://www.sph.emory.edu/PMEN/pm
en_ww_spread_clones.html) 

1.4.1.3 Correlation between serotype 

and genotype 

Even though the serotype, which is 
encoded for by a genetic region in the 
genome that is highly divergent and 
therefore part of the accessory genome 
(termed AR7 in paper II), only expresses 
genes constituting a small part of the 
genome it is of great importance for 
infection. Isolates having the same 
serotype may or may not be otherwise 
genetically related. Studies show that 
isolates belonging to certain serotypes 

Number Clone ST Serotype
1 Spain23F-1 ST81 23F
2 Spain6B-2 ST90 6B
3 Spain9V-3 ST156 9V
4 Tennessee23F-4 ST37 23F
5 Spain14-5 ST18 14
6 Hungary19A-6 ST268 19A
7 S.Africa19A-7 ST75 19A
8 S.Africa6B-8 ST185 6B
9 England14-9 ST9 14

10 CSR14-10 ST20 14
11 CSR19A-11 ST175 19A
12 Finland6B-12 ST270 6B
13 S.Africa19A-13 ST41 19A
14 Taiwan19F-14 ST236 19F
15 Taiwan23F-15 ST242 23F
16 Poland23F-16 ST173 23F
17 Maryland6B-17 ST384 6B
18 Tennessee14-18 ST67 14
19 Colombia5-19 ST289 5
20 Poland6B-20 ST315 6B
21 Portugal19F-21 ST177 19F
22 Greece6B-22 ST273 6B
23 N.Carolina6A-23 ST376 6A
24 Utah35B-24 ST377 35B
25 Sweden15A-25 ST63 15A
26 Colombia23F-26 ST338 23F
27 Sweden1-27 ST217 1
28 Sweden1-28 ST306 1
29 USA1-29 ST615 1
30 Greece21-30 ST193 21
31 Netherlands3-31 ST180 3
32 Denmark14-32 ST230 14
33 Netherlands8-33 ST53 8
34 Denmark12F-24 ST218 12F
35 Netherlands14-35 ST124 14
36 Netherlands18C-36 ST113 18C
37 Netherlands15B-37 ST199 15B
38 Sweden4-38 ST205 4
39 Netherlands7F-39 ST191 7F
40 Sweden1-40 ST304 1
41 Portugal6A-41 ST327 6A
42 NorwayNT-42 ST344 NT
43 USANT-43 ST448 NT
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such as 1 and 7F belong to a 
limited number of clones and 
that these clones are rarely 
found expressing other 
serotypes (Figure 4). For 
example serotype 1 exists in 
three clonal lineages where 
linage A (CC306 and CC304) is 
common in Europe, linage B 
(CC217) is common in Africa, 
and linage C (CC2296) is seen 
mostly in South America [162]. 
Other serotypes such as 9V, 14 
and 19F are seen associated 
with a high number of clonal 
types and these clonal types 
may in addition harbor other serotypes (Figure 4) (http://spneumoniae.mlst.net/). 

Several studies show varying results, investigating the impact different genes have on 
virulence. It is likely that combinations of capsular serotype and genotype are 
responsible for the differences found in virulence. For example Kelly et al [163] looked 
at the effect of the capsule on virulence in mice. In this study isolates of serotype 2, 5 
and 6B were switched to serotype 3. Differences were seen for type 5 (less virulent 
with type 3 capsule) and 6B (more virulent with type 3). The mutant with the type 2 
background and the type 3 capsule showed similar time to death as the type 2 parent, 
but significantly different from the type 3 donor. This might suggest that in this case the 
type 2 genotype was more important than the type 3 capsule [163]. Also other 
experiments suggests that genotype in addition to capsule is important [164, 165]. 

1.4.1.4 Fluctuations in prevalence of different serotypes  

Several epidemiological studies have been made to investigate which serotypes are the 
most prevalent in different geographical regions at different time points. In a review, 
Hausdorff et al show that while serotype 14 is the most common cause of IPD (in 
children) in USA, Canada, Europe, Latin America and Oceania, it is only the second 
and the fifth most prevalent in Africa and in Asia respectively. In contrast, serotype 1 is 
most prevalent in Asia and serogroup 6 in Africa. In older children and adults serotype 
14 is still the most common one in Europe and Oceania. In Asia and Africa serotype 1 
is most frequent and in USA and Canada serotype 4 dominates [166]. Also differences 
in the prevalence of different serotypes fluctuates over time [167]. These fluctuations in 
prevalent serotypes seen over time and region demonstrated the difficulty in choosing 
only a few capsular polysaccharides to include in a polysaccharide based vaccine.  

1.4.1.5 Invasive Disease Potential 

Also studies have been made looking at the serotype distribution among isolates 
recovered from patients suffering from certain defined diseases, e.g. bacteremia and or 
meningitis, or from healthy carriers [162, 168-170]. Based on the prevalence of a 

Figure 4. A schematic picture of the correlation between
serotype, ST and CC for two different pneumococcal 
populations. To the left the correlation between serotype
1, ST306 and CC306 is shown. To the right the correlation
between serotype 9V, ST156 and CC156 is shown. 
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certain serotype within the population one can estimate if isolates belonging to this 
serotype are more or less likely to cause an invasive disease. This is mostly done by 
calculating an OR for that specific serotype. A serotype with an OR above 1 is more 
likely to be found causing invasive disease than colonizing the nasopharynx. The OR 
can vary between different studies depending on factors such as the geographic region 
being studied, the differences in time period of the study and differences in study 
designs. However some serotypes are usually found to have a high IDP and others 
usually have a low IDP (Table 3).  

Also different clones (defined by PFGE and or MLST) belonging to the same serotype 
have been shown to differ in IDP [169], but in most studies the number of isolates 
included are too low to make any robust conclusions. 

Table 3. Comparison of three different studies estimating the OR associated with IPD of 
different serotypes 

Serotype OR according to [171] OR according to [170] OR according to [169] 
1 9,6 all invasive - 
3 0,3 - 0,48 
4 12,1 all invasive 1,72 

6A 0,7 0,1 0,45 
6B 0,6 0,4 1,64 
7 4,7 5,6 2,52 

9V 1,5 3 1,57 
14 8,8 1,9 4,07 

18C 5,8 - 3,28 
19A 1,1 4,1 2,89 
19F 0,6 0,1 0,68 
23F 0,4 - 0,64 

When implementing the IDP of certain serotypes it is also important to look at the 
frequency of a certain serotype in the community. Some serotypes such as serotype 19F 
have been assigned a low IDP in most studies, however since this serotype is very 
frequent in the community it is responsible for a large number of IPD even though it is 
much more frequent in carriage than causing IPD. Thus it is of importance to 
investigate whether a serotype is causing much disease in a community because it is 
highly invasive or because it is frequently acquired.  

Most studies that have been undertaken, have compared isolates from children 
suffering from invasive disease to those being colonized. Even though it is important to 
use the same population in both groups being studied, some facts might get lost due to 
differences between the younger and the older population. It has been shown that IPD 
caused by some serotypes mainly affect younger (i.e. serotype 1, 7F and 18C) and 
others mainly affect the elderly (i.e. serotypes 3, 11A 19A and 23F) [61]. Some 
serotypes will therefore give rise to more diseases and actually have a higher IDP than 
that calculated from investigations in children alone. This is a hard problem to solve 
scientifically since very few adults are colonized. 
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Also the attack rate of pneumococci (number of IPD cases/acquisition) has been 
estimated by Sleeman et al [25]. They found that serotypes 1, 5, 9A and 4 had an attack 
rate of >70 cases of IPD/100.000 acquisitions and that there was an inverse relationship 
between the attack rate and the duration of carriage. Their results were found to have a 
high correlation to those of invasive odds ratios, meaning that serotypes having a high 
attack rate usually have a high IDP. 

