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Kurola, Paula, Role of pneumococcal virulence genes in the etiology of respiratory
tract infection and biofilm formation. 
University of Oulu, Faculty of Medicine, Institute of Diagnostics, Department of Medical
Microbiology,  P.O. Box 5000, FI-90014 University of Oulu, Finland; National Institute for
Health and Welfare, Child and Adolescent Health and Welfare Unit,  P.O. Box 310 , FI-90101
Oulu, Finland 
Acta Univ. Oul. D 1098, 2011
Oulu, Finland

Abstract
Streptococcus pneumoniae, pneumococcus, is a common cause of respiratory tract infections and
also a common inhabitant of the upper respiratory tract of healthy people. At present, 93 different
polysaccharide types have been identified and in addition to them, unencapsulated pneumococci
are found especially in healthy carriers. Pneumococci are usually identified by using a bacterial
culture combined with biochemical or immunochemical tests. Recently, new DNA-based
methods, such as PCR, have been applied.  Many PCR methods that detect pneumococci are
targeted at genes which encode virulence factors such as pneumolysin, autolysin and
pneumococcal surface antigen A.

S. pneumoniae is a common causative agent of otitis media. In clinical trials, xylitol has been
shown to decrease the occurrence of otitis media but the mechanism of action is not known.
Xylitol has been shown to reduce pneumococcal growth and adherence to nasopharyngeal cells
and its effect on the appearance of the pneumococcal polysaccharide structure has been shown by
electron microscopy. Xylitol has also been demonstrated to inhibit biofilm formation of
Staphylococcus aureus and Pseudomonas aeruginosa. Biofilms have been associated with otitis
media and pneumococci have been shown to form biofilms. 

The purpose of this work was to study the role of capsular and other virulence genes in
pneumococcal infection and biofilm formation. A new PCR method was developed to detect the
pneumococcal capsule and it appeared to have potential when studying the pneumococcal etiology
of pneumonia. Widely used PCR methods were used to study pneumococcal isolates, and
conflicting results were obtained when the results were compared with conventional
immunochemical methods. In addition, xylitol was shown to inhibit capsular gene expression and
biofilm formation of pneumococci. Glucose and fructose appeared to enhance biofilm formation. 

The conflicting results between PCR and immunochemical methods suggest that further
identification methods are needed in the diagnosis of pneumococcal infection. The observed
inhibitory effect of xylitol on pneumococcal capsule gene expression and biofilm formation may
partly explain the efficacy of xylitol in preventing acute otitis media in previous clinical trials. 

Keywords: biofilms, capsular gene, otitis media, pneumonia, Streptococcus
pneumoniae, virulence gene, xylitol





Kurola, Paula, Pneumokokin virulenssigeenien rooli hengitystieinfektioiden
etiologiassa ja biofilmin muodostuksessa. 
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Tiivistelmä

Streptococcus pneumoniae, pneumokokki, on yleinen hengitystieinfektioiden aiheuttaja, joka
esiintyy myös hengitysteiden normaalifloorassa. Pneumokokilla tunnetaan 93 kapselityyppiä ja
näiden lisäksi etenkin oireettomilta nielukantajilta löytyy kapselittomia pneumokokkeja. Pneu-
mokokin tunnistamiseen käytetään yleensä viljelyä sekä bio- ja immunokemiallisia testejä ja sit-
temmin tunnistuksen tukena on käytetty geeniteknologisia menetelmiä, kuten PCR. Useissa
pneumokokin tunnistuksessa käytettävissä PCR-menetelmissä on käytetty kohdegeeninä viru-
lenssitekijöitä, kuten pneumolysiiniä, autolysiinia ja  pneumokokin pinta-antigeeni A:ta koodaa-
via geenejä. 

Pneumokokki on yleinen korvatulehdusten aiheuttaja. Kliinisissä tutkimuksissa ksylitolin on
havaittu vähentävän korvatulehduksia, mutta vaikutusmekanismi on vielä epäselvä. Ksylitolin
on osoitettu vähentävän pneumokokin kasvua ja kiinnittymistä nenänielun soluihin ja sen vaiku-
tus polysakkaridikapselin ulkomuotoon on osoitettu elektronimikroskopialla. Ksylitolin on myös
todettu vähentävän biofilminmuodostusta Staphylococcus aureus, ja Pseudomonas aeruginosa
–bakteereilla. Biofilmin muodostuksen on ehdotettu liittyvän krooniseen korvatulehdukseen.
Aiemmissa tutkimuksissa pneumokokin on osoitettu muodostavan biofilmejä. 

Työn tarkoituksena oli tutkia kapseli- ja muiden virulenssigeenien merkitystä pneumokokki-
infektion diagnostiikassa ja biofilminmuodostuksessa. Työssä kehitettiin uusi PCR-menetelmä
pneumokokin kapselin osoittamiseksi ja sillä todettiin olevan käyttömahdollisuuksia keuhkokuu-
meen pneumokokkietiologiaa tutkittaessa. Yleisesti käytettyjä PCR-menetelmiä tutkittiin pneu-
mokokki-isolaateilla ja havaittiin vakavia ristiriitoja näiden ja perinteisten, immunokemiallisten
tunnistusmenetelmien välillä. Lisäksi tutkimuksessa havaittiin ksylitolin vähentävän pneumoko-
kin kapseligeenien ekspressiota ja biofilmin muodostusta. Sen sijaan glukoosi ja fruktoosi lisäsi-
vät biofilmin muodostusta. 

Tutkimustulokset osoittivat ristiriidan perinteisten immunokemiallisten ja PCR-menetelmien
välillä ja antavat aihetta uusien, tarkempien menetelmien käyttöönotolle pneumokokki-infektion
diagnostiikassa. Tutkimuksen havainnot ksylitolin vaikutuksesta pneumokokin kapseligeenieks-
pressioon ja biofilmin muodostukseen voivat osittain selittää kliinisissä tutkimuksissa havaittua
ksylitolin ehkäisevää vaikutusta korvatulehduksiin. 

Asiasanat: biofilmi, kapseligeeni, keuhkokuume, ksylitoli, pneumokokki,
virulenssigeeni, välikorvatulehdus
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SEM scanning electron microscopy 



10 

SpsA secretory pneumococcal surface protein A 

TEM transmission electron microscopy 



11 

List of original publications 

This thesis is based on the following articles, which are referred to in the text by 

their Roman numerals. 

I  Kurola P, Erkkilä L, Kaijalainen T, Palmu AA, Hausdorff WP, Poolman J, Jokinen J, 
Kilpi TM, Leinonen M & Saukkoriipi A (2010) Presence of capsular locus genes in 
immunochemically identified encapsulated and unencapsulated Streptococcus 
pneumoniae sputum isolates obtained from elderly patients with acute lower 
respiratory tract infection. J Med Microbiol 59: 1140–1145. 

II  Kurola P, Erkkilä L, Palmu AA, Snellman M, Kaijalainen T, Pascal T, Kilpi TM, 
Leinonen M & Saukkoriipi A (2011) Presence of virulence genes ply, lytA and psaA 
as detected by PCR in encapsulated and unencapsulated Streptococcus pneumoniae 
strains isolated from sputum of elderly patients with acute respiratory tract infection. 
Manuscript. 

III  Kurola P, Tapiainen T, Kaijalainen T, Uhari M & Saukkoriipi A (2009) Xylitol and 
capsular gene expression in Streptococcus pneumoniae. J Med Microbiol 58: 1470–
1473. 

IV  Kurola P, Tapiainen T, Sevander J, Kaijalainen T, Leinonen M, Uhari M & 
Saukkoriipi A (2011) Effect of xylitol and other carbon sources on Streptococcus 
pneumoniae biofilm formation and gene expression in vitro. APMIS 119: 135–142. 

  



12 

 



13 

Table of contents 

Abstract 

Tiivistelmä 

Acknowledgements 7 
Abbreviations 9 
List of original publications 11 
Table of contents 13 
1 Introduction 15 
2 Review of the literature 17 

2.1 Streptococcus pneumoniae ...................................................................... 17 
2.2 Pneumococcal virulence factors .............................................................. 18 

2.2.1 Capsular polysaccharides ............................................................. 19 
2.2.2 Pneumolysin ................................................................................. 21 
2.2.3 Autolysin ...................................................................................... 22 
2.2.4 Pneumococcal surface antigen A .................................................. 23 
2.2.5 Other virulence factors ................................................................. 23 

2.3 Nasopharyngeal carriage of S. pneumoniae ............................................ 24 
2.4 Pneumococcal infections ......................................................................... 25 

2.4.1 Otitis media .................................................................................. 26 
2.4.2 Lower respiratory tract infections ................................................. 26 
2.4.3 Invasive infections ........................................................................ 27 
2.4.4 Diagnosis of pneumococcal infections ......................................... 28 
2.4.5 Identification of pneumococcus.................................................... 29 

2.5 Biofilms ................................................................................................... 31 
2.5.1 Biofilm formation ......................................................................... 31 
2.5.2 Competence and biofilm signalling .............................................. 32 
2.5.3 Biofilm examination and measurement ........................................ 33 
2.5.4 Biofilm infections ......................................................................... 35 
2.5.5 Biofilm formation of streptococci ................................................ 37 