1.4.1.6 Severity of Disease 

Interpretation of IDP should be done carefully. IDP is a measurement of how likely a 
certain bug is to cause invasive disease, however it does not say anything about 
underlying diseases, disease severity or the CFR (Figure 5). In order to study the 
severity of disease one must have access to patient data. In a study by Sjöström et al 
[61] it is shown that for example serotypes 1 and 7F, associated with high IDP, mainly 
infect previously healthy patients, give a milder disease and that infection is correlated 
with a low CFR. On the other hand serotypes 3 and 11A are correlated to a high CFR 
[61]. It is important not to mix the two concepts and to continue to perform studies 
were they are both taken into account. 

Figure 5. A schematic picture of the differences between IDP and severity 
of disease.
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1.4.2 Genome 

Streptococcus pneumoniae is a genetically diverse bacterium. Only approximately 70% 
of the genes are believed to be part of the core genome [172-174]. More isolates are 
being fully sequenced and annotated. This, in addition to studies involving genomics, 
gives us a better understanding about the differences and the redundancy of genes in the 
pneumococcal genome. 

1.4.2.1 Sequenced isolates of S. pneumoniae 

In the last decade much has been learnt about the pneumococcal genome. In 2001 two 
separate genomes were made available online. This was the genomes of the two fully 
sequenced and annotated isolates TIGR4 and R6 [175, 176]. 

TIGR4 was originally taken from the blood of a patient in Norway [176] and R6 is a 
non-encapsulated derivate of D39, a type 2 strain isolated from a patient about 90 years 
ago [175]. Both TIGR4 and R6 are commonly used in the laboratories around the 
world, and both TIGR4 and D39 show high level of virulence in mice. In fact a derivate 
of D39 was used by Avery et al in the discovery of DNA. Today totally 6 isolates of 
S. pneumoniae have been fully sequenced and annotated. These are listed in Table 4. 
An additional 18 isolates have been sequenced [173], but not yet annotated, and these 
are also available on the NCBI or Sanger websites (http://www.ncbi.nlm.nih.gov/ and 
http://www.sanger.ac.uk/Projects/S_pneumoniae/).  

The pneumococcal genomes have been shown to be very diverse and to contain a 
relatively large number of insertion elements, transposon remnants, and repeat 
sequences, BOX and RUP elements. The high density of these repeats may implicate a 
role in intra- and intergenomic recombination events and hence in genomic plasticity 
[176, 177].  

Table 4. Description of pneumococcal isolates that have been fully sequenced and 
annotated as of July 2008 

Isolate Serotype ST CC Available at 
TIGR4 4 1982 205 NCBI/ TIGR 

R6 (2) 128 None NCBI/ TIGR 
D39 2 128 None NCBI 

Spanish 23F-1 1 81 81 Sanger 
CGSP14 14 15 15 NCBI 

Hungary19A-6 19A 268 176 NCBI 

1.4.2.2 Core and accessory genome 

The genome of all bacterial species can be divided into a core genome, common to all 
bacteria of that species, and an accessory genome, which can be present or absent in a 
given isolate. In Streptococcus pneumoniae, the accessory genome within each 
individual strain consists of about 20-30% of the genome [173]. Most of the accessory 
genome is localized to smaller gene clusters scattered around the genome [172-174, 
176, 178]. Some of the these regions are flanked by insertion elements, but others have 
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no distinct feature distinguishing them from genes belonging to the core genome, 
suggesting that they represent a pool of genes common for pneumococci and related 
streptococci.  

Some studies have looked at isolates using comparative genome hybridization (CGH) 
[172, 174, 176, 178] and in addition a thorough comparison of the genomes of TIGR4 
and R6 has been undertaken [179]. These studies have found the core genome to be 
approximately 70% and between 13-25 regions to belong to the accessory genome (also 
called regions of diversity, RDs). 

In addition to publishing the sequence of TIGR4, Tettelin et al also performed CGH on 
TIGR4, R6 and D39, and on an additional 13 isolates [177] and identified 13 RDs 

Brückner et al [179] compared the DNA sequences of the two, by that time, fully 
sequenced isolates R6 and TIGR4. They then defined various clusters that were found 
only in R6 (R6C1-6), 6 clusters, or in TIGR4 only (T4C1-12), 12 clusters. In a CGH 
study from the same lab, performed earlier [172], 13 different clusters (T4C*1-13), that 
at least one of their test strains did not possess, were observed. In their study they used 
19 different isolates of 9 different serotypes (2, 3, 4, 6B, 19A, 19F, 22, 23F and 59), 
however details about the STs or clonal relationship were not provided.  

A CGH study by Silva et al [178] investigated 13 different isolates of 6 serotypes (2, 3, 
4, 6A, 14 and 19A). A majority (six) of the isolates were serotype 14 and half of these 
belonged to ST124 and the other half belonged to ST9. They identified 25 RDs 
including most T4Cs and some, but not all T4C*s. They showed that strains belonging 
to the same ST may differ in genetic content. They also showed that isolates with the 
same ST and serotype can behave differently in a mouse model of infection [178].  

Obert et al [174] published another CGH study the same year, where they investigated 
40 clinical isolates of 3 different serotypes (6A, 6B and 14) from Dallas County in 
Texas, USA. In this study they identified the 13 RDs previously reported by Tettelin et 
al [177]. They determined presence or absence of genes and compiled the results into a 
present/absent matrix. The genetic content of the strains, represented by this matrix, 
was then used to sort the strains into invasive and non-invasive clades. In their dataset 
presence of the so-called RD8a (SP_1315-SP_1331), correlated with invasive clades 
and RD8b (SP_1332-SP_1351), correlated with the non-invasive clades in a serotype-
independent manner [174]. However the same group later published a paper 
investigating the importance of the different regions identified, as assessed using 
murine models. Here they did not see any correlation between virulence and absence of 
SP_1315-SP_1331, but could in fact see a correlation to absence in RD8b (SP_1332-
SP_1351) and virulence [180]. They also showed that RD9 and RD13 are correlated to 
increased virulence in mice [180].  
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1.5 TREATMENT AND PREVENTION 
1.5.1 Treatment 

The first way to treat pneumococcal infections was using serotherapy which was based 
on the discovery by Klemperer and Klemperer [181] that antisera can protect against 
infection with a homologous organism. In the beginning of the 20th century the 
therapeutic value of optochin was also investigated but soon abandoned due to 
resistance development and toxicity [8, 9]. The sulfonamides were used for a short 
period of time before the efficacy of penicillin was reported. After the introduction of 
penicillin in 1944, penicillin was the first choice of drug in the treatment of 
pneumococcal diseases [182]. 

Today pneumococcal infections are, at least in Sweden, mainly treated with penicillin 
and other -lactams, but also other drugs such as tetracyclines, fluoroquinolones, 
macrolides, trimethoprim-sulfmethoxazole and vancomycin are used because of 
increasing resistance to penicillin. 

1.5.2 Antibiotic resistance and tolerance 

Reports of isolates resistant to penicillin were documented as early as 1943 following 
mouse infection and 1945 from bacteria grown in vitro [183, 184]. The first case of 
penicillin resistant isolates obtained from humans was found in Papua new Guinea in 
1967 [185]. The first outbreak of multi resistant S. pneumoniae was in South Africa in 
1977 [186, 187]. Since then the increase of pneumococci resistant to multiple 
antibiotics is making the treatment more and more difficult. Today the only drug 
where antibiotic resistance in pneumococci has not yet been developed is 
vancomycin. However isolates being tolerant (meaning that the drug inhibits further 
growth of the bacteria but does not kill them) to vancomycin has been reported [188, 
189]. 

1.5.2.1 Penicillin resistance 

Penicillin, a -lactam antibiotic, inhibits cell wall synthesis by binding to enzymes, 
called penicillin binding proteins (PBPs) [190, 191]. The PBPs in S. pneumoniae (six 
have been identified) are incorporated in the cell membrane and are essential for the 
peptidoglycan synthesis and maturation. The -lactams acetylate the serine residues 
of the active sites on the PBPs, and inhibit their natural cell wall-substrate from 
binding. This leads to a signaling process that ends with lysis and death of the 
bacteria. The PBPs can decrease their affinity for penicillin, and thereby make the 
bacteria resistant to the antibiotics [192, 193]. The pneumococcus does not produce 

-lactamase, an enzyme which hydrolyses the -lactam ring and thereby confers 
resistance [194]. The spread of penicillin resistance depends on either horizontal gene 
transfer of genes coding for PBPs, creating mosaic genes with pieces of the genes 
coming from different microbes [195, 196], or a clonal spread of resistant strains 
[197, 198].
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1.5.2.2 Other mechanisms of resistance 

Resistance mechanisms to other antibiotics than -lactam involve; efflux mechanism 
(macrolides, tetracyklines, fluoroquinolones) and target modification (macrolides, 
fluoroquinolones, rifampicin, trimethoprim-sulphamethoxazole) [199-203]. 

1.5.2.3 Epidemiology and prevalence of resistant pneumococci 

In Sweden resistance to penicillin as well as other antibiotics has remained at a low 
level. The rate of isolates resistant to penicillin has been below 3% in 1997-2003 [204]. 
The most prevalent serogroups in Sweden showing penicillin resistance during the 
same time period were, 9, 14 and 19F. In Sweden most resistant isolates show 
resistance to both penicillin and trimethoprim-sulphamethoxazole. The clonal 
composition of Swedish PNSP isolates is further investigated in paper III. 

In Europe the percentage of resistance varies, between 2001 and 2003 Spain and France 
showed the highst percentage of resistance with 62% and 48%, respectively [205]. 
Several studies, in various geographical regions, where the genetic composition of 
resistant isolates have been investigated show that a majority of the isolates belong to 
defined PMEN clones (or SLVs and DLVs) [206-208]. One example is the drastic 
increases in PNSP isolates seen in Iceland where the percentage increased from below 
10% up to 37% in 2007 [209]. The Icelandic PNSP isolates were further characterized 
and the majority was found to belong to one clone, ST1968, a DLV of the PMEN clone 
ST236. 

1.5.3 Vaccine 

Trials with vaccines based on different capsular polysaccarides were first undertaken in 
the beginning of the 20th century [210, 211] by sir Almroth Wright. However these 
trials failed to give any conclusive results [212]. In 1927 Schiemann and Casper [12] 
demonstrated that mice could be immunized against pneumococcal infections using 
capsular polysaccharides. Similar results were shown in humans in 1930 [11]. In 1944 
MacLeod and colleagues evaluated a four valent polysaccharide vaccine [213], but 
introduction of penicillin shifted the focus away from prophylaxis. A 14-valent 
pneumococcal vaccine was licensed in 1977 and expanded to a 23 valent (which is still 
in use) in 1983.  

1.5.3.1 The different vaccines availible 

Today two different types of vaccine based on capsular polysaccharides exist, the 
23 valent pneumococcal polysaccharide vaccine (PPV23) and the heptavalent pneumo-
coccal conjugate vaccines (PCV7), the latter consisting of purified capsular 
polysaccharides conjugated to a non-toxic variant of diphtheria toxin (CRM197). Both 
vaccines generate immunoglobulin G anti-capsular antibodies. However, only the
conjugate vaccine, PCV7, induce a T-cell dependent response. PPV23 is recommended 
only for children over the age of two, while PCV7 is immunogenic in infants. For 
further comparison and serotype inclusion of the two different vaccines see Table 5. 
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Table 5. Comparison of the serotypes included in and properties of the PPV23 and the 
PCV7.

Vaccine Serotypes included Properties 

PPV23 
1, 2, 3, 4, 5, 6B, 7F, 8, 9N, 9V, 10A, 
11A, 12F, 14, 15B, 17F, 18C, 19A, 19F, 
20, 22F, 23F and 33F 

High number of serotypes included. Limited 
effect in children. 

PCV7 4, 6B, 9V, 14, 18C, 19F and 23F 

Promotes T-cell dependent immune 
response making it immunogenic in infants. 
Expensive. Limited number of serotypes 
included. 

1.5.3.2 Effect of vaccination 

Since the introduction of PCV7, licensed for use in infants and young children, in the 
United States year 2000 several reports on its effect have been made public. It has 
significantly reduced the incidence of pneumococcal invasive disease and 
pneumococcal carriage in the United States, in both vaccinated children, but also, due 
to herd immunity, in unvaccinated persons of age 20 and over [214, 215, 216]. A 
Finnish study looking at the effect of the vaccine on AOM reported a 56% reduction of 
vaccine types (VT), however they also observed a about 30% relative increase of non 
vaccine types (NVT) [217, 218]. Also an increase in NVT (11A, 15B/C, 33F, 35B and 
most notably 19A) causing IPD in the USA was observed [219-221]. Mera et al [222] 
reported an increase in serotype 19A from 3% to 20% before and after the introduction 
of the vaccine. In Dallas and Massachusetts there has also been an increase of 19A 
(majority of the isolates belonging to CC199) [223, 224].  

1.5.3.3 Serotype replacement 

Serotype replacement refers to a decrease in the prevalence of vaccine serotype 
pneumococci in the nasopharynx accompanied by a corresponding increase in 
nonvaccine serotype pneumococci, as they fill the newly vacant ecological niche. 
Brueggemann et al showed that a part of the increase of serotype 19A was due to an 
expansion of the CC199, which was present before the introduction of the vaccine, but 
also due to the emergence of a strain with ST695 that previously had carried a type 4 
capsule [225]. Clonal analysis of the emerging 19A isolates causing AOM and being 
resistant to all FDA approved antibiotics showed it to be of ST2722, belonging to the 
CC156 (see paper III) [226]. The phenomenon of serotype replacement in pneumococci 
implies that different serotypes compete for colonization in the nasopharynx [225]. It 
has been suggested that only if competition exist NVT may gain benefit from the 
decrease of VT [42, 227]. 