2.6 Xylitol ..................................................................................................... 38 
2.6.1 Xylitol in the prevention of microbial infections ......................... 39 
2.6.2 Xylitol and the phosphotransferase system in oral 

streptococci ................................................................................... 40 
2.6.3 Xylitol and pneumococcus ........................................................... 41 

3 Aims of the study 43 
4 Materials and methods 45 



14 

4.1 Sputum isolates ....................................................................................... 45 
4.2 Sample treatment and bacterial culture ................................................... 47 

4.2.1 DNA and RNA extraction ............................................................. 49 
4.3 PCR methods ........................................................................................... 50 

4.3.1 Oligonucleotides used for amplification and detection ................ 50 
4.3.2 PCR assays targeted at the virulence genes ply, psaA and 

lytA (II) ......................................................................................... 52 
4.3.3 PCR methods for detection of the pneumococcal capsule 

(I, III, IV) ...................................................................................... 52 
4.3.4 PCR methods for gene expression analyses and relative 

quantification (III, IV) .................................................................. 53 
4.4 Statistical methods .................................................................................. 54 

5 Results 57 
5.1 Detection of pneumococci (I, II) ............................................................. 57 

5.1.1 Development of a real-time PCR assay for detection of the 

pneumococcal capsule (I) ............................................................. 57 
5.1.2 Detection of the pneumococcal capsule in sputum isolates 

(I) .................................................................................................. 57 
5.1.3 Detection of pneumococcal virulence genes in sputum 

isolates by PCR (II) ...................................................................... 59 
5.2 Xylitol and pneumococcal capsule gene expression (III) ........................ 60 
5.3 Xylitol and pneumococcal biofilm formation (IV) ................................. 61 

5.3.1 Optical density measurements ...................................................... 61 
5.3.2 Gene expression studies ................................................................ 63 

6 Discussion 67 
6.1 Development and testing of the capsular PCR method (I) ...................... 67 
6.2 Presence of virulence genes in pneumococcal isolates (II) ..................... 68 
6.3 Applicability of PCR methods (I,II) ........................................................ 69 
6.4 Measurement of pneumococcal capsule expression levels by 

cpsB RT-PCR ........................................................................................... 71 
6.5 Effect of xylitol on S. pneumoniae (III, IV) ............................................ 72 
6.6 Drawbacks of the studies......................................................................... 75 

7 Conclusions 77 
References 79 
Original Publications 103 
 



15 

1 Introduction 

Streptococcus pneumoniae is a major human pathogen that causes a wide variety 

of infections such as otitis media, sinusitis, bacteremia, meningitis and pneumonia. 

Pneumococci are also common inhabitants of the upper respiratory tract of 

healthy people, especially of children under two years old (Syrjänen et al. 2001). 

Most S. pneumoniae strains are covered by a polysaccharide capsule, which 

makes them more virulent than unencapsulated strains (Kim & Weiser 1998). At 

present, 93 different polysaccharide types have been identified (Henrichsen 1995, 

Park et al. 2007b, Jin et al. 2009, Bratcher et al. 2010, Calix & Nahm 2010) and 

the sequences of all capsular loci have been determined (Bentley et al. 2006, Park 

et al. 2007b, Jin et al. 2009).  

Pneumococci are usually identified by using a bacterial culture combined 

with biochemical or immunochemical tests. Isolates obtained from normally 

sterile sites such as blood are usually easily identified, even though optochin-

resistant pneumococcal isolates have been described even in invasive infections 

(Kontiainen & Sivonen 1987, Pikis et al. 2001). However, when clinical isolates 

of α-haemolytic streptococci are obtained from nonsterile respiratory sites, 

misidentification can occur (Mundy et al. 1998, Kaijalainen et al. 2002). In recent 

years, new DNA-based methods have been applied to the identification of 

pneumococcus. One such method is real-time PCR, and several assays that detect 

S. pneumoniae have been published, most of them targeted at pneumolysin (Ply) 

and autolysin (LytA) encoding genes (Corless et al. 2001, Greiner et al. 2001, 

McAvin et al. 2001, Saukkoriipi et al. 2002, van Haeften et al. 2003, Sheppard et 
al. 2004, Carvalho Mda et al. 2007). 