1.5.3.4 The quest for the perfect vaccine 

Even though the conjugate vaccine has good coverage and will include more serotypes 
in the future the quest for the perfect vaccine candidate still continues. The perfect 
vaccine would be a well conserved, universally present, surface exposed, protein that 
elicits good immune response. However since no such protein yet has been discovered 
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several other proteins or combination of proteins are under investigation as potential 
candidates. Some of these proteins are PspA [228], PspC [229], pneumolysin [230], 
PsaA [231] and the lipoproteins PiaA and PiuA [232]. Combinations of several proteins 
have also been investigated for example Audouy et al have done experiments using a 
combination of IgA1, PpmA and SlrA [233, 234]. Also a combination of the proteins 
PcsB and StkP is being developed. These are two highly conserved proteins that have 
shown to be immunogenic in both the elderly and children [235]. Some proteins which 
are part of the accessory genome, the pilus subunits AR11 and PsrP protein AR34, are 
also under consideration as potential vaccine candidates [236, 237]. 
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2 AIMS 
General aims 
The general aim of this study was to genetically characterize clinical pneumococcal 
isolates and to correlate their genetics to invasiveness, fitness and ability to spread.  

Specific aims 
The specific aims of the different papers were as follows: 

Paper I 
To investigate the concordance between MLST and microarray and to investigate the 
genetic similarity of isolates belonging to the same ST and/or the same clonal complex. 

Paper II 
To characterize the pneumococcal core and accessory genomes and to investigate if 
certain parts of the accessory genome could be linked to isolates with high invasive 
disease potential. 

Paper III 
To investigate and genetically characterize penicillin resistant clones successfully 
spreading in Sweden. 

Paper IV 
To investigate the effect of fitness in vitro on virulence and colonization in vivo.
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3 METHODOLOGICAL CONSIDERATIONS
This chapter will focus on the methodological considerations and limitations associated 
with the different methods. A more detailed description of the respective methods can 
be found in the appropriate papers. 

3.1 BACTERIAL ISOLATES 

All isolates used in the following studies, except TIGR4, R6 and three PMEN isolates, 
were clinical isolates (from patients with disease as well as from healthy carriers) 
obtained from the Swedish Institute for Infectious Disease Control, department of 
bacteriology. All isolates were characterized by serotyping and antibiotic susceptibility 
testing. The PMEN isolates were obtained from Professor A. Tomasz and Professor H. 
de Lencastre, the TIGR4 and R6 isolates were obtained from Professor E. Tuomanen. 

Considerations 

There has been some debate as to how sampling of pneumococcal carriage is best 
carried out since children may harbor more than one isolate at the time. It has been 
suggested that it is preferable to sample the nasopharynx [29] and that even though it is 
better to obtain multiple colonies, single swabs give a good estimate [238]. 

3.2 EPIDEMIOLOGICAL METHODS 

Both PFGE and MLST were used in paper III, in addition isolates used in the other 
papers had previously been subjected to analysis using MLST. 

Pulsed Field Gel Electrophoresis 

The PFGE method was developed by Schwartz and Cantor in 1984 [156]. PFGE is a 
fingerprinting method, were you embed whole genome DNA into agarose. The DNA 
is purified and cleaved using specific restriction enzymes (in our case apaI was used). 
After the digestion the agarose gel is subjected to a multidirectorial electric field that 
switches polarity over time, which makes separation of larger fragments possible. The 
data is then analyzed using the bionumerics software. 

Multi Locus Sequence Typing 

This method was adapted from the procedure described by Enright and Spratt [158]. 
Chromosomal DNA is obtained from the isolates and parts of seven housekeeping 
genes are sequenced. Each sequence, or allele, is then given a number and the 
combination of seven different allelic numbers yield a specific Sequence Type (ST) 
number. All new alleles have to be submitted to the MLST database to get assigned a 
ST number. As of July 2008, 3665 different pneumococcal STs have been found and 
submitted to the MLST database. (http://spneumoniae.mlst.net/) 

Considerations 

With PFGE you investigate the whole bacterial genome. This method is especially 
useful during regional outbreaks, due to its high discriminatory power. Even small 
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changes affecting restriction sites can be detected. MLST is also mostly affected by 
recombinations in the DNA but also point mutations can affect the ST. One 
advantage with MLST is that it is very easy to compare results internationally and to 
find out if the same ST is common in Sweden as well as in other parts of the world. 
The disadvantages associated with MLST are that MLST is expensive and time 
consuming. A high level of concordance has been found between PFGE and 
Multilocus enzyme electrophoresis (MLEE), the method proceeding MLST, and 
between MLEE and MLST [158, 239]. Also other methods to determine genetic 
relationship, such as restriction fragment end labelling, ribotyping, BOX-
fingerprinting, multi-locus variable number of tandem repeat analysis (MLVA) and 
PBP genotyping, exist, but were not used in any of these studies.  

3.3 MICROARRAY EXPERIMENTS 

Microarray experiments were used in all papers. 

Experimental design 

Using microarray you compare whole genome DNA to probes, designed to correspond 
to as many pneumococcal genes as possible. The microarray used in the papers is based 
on the predicted open reading frames of R6 and TIGR4. It consists of 2.797 50 mer 
oligonucleotides (MWG Biotech, Edensberg, Germany) spotted in triplicates on glass 
slides (Figure 6). The experiments were carried out using a mix of R6 and TIGR4 as 

reference. All isolates were subjected to 3-4 
hybridizations including at least one dye-
swap experiment. The hybridizations were 
carried out with the use of an automated 
hybridization station. The microarrays were 
scanned at 532 nm and 635 nm. 

Analysis

Fluorescent spot and local background 
intensities were quantified using the 

Genepix pro software. For each spot the median pixel intensity was calculated and 
assigned to that particular spot. Spots showing a reference signal lower than 
background plus two standard deviations, being saturated or showing obvious 
blemishes were excluded from subsequent statistical analysis. No background 
subtraction was used. The log2 fluorescence ratios were normalized to the median using 
the R statistical environment (http://www.r-project.org/) [240]. For statistical analysis 
we used a Bayesian linear model and the Holm multiple testing correction to adjust 
individual p-values [241]. This method was used to compare the isolates to the 
reference strains as well as to each other. Genes were considered absent if they fulfilled 
the criteria M-value less than -1 in combination with a p-value less than 0.01. The 
combination of p and M value was used since a p-value merely is a measurement of the 
reliability of the M-value. 

Figur 6.  A microarray slide is shown. The 
slide is spotted with 2797 oligonucleotides 
in triplicates 
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Considerations 

Several limitations exist when comparing isolates to each other using microarray. The 
greatest limitation is that the oligonucleotides on the array represent the full TIGR4 and 
R6 genome, but not the “full pneumococcal genome”, meaning that there may be more 
genes differing and that it is impossible to detect new genes with this method. Also, 
when determining the number of genes differing between any two isolates a statistical 
cut-off of p<0.01 was used. This should be interpreted as more of an approximation 
than an exact number. Additonally without completely sequencing the genomes of the 
isolates tested we cannot exclude that some of these genes, fulfilling the “absent” 
criteria, are in fact present but not recognized in the arrays due to sequence alterations 
corresponding to the oligonucleotides spotted on the arrays. We have therefore 
focused on clusters of genes that are either detected or not detected in our arrays, as a 
firm indication on variation in gene content. In most cases the presence of genes in 
the ARs were also confirmed using polymerase chain rection (PCR). In addition the 
results for 4 isolates were additionally evaluated using a second type of microarray 
platform (also based on R6 and TIGR4, but consisting of 70 mer oligonucleotides 
produced by Operon). For each of the four strains tested we found divergence 
between the two platforms to be less than 2 %. 