S. pneumoniae is the most frequently isolated bacteria from middle-ear 

effusion samples in children with otitis media (Kilpi et al. 2001, Rosenblüt et al. 
2001). In clinical trials, xylitol given in the form of chewing gum or syrup has 

been shown to decrease the occurrence of acute otitis media in day-care children 

by 30%-40% (Uhari et al. 1996, Uhari et al. 1998). However, xylitol did not 

reduce nasopharyngeal carriage of pneumococci (Uhari et al. 1996), and its 

mechanism of action does not seem to be bacterial killing. Xylitol has been shown 

to reduce pneumococcal growth and adherence to nasopharyngeal cells 

(Kontiokari et al. 1999, Tapiainen et al. 2001), and its effect on the appearance of 

the pneumococcal polysaccharide structure has been shown by electron 

microscopy (Tapiainen et al. 2004). 
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Biofilms are organised communities of aggregated bacterial cells that are 

embedded in a polymeric matrix and associated with a surface (Costerton et al. 
1999). This mode of growth allows bacteria to survive in hostile environments 

and exhibit tolerance to antibiotics (Costerton et al. 1999, Donlan & Costerton 

2002). Biofilms have been associated with several chronic infections including 

chronic otitis media (OM). S. pneumoniae is the main causative agent of OM 

among children and has been shown to form biofilms both in vitro and in vivo 

(Moscoso et al. 2006, Oggioni et al. 2006, Allegrucci & Sauer 2007). Xylitol has 

previously been demonstrated to inhibit biofilm formation of Staphylococcus 
aureus and Pseudomonas aeruginosa (Katsuyama et al. 2005b, Ammons et al. 
2009).  

The aim of this study was to gain further information about the applicability 

of PCR methods targeting pneumococcal virulence genes in the diagnosis of 

pneumococcal infection. The mechanism of action of xylitol in preventing acute 

otitis media was also further investigated by studying the effect of xylitol on 

pneumococcal biofilm formation and gene expression. 
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2 Review of the literature 

2.1 Streptococcus pneumoniae 

Streptococcus pneumoniae (pneumococcus) is a species of the genus 

Streptococcus of the family Streptococcaceae (Lund & Henrichsen 1978). It was 

first isolated in 1881, independently by Sternberg and Pasteur, from the blood of 

rabbits injected with human saliva. In 1886 this bacterium was referred to as 

Pneumococcus because of its tendency to cause pulmonary disease. However, in 

1920 this organism was renamed Diplococcus pneumoniae and it was not until 

1974 that the pneumococcus received its present name, Streptococcus 
pneumoniae (Reviewed by Austrian 1981, Watson et al. 1993). 

Pneumococci are facultatively anaerobic, Gram-positive, capsulated bacteria 

that are usually arranged in pairs or short chains (Lund & Henrichsen 1978). 

Three major layers can be distinguished on the surface of pneumococci: the cell 

membrane, the cell wall and the capsule (Fig. 1). The triple-layered peptidoglycan 

backbone of the cell wall anchors capsular and cell wall polysaccharides 

(Reviewed by AlonsoDeVelasco et al. 1995). 
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Fig. 1. Schematic diagram of the pneumococcal structure. Modified after Jedrejas 

(2001) and Kadioglu et al. (2008).  

2.2 Pneumococcal virulence factors 

The capsule is a major virulence factor of S. pneumoniae, as it protects the 

bacteria from phagocytosis. If the host does not have antibodies to capsular 

polysaccharide (CPS), antibodies to pneumococcal cell wall components are 

affixed to the bacterial surface and bind the complement. However, the 

pneumococcal capsule prevents certain molecules of the complement pathway 

from interacting with receptors on phagocytic cells. Thus, phagocytosis and 
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killing do not occur and pneumococci can continue proliferating in the host 

(Musher 1992). 

Besides the capsule, interaction between pneumococci and the host involves 

other virulence factors, including the intracellular toxin pneumolysin, 

pneumococcal surface proteins and pneumococcal surface antigen A, and 

enzymes such as autolysin (Fig. 1, Reviewed by Jedrzejas 2001, Kadioglu et al. 
2008).  

2.2.1 Capsular polysaccharides 

Upon the first isolation of pneumococcus in 1881, Sternberg and Pasteur 

recognised the presence of a certain structure surrounding the diplococcal form of 

this bacterium. This structure is now known as a capsular polysaccharide (CPS), 

and it was first isolated in 1917 when Dochez and Avery recognised that the 

specific soluble substances of pneumococci had antigenic properties (Reviewed 

by Lopez 2006). 