3.4 PNEUMOCOCCAL MUTANTS  

Mutants were created in paper II and paper IV using TIGR4 and a streptomycin 
resistant variant of TIGR4 as genetic background. 

Mutants were created in two different ways.  

The first method, which was used for all mutants in paper II and some of the mutants 
created in paper IV, was insertion deletion mutagenesis. Using this method the target 
genes were replaced with a resistance cassette, in this case giving resistance to 
erythromycin.  

The second method was used to identify which of the genes in the hemK operon that 
was responsible for the growth defects seen in paper IV and is based on the 
introduction of a stop codon in the appropriate gene (stop codon mutants). These 
mutants were produced using the Janus cassette [242] and a streptomycin-resistant 
TIGR4 mutant, TIGR4S. A similar construct as for the insertion-deletion mutants was 
made, but with the Janus cassette instead of the erythromycin cassette. This ligation 
mix was first transformed into TIGR4 with selection on kanamycin-containing plates. 
PCR was run over the full construct and this fragment was in turn transformed into 
TIGR4S. Positive clones of TIGR4S were then transformed with PCR products 
containing stop codons. These were introduced about ten amino acids downstream of 
the initial ATG. 

All transformants were verified by PCR and sequencing with appropriate primers. 
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Considerations 

The insertion deletion mutagenesis method is an easier and faster method to use. 
However this method does not exclude that any effects observed in the mutants are due 
to alteration in that specific target gene and not due to polar effect in the downstream 
genes within the operon. Stop codon mutants should be used when it is of importance 
to study the effect of one specific gene. In paper II we focused on the effect of different 
regions and not so much on specific genes and therfore the construction of stop codon 
mutants would have been excessive.  

3.5 ANIMAL MODELS 

Animal experiments were used in papers II, III and IV.  

In all animal experiments C57BL/6 mice and an intranasal route of infection were 
used. The studies were approved by The Ethical Committee for Animal Experiments 
in Stockholm. 

In paper II and IV single dose infections were used, meaning that the mutant isolate 
was inoculated into one group of mice and the wildtype (TIGR4 or TIGR4S) was 
inoculated into a control group. 

In paper III a competition experiment was used, meaning that the two clinical isolates 
that we wanted to compare were inoculated 1:1 into the same mice. The colonies 
plated were then checked for the presence or absence of the pilus islet, which was the 
property that differed between the two isolates. Then the input of bacteria was 
compared to the output. Competition experiments enable each mouse to act as its own 
control, hence decreasing the number of mice needed for the experiment.  

Considerations 

There are several factors that may influence the results, such as differences in food 
given to the mice and differences in the commensals of the animals (the mice used 
were pathogen free but not germ free). It would also have been preferable to perform 
the experiments using a second type of mutant (with a different genetic background) 
as a complement. However more mice had been required for these experiments.
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4 RESULTS AND DISCUSSION 
4.1 PAPER I 

Determination of accessory gene patterns predicts the same relatedness among 
strains of Streptococcus pneumoniae as sequencing of housekeeping genes does and 
represents a novel approach in molecular epidemiology 

The extent of relatedness, measured as similarity in gene content, among isolates 
classified to belong to the same clonal complex is not known. In order to investigate 
this, microarray was carried out on a total of 40 clinical isolates of 12 serotypes 
belonging to 30 STs. We also made a prediction to determine the clonal complexess of 
the isolates and six clonal complexes contained more than one isolate. The microarray 
result was then used in an algorithm to cluster the isolates. In addition the number of 
genes differing between any two isolates (a total of 780 comparisons) was determined. 

We found that isolates belonging to the same clonal complex shared a higher genetic 
similarity and clustered together in smaller groups. This indicates that isolates having 
the same or related STs, which are based on the sequencing of seven housekeeping 
genes, also have high similarity in gene content of the whole genome. This is probably 
due to the fact that most sequence variation as well as gene content variation is due to 
recombination events in S. pneumoniae [243]. Interestingly two isolates included 
shared five alleles (DLVs), but did not belong to the same clonal complex, which may 
indicate that they have different origin. These isolates did not cluster together and did 
not share a higher genetic content than any other isolates. This could indicate that the 
prediction given by the eBURST program is better than to just look at the number of 
shared alleles. However, in order to further evaluate this hypothesis one would need to 
investigate even more isolates and include combinations of isolates differing in 3 and 4 
alleles both belonging to the same and different clonal complexes. 

When investigating isolates of the same ST in more detail, we found that even though 
they have similar genetic content, there are differences between the clinical isolates. In 
most cases isolates of the same ST had higher homology than those of its SLV or DLV. 
However, for isolates of CC191 and CC176 isolates, the case was the opposite. Most of 
the differences were due to differences in genes clustered together in the genome 
(termed accessory regions), and will be further discussed in paper II. We did observe a 
trend that isolates of serotypes having a high IDP (types 1 and 7F) had fewer 
differences than those of serotypes correlated to lower IDP (types 6B, 9V, 19F). This 
could be due to the fact that isolates of these serotypes, in addition to having a high 
IDP, have been found to have a short duration of carriage [25] and that most 
recombination events are likely to take place in the nasopharynx. It could also be 
because some clones may have lost their transforming ability, due to mutations or 
recombination events. 

We compared the number of genes differing between all isolates to all others in a 
pairwise manner. The comparisons were grouped into four different categories, group 
A included isolates belonging to the same CC sharing the same serotype, group B 
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isolates belonged to the same CC but had different serotypes, group C, isolates 
belonged to different CC but had the same serotype, and in group D isolates belonged 
to different CC and had different serotypes. The results were then used to create a 
boxplot (figure 7) and a statistically significant difference was found between the two 
comparisons of isolates belonging to the same CC (group A and B) and the isolates 
belonging to different CC (group C and D). This confirms previous assumptions [158] 
that isolates belonging to the same serotype are not more genetically related, if they 
don’t belong to the same clonal complex. 

In addition to the finding that microarray and MLST give similar result we also found 
that by determining the presence of 25 genes, belonging to the accessory genome and 
different ARs (see paper II), it is possible to make assumptions of the genetic 
relatedness between the isolates. We believe this to be the case since most of the 
differences seen between the isolates are differences in these accessory regions. Also, 
by determining the presence of them one could gain additional information about the 
isolates. However the method needs to be further evaluated and possibly slightly 
modified. All of these accessory regions are present in either TIGR4 or R6 (due to the 
fact that our microarray platform is based on these two genomes) and it would of 
course be even better to include regions absent in both these isolates but present in 
other fully sequenced isolates.  

Figure 7. Correlation of genetic content, as estimated by microarray analysis, with
MLST pattern (CC) and serotype. A summary of the pairwise comparisons between all
isolates tested is shown. The white boxes represent the numbers of genes differing
between isolates belonging to the same clonal complex (CC) and having the same or
different serotypes (S). The gray boxes represent numbers of genes differing between
isolates not belonging to the same clonal complex (NCC) and having the same or
different serotypes. Genes encoding the serotype 2 and 4 capsules on the array were
excluded from the analysis. 
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4.2 PAPER II 

Pattern of accessory regions and invasive disease potential in Streptococcus 
pneumoniae 

In Paper II we wanted to investigate the core and accessory genomes of Streptococcus 
pneumoniae and if possible correlate genetic content to invasiveness. Understanding 
the mechanisms responsible for invasive pneumococcal disease development requires 
clinical data, epidemiological information where serotype, clonal type, and the set of 
accessory genes are correlated to ability to colonize, and to cause invasive disease in 
humans. In order to do so 47 pneumococcal isolates of 13 serotypes and 37 STs were 
compared by microarrays analyses. The isolates belonged to serotypes 1, 3, 4, 6B, 7F, 
9V, 11A, 14, 15B, 19A, 19F, 23F and 35B and were divided into three groups with 
different potential to cause invasive disease based on previous publications [170, 171]. 

Bacteria consist of a core genome, mostly encoding housekeeping functions and 
usually shared with other related commensals, and an accessory genome. The accessory 
genes may encode for functions directly associated with bacterial virulence such as 
adhesion, invasion, toxicity, and evasion of host immune functions, but may also 
provide metabolic functions required for growth in different niches of the host. The 
most well studied set of accessory genes in pneumococci is located in the cap locus 
encoding the capsular polysaccharide (AR7). Different cap loci have resulted in at 
least 91 different pneumococcal capsular serotypes. 

We found the accessory genome of S. pneumoniae to be about 34% of the combined 
genomes of R6 and TIGR4. Of these genes 95 have previously been identified in 
various signature tagged mutagenesis (STM) screens to be needed for survival of the 
bacteria in mice. Many accessory genes were localized to 41 accessory regions (ARs), 
of which 24 contain STM genes. A summary of all ARs, their predicted functions and 
previous names are listed in Table 6. Some gene clusters identified in previous studies 
[12, 13], AR9, 15 and 20, were not found to be ARs in our study, but were included for 
completeness. In addition five ARs, not previously described, were identified; AR5, 
AR18, AR32, AR33, and AR39, all encoding proteins of mainly hypothetical functions. 

When investigating isolates with serotypes shown to have a high IDP only AR6, and 
AR34 were preferentially found, while these were absent in most other isolates. The 
presence or absence of these regions was investigated in 46 additional isolates. In both 
of these two regions at least one gene has been identified in STM screens. In order to 
investigate their effect on virulence, mutants were constructed (for AR34 only the gene 
SP_1772 was knocked out) and tested in an intranasal mouse model. Neither of these 
mutants yielded different survival than the TIGR4 wild type strain. However, in a 
previous study by Obert et al [174] they found decreased virulence when a mutant 
lacking SP_1772 was used. These conflicting results between different research groups 
have also been reported when studying other genes.  
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Table 6. Accessory regions found among the 47 clinical isolates studied.  

Note: The location in TIGR4, R6 and G54 for the 41 ARs is presented, as well as their predicted 
functions. Three regions were present in all isolates tested in this study, but have been shown to vary in 
other studies (AR 9, 15 and 20). The position in TIGR4, R6 and G54 has been stated when more than one 
gene similar to the AR region is present in close proximity. To check for similar genes in G54 a BLAST 
was performed on the TIGR website, but since the G54 is not finalized yet there may be some errors. * 
according to B Brückner et al [179], O Obert et al [174] and S Silva et al [178]. STM genes according to H

Hava and Camilli [116], L Lau et al [133], P Polissi et al [134]. 

AR TIGR4 Locus R6 Locus G54 Locus STM Within Region Previous Names * Predicted Function
1 SP_0067-0074 - SPN_01159-01167 Yes P, H C1B, RD1S,O Adhesive
2 SP_0109-0113 spr0098-0102 SPN_22001-22005 YesH C*1B, RD2S Bacterioncin
3 - spr0102-0119 SPN_01209-01226 No R6C1B Hypothetical 
4 SP_0163-0171 - - No C2B, RD2O, RD3S Hypothetical 
5 SP_0296-0298 - - YesH - Hypothetical 
6 SP_0300-0310 spr0273-0282 - YesL, H C*2B Metabolic (beta gluckosidase)
7 SP_0346-0360 spr0311-0323 SPN_08230-08235 No C3B, RD3O, RD4S, R6C2B Capsule
8 SP_0378-0380 - - YesL RD5S CBPJ
9 SP_0382-0387 spr0339-0344 SPN_14020-14026 YesH C*3B Hypothetical 

10 SP_0394-0399 spr0352-0361 SPN_06003-06009 YesH C*4B, RD6S  Metabolic (mannitol)
11 SP_0461-0468 - - YesH C4B, RD4O, RD7S Pilus, adhesive
12 SP_0473-0477 spr0420-0424 SPN_03107-03111 YesH C*5B, RD8S Metabolic (beta D galactosidase)
13 SP_0505-0510 spr0445-0450 SPN_19002-19003 YesH C*6B Type 1 restriction
14 SP_0531-0544 - scattered No C5B, RD9S Bacteriocin
15 SP_0643-0648 spr0562-0565 SPN_04001-04003 YesH RD10S Metabolic (beta galactosidase)
16 SP_0664-0666 - SPN_04026-04027 YesP, H RD11S Hypothetical 
17 SP_0691-0699 spr0606-0612 - No C*7B, RD5O, RD12S  ABC transporter ATP binding protein 
18 SP_0825-0830 spr0729-0733 SPN_05420-05425 YesH - Ribose 5 phosphate
19 SP_0887-0890 - SPN_03059-03060 YesH C6B, RD13S Type 1 restriction
20 SP_0918-0923 spr0819-0824 SPN_06088-06093 No C*8B Metabolic
21 SP_0949-0954 spr0850-0856 SPN_06028-06130 No RD14S Competence
22 SP_1046-1065 spr0948-0955 scattered No C7B, RD6O, RD15S PPI-1 (Iron regulation)
23 - spr0955-0971 scattered No R6C3B ABC transporter  
24 - spr1184-1198 scattered No R6C4B ABC transporter  
25 SP_1129-1146 - - YesH C8B, RD7O, RD16S Phage like element
26 SP_1221-1222 spr1101-1102 - No C*9B Hypothetical 
27 SP_1315-1331 - SPN_11002-11018 YesH C9B, RD8AO, RD17S V type sodium ATP synthase
28 SP_1332-1351 spr1200-1209 SPN_05078-05083 YesH C*10B, RD8BO, RD17 ABC transporter 
29 SP_1432-1442 spr1288-1299 - YesH C*11B, RD18S ABC transporter 
30 - spr1403-1404 - No R6C5B Hypothetical 
31 SP_1612-1620 - - No C10B, RD9O, RD19S Metabolic (riboluase)
32 SP_1639-1641 spr1481-1484 SPN_13039-13041 No - Hypothetical 
33 SP_1705-1706 spr1546-1549 SPN_13124-13126 YesH - Hypothetical 
34 SP_1755-1772 - - YesH C11B, RD10O, RD20S Adhesive
35 SP_1791-1799 - - YesH C12B, RD21S ABC transporter 
36 - spr1618-1621 SPN_02090-02093 No R6C6B ABC transporter (sucrose)
37 SP_1828-1831 spr1647-1650 - YesH RD11O, RD22S Metabolic (Galactose 1 phosphate)
38 SP_1911-1918 spr1727-1734 scattered No RD23S Hypothetical 
39 SP_1930-1936 spr1746-1753 SPN_09086-09094 No - Type II restriction
40 SP_1947-1954 spr1764-1771 - YesH C*12B, RD12O, RD24S Hypothetical 
41 SP_2158-2166 spr1964-1972 - YesH C*13B, RD13O, RD25S Metabolic (fucose)
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For example several studies indicate a role for pneumolysin in virulence [90, 91, 101], 
but pneumococci with a non haemolytic pneumolysin have been isolated from patients 
with invasive disease [93]. While Alexander et al found a correlation between PspA 
and virulence [91], Orihuela did not [101]. This variation in the results could have 
many explanations; sometimes depending on differences in the genotype and/or 
serotype of the isolates used. Also, almost one third of all genes identified in STM 
screen may be absent in clinical isolates capable of both colonizing and of causing 
invasive disease in humans. Interestingly, only one gene was identified in all the three 
STM screens performed, perhaps due to different genetic backgrounds of the isolates 
tested. 

I believe that the virulence, correlated to different genes or sets of genes, is dependent 
on a combination of which specific capsule and other accessory regions the isolate 
harbors. Also smaller sequence differences or different numbers of repeats at certain 
positions may have an impact on the virulence observed. Also the host factors are 
important which is seen in a study by Sandgren et al where different isolates are 
correlated to varying virulence depending on the mouse strain used [165]. It was also 
highlighted in humans by Sjöström et al [61] that some clonal complexes and serotypes 
mainly caused disease in people with underlying disease, which is seldom investigated 
in animal models. Environmental factors could also contribute to differences seen. This 
highlights the complexity when studying the bacterial and human interaction. Mice are 
genetically inbred and kept under theoretically similar conditions. Humans have genetic 
differences and are in addition under the influence of several uncontrollable 
environmental factors, some of which have been shown to increase the risk of 
pneumococcal infection. 
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4.3 PAPER III 

Clonal success of piliated penicillin nonsusceptible pneumococci 

In paper III the serotype and 
clonal composition of penicillin 
nonsusceptible (PNSP) isolates, 
in Sweden, during 1999 and 2003 
were studied. Serotype 9V has 
previously been the dominating 
PNSP serotype in Sweden, but 
during this time period we 
observed a decrease of 9V and an 
increase of serotype 14 isolates. 
Molecular characterization of the 
isolates using PFGE and MLST 
showed that all investigated 9V 
isolates belonged to ST156, or 
highly related STs, which was 
also the case for a majority of the 
serotype 14 isolates. Combined 
this clone represented about 50% 
of all PNSP isolates in Sweden 
(Figure 8). Isolates of this ST (or 
belonging to the same clonal 
cluster) are in addition found 
worldwide (Figure 9) and the 
clone has been assigned the name 
Spain9V-3 as a PMEN clone. 

In order to understand why this 
clone was so successful in 
spreading in the community we 
performed microarray on six 
ST156 isolates of serotype 14, 
9V and 19F and compared those 
to PNSP isolates carrying the 

same serotypes but having a different ST (except for 9V, were we used a PSP isolate, 
since we did not find any PNSP isolate not belonging to the ST156CC). Since the 
serotype 14 and 9V were the dominating serotypes we started by comparing these. We 
found several differences between the isolates of ST156 and the isolates of non-ST156. 
One difference was that only the ST156 isolates carried the genes that had recently 
been shown to encode a pneumococcal pilus [80]. In order to determine if this was a 
trait associated with this clone, more PNSP isolates were tested. In total 28 serotype 9V 
isolates and 52 serotype 14 isolates were tested for presence of the pilus genes using 
PCR. All isolates belonging to the ST156 clonal cluster carried the pilus encoding 

Figure 8. ST156 among dominant PNSP of types 9V,
14, and 19F in Sweden. (A) Frequency of serotypes
9V, 14 and 19F among pneumococci with reduced
susceptibility to penicillin (PNSP) in Sweden. (B)
Percentage of the clonal cluster of ST156 (SLV and
DLV included) among PNSP of types 9V, 14 and
19F, respectively, in Sweden. Type 9V has been
estimated based on molecular typing of 80 strains
of type 9V. 
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genes; versus only one of the 25 isolates belonging to other STs was found to be 
positive for these genes. Also the expression of pili in the nine isolates investigated 
with microarray was tested using Western blot analysis. We only found one ST156 
isolate (of serotype 19F) that did no carry the rlrA islet. 

To further evaluate the presence of pili in PNSP isolates, strains belonging to serotypes 
19F, 6B and 35B were also characterized by PFGE, MLST and tested for the presence 
of pili with PCR and Western blots. Among the 19F isolates the main PNSP clone was 
CC236 (Taiwan19F-14), although some isolates belonging to CC156 was also found. 
Both of these globally common clones harbored the pilus islet. For types 6B and 35B 
no CC156 isolates were found, instead common clones were CC80 (for 6B isolates) 
and CC558 (for 35B isolates). Both these clones were found to harbor the pilus islet. In 
addition we checked 93 arbitrary chosen Swedish clinical isolates of various serotypes 
and STs and found that 38% of them were positive for the presence of pili. We 
concluded that of the Swedish PNSP isolates at least 70% carry the pilus islet and that 
CC156 was not common among serotypes already harboring the pilus islet. 

We also investigated the sequence encoding the pilus genes in the ST156 isolates and 
ST162 isolates. ST162 is susceptible to penicillin, a SLV of ST156 and is believed to 
be its ancestor. The sequences of the genes encoding the pilus subunits from these 
isolates were highly similar in comparison to those of TIGR4. The ST162 isolate was 
also tested using microarray and found to differ at several loci compared to the ST156 
isolates. 

 In order to determine if piliated isolates possess an advantage over non piliated we 
performed an intransal competition experiment in a murine model. We used the two, 
serotype 19F, ST156 isolates that were included in the microarray analysis, because the 
microarray result did not identify any other difference between the two isolates besides 

Figure 9. Global spread of PNSP of ST156 and related clones. PNSP related to ST156
have spread from Spain to most continents. In Europe they have been found in several
countries, such as Austria, Belgium, the Czech Republic, Denmark, Finland, France,
Germany, Greece, Hungary, Iceland, The Netherlands, Norway, Poland, Portugal,
Spain, Sweden, Switzerland, and the U.K. The first year of isolation as reported in the
MLST database is written in parentheses. TLV, triple locus variants of ST156. 
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the presence or absence of the genes encoding pili. We found that the piliated isolate 
outcompeted the non piliated isolate.  

When investigating genetic differences (beside capsular genes) between isolates of 
ST156 using microarray analysis we found that the differences were located within a 
750 kilo bases region with the capsular locus at its approximate center (also including 
the rlrA pilus islet). This is in contrast to the differences between the ST156 isolates 
and the non ST156 isolates which were scattered evenly around the genome. This 
finding suggests that the horizontal gene transfer of capsular genes may be associated 
with multiple recombination events derived from an originally much larger segment of 
pneumococcal DNA. 

It is of interest to further genetically characterize the composition of PNSP isolates to 
determine if the spread/increase in PNSP isolates is due to an increase of new PNSP 
clones or expansion of fewer previously seen clones. Is the increase of PNSP isolates, 
observed in several different countries, mainly due to uptake and incorporation of 
resistance genes into previously susceptible clones or is it mostly due to an increase of a 
few successful clones such as Spain9V-3 and Taiwan19F-14? In Sweden we found the 
answer to be that resistance to penicillin mainly was due to a few highly successful 
clones. We also think that their success may not only be due to their resistance trait but 
to the presence of a specific combination of ARs and in this case we believe the 
presence of pili to be of importance. However, also the combination of the capsule and 
other ARs are likely to have an impact.  

It has also been stated in other studies that the spread of resistance is due to a set of 
successful clones [197, 198, 239]. It would be interesting to further genetically 
characterize these clones. If the clones share a specific repertoire of ARs, including the 
pilus islet, these ARs may be interesting to include as part of a future protein based 
vaccine. Already today the role of the pilus as a potential vaccine candidate has been 
evaluated. A good immune response was found using both active and passive 
immunization with recombinant pilus subunits [237]. 
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4.4 PAPER IV 

The influence of in vitro fitness defects on pneumococcal ability to colonize and to 
cause invasive disease 

In paper IV we wanted to investigate the correlation between fitness (measured as 
growth rate) in vitro and virulence in vivo. In a previous study isolates of different 
serotypes and STs were compared in an intraperitoneal mouse model of infection 
[165]. The isolates were found to have different capacity to cause disease. In order to 
investigate the correlation to fitness we measured the growth rate for these clinical 
isolates. Two serotype 14 isolates were found to differ significantly in their growth 
rate, which was in correlation to the results obtained in vivo. To try to classify the 
genetics behind this difference the two isolates were characterized by microarray 
analysis. The isolates that belong to different clonal complexes were found to differ 
substantially from one another (approximately 196 genes), including several 
accessory regions. Between the two isolates also 18 genes that previously have been 
identified in STM screens were found to differ. Due to the large amount of 
differences seen we were not able to pin point any specific gene or region responsible 
for the fitness differences observed. 

Table 7.  Description of the genes further investigated in the study 

Gene 
TIGR4 
locus R6 locus Predicted function Type of mutants constructed 

ychF  SP_0004 spr0004
GTP-dependent translation 

factor Insertion deletion mutants 

rluD  SP_0929 spr0830 Pseudouridine synthase Insertion deletion mutants 

smf  SP_1266 spr1114
Involved in natural 

competence Insertion deletion mutants 

yebC SP_1922 spr1738 - Insertion deletion mutants 
hemK SP_1021 spr0925 N(5)-glutamine 

methyltransferase 
Insertion deletion and stop codon 

mutants 

yrdC SP_1022 spr0926 Ribosome maturation Stop codon mutants 

SP1023 SP_1023 spr0927 Acetyltransferase Stop codon mutants 

To further evaluate the correlation between fitness and virulence, five genes belonging 
to the core genome and probably of housekeeping function, were chosen for evaluation 
(listed in Table 7). Insertion deletion mutants were created with respect to the five 
genes. Their growth rate in vitro as well as their virulence potential in mice was 
studied. Of the five mutants three showed prolonged generation times, which correlated 
to reduced virulence (see Figure 10). Especially one mutant, targeting the hemK gene, 
showed a pronounced reduction in virulence. Since insertion deletion mutagenesis is 
likely to affect other genes downstream in the same operon we wanted to investigate if 
this effect really was due to absence of the hemK gene.   

In order to investigate the effect on the hemK gene only as well as other genes in this 
operon, in frame mutants were constructed for the hemK gene, SP_1022 and SP_1023. 
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Again growth rates were measured for the different mutants. This time the hemK
mutant did not show a decreased growth rate, but the mutant in the gene downstream 
SP_1022 (yrdC) did. These two mutants were also tested together with the wild type 
TIGR4 in an intranasal infection mouse model and the in vivo data correlated to the in
vitro data observed. Hence, mutants with reduced growth rate in vitro showed 
decreased virulence in mice. 

However all mutants, also those with 
severe growth defects in vitro, as well 
as the clinical isolates were capable of 
colonizing the nasopharynx of mice. 
This indicates that growth deficiencies 
do not exclude the bacteria from 
colonizing the nasopharynx. 

It would also be of interest to revisit the 
large collection of genes that have been 
stated to affect virulence (including all 
genes found in various STM screens) 
and to measure the growth rates of 
mutants. How many of the genes 
implicated in virulence act as true 
virulence genes and how many show 
decreased virulence due to growth 
deficiency? 

Figur 10. Showing the correlation between
the generation time and the survival for the
five insertion deletion mutants as well as
the TIGR4 wildtype. 
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5 CONCLUSIONS AND FUTURE PERSPECTIVES 
The general aim of this study was to genetically characterize clinical pneumococcal 
isolates and to correlate their genetics to invasiveness, fitness and ability to spread.  

In conclusion we found that: 

There is high agreement between the results obtained using MLST and whole genome 
microarray analyses showing the genetic content of pneumococci.  

It may be possible to determine if isolates are genetically related based on presence 
and absence of different genes located to accessory regions. In addition these results 
may provide further information about the properties carried by the isolates. 

Isolates belonging to the same ST show genetic differences, most of them located to 
cluster of genes (accessory regions). Also in a competition model in mice we found 
differences in colonization between two clinical isolates of the same serotype (19F) 
belonging to the same ST. 

We did not find that the presence of certain ARs correlated with the ability to cause 
invasive disease and believe that there is a large redundancy within the pneumococcal 
genome. Invasive disease is likely an effect of a combination of specific ARs, where 
the capsule (AR7) is of great importance. We also found many genes, previously 
indicated to be of importance for virulence in mice [116, 133, 134], absent in fully 
virulent human isolates. The scope of this work did not focus on smaller genetic 
variations, which may be of importance for virulence. This would be an interesting 
feature to investigate in the future, given the increasing number of complete genomes 
available online. Also, by investigating several fully sequenced isolates the repertoire of 
ARs will probably increase and not only include genes present in R6 or TIGR4.

The increase in PNSP of serotype 14 in Sweden was shown to be due to an increase in 
a clone already prevalent but with the serotype 9V capsule. We found that isolates of 
this clone carry the pilus islet and that this property was found to be an advantage in an 
intranasal mouse model of carriage. 

At least 70% of all PNSP isolates in Sweden belong to clones harboring the pilus islet. 
This is in comparison with approximately 30% being positive in an arbitrary chosen 
pneumococcal population. This indicates that vaccination against pili, preferably in 
combination with other proteins, might reduce the number of resistant isolates in the 
population. I believe it to be of great importance to continue to characterize the clonal 
composition among resistant isolates in order to determine if highly successful clones, 
attributed with resistance properties, also share other sets of genes (ARs).  

Fitness in vitro, as determined by measurement of growth rates, correlates to virulence 
in vivo.
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Different results on pneumococcal virulence can be found in various mouse 
experiments in the literature. This is probably depending on several factors, including 
differences in isolates and mouse strains used. This argues for caution in the 
interpretation of mouse data. Upon investigation of the effect on virulence due to loss 
of a specific gene (or set of genes) it would be valuable to determine the fitness of the 
mutants in comparison to the wild type strain and also to base the results on 
experiments with mutants in at least two diverse bacterial backgrounds, for example 
both D39 and TIGR4.  

In the future I think it would be very interesting to continue to characterize collections 
of globally spread pneumococcal clones preferably by whole genome sequencing, 
which would allow detection of new genes (ARs) as well as sequence variations, some 
of the main drawbacks when using microarray. I think that by doing so new 
combinations of potential vaccine candidates, as well as new targets for future 
antimicrobial drugs may emerge. 
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