CPS forms the approximately 200-400-nm-thick inert outermost layer of the 

pneumococcal cell (Sørensen et al. 1988) and is composed of repeating 

oligosaccharide units, each composed of two to eight monosaccharides. Variation 

and linkage of different monosaccharides and their variable substitution with non-

carbohydrate residues enable heterogeneity among capsular polysaccharides 

(Reviewed by Kamerling 1999). At present, 93 different capsular types are 

recognised and each of them represents structurally and immunochemically 

distinct serotypes (Henrichsen 1995, Park et al. 2007b, Jin et al. 2009, Bratcher et 
al. 2010, Calix & Nahm 2010). With the exception of type 3, all pneumococcal 

serotypes have their capsule covalently attached to the outer surface of the cell 

wall peptidoglycan, which in turn forms the backbone of the pneumococcal cell 

(Sørensen et al. 1990). Two different systems of nomenclature exist for 

pneumococcal serotypes, namely, the Danish system and the American system. 

The more commonly used Danish system is based on the grouping of certain 

serotypes by their antigenic similarities. Serologically cross-reactive types form a 

serogroup, in which individual serotypes are distinguished by a letter (e.g. 19F, 

19A, 19B and 19C). In the American system, the serotypes are numbered 

sequentially in order of their discovery (Reviewed by Lund & Henrichsen 1978, 

Henrichsen 1979, Henrichsen 1995). 
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Capsular biosynthesis locus 

Already in 1960 Ravin (1960) concluded that the genes responsible for the 

biosynthesis of the pneumococcal capsule were clustered together. To date, the 

cps loci of the currently known serotypes have been sequenced (Bentley et al. 
2006, Park et al. 2007a, Jin et al. 2009, Bratcher et al. 2010, Calix & Nahm 2010). 

The genes responsible for capsule synthesis in most serotypes are located in an 

operon flanked by the dexB and aliA genes. Most cps loci are very similar in 

structure: the first four genes in the operon are conserved and thought to be 

involved in capsule regulation and export (Guidolin et al. 1994, Morona et al. 
2000, Jiang et al. 2001). The serotype-specific genes are located downstream of 

these four regulatory genes and they vary by number. Capsular polysaccharides 

are synthesised by a Wzx/Wzy-dependent pathway, where the capsule is 

assembled on a lipid acceptor, then transported across the cytoplasmic membrane 

and finally polymerised into polysaccharide (Bentley et al. 2006). However, 

serotypes 3 and 37 are exceptional. These are the two serotypes with the simplest 

cps loci structures and their capsules are synthesized by a processive transferase. 

This mechanism of capsular synthesis requires only one enzyme to form all the 

glycosidic linkages and polymerisations (Dillard et al. 1995, Arrecubieta et al. 
1996, Llull et al. 2001). In serotype 3, the biosynthetic type-specific genes are 

located apart from the common cps locus in an additional 1 kb region of DNA 

that is missing from other serotypes (Dillard et al. 1995, Caimano et al. 1998). In 

serotype 37, only one gene (tts) is responsible for capsular synthesis, and like in 

serotype 3, it is located apart from the typical capsular locus (Llull et al. 1999). 

The first four genes in most pneumococcal cps loci are called cpsABCD (also 

known as the wzg, wzh, wzd and wze genes). The product of the first gene, CpsA, 

has a homologue in Streptococcus agalactiae, in which it seems to function as a 

transcriptional activator (Cieslewicz et al. 2001). In pneumococci, a cpsA-deleted 

mutant was found to produce reduced levels of CPS but the cpsA gene was not 

necessary for CPS production (Morona et al. 2004). The products of the next 

three capsule genes, on the other hand, are essential for CPS production: CpsB, 

CpsC and CpsD function together to regulate CPS assembly, export and 

attachment to the cell wall by tyrosine phosphorylation of CpsD. The cpsB gene 

encodes a manganese-dependent phoshotyrosine-protein phosphatase that is 

required to dephosphorylate CpsD (Bender & Yother 2001, Morona et al. 2002). 

In a study by Morona et al. in 2000, deletion of the cpsB gene resulted in high 

levels of phosphorylated CpsD and a reduction of CPS production to a minimum. 
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CpsC is a membrane protein that is needed for tyrosine autophoporylation of 

CpsD, an autophosphorylatin protein-tyrosine kinase. Morona et al. found that 

deletion of the cpsC gene caused a rough phenotype and CpsD did not become 

phophorylated. Mutation of the cpsD gene to inactivate the ATP-binding site 

eliminated CPS production (Morona et al. 2000).  

2.2.2 Pneumolysin 

Pneumolysin (Ply) is a 53 kDa protein composed of 471 amino acids (Paton et al. 
1986, Kanclerski & Mollby 1987, Walker et al. 1987) and it is produced by 

practically all clinical isolates of pneumococci (Paton et al. 1983, Kanclerski & 

Mollby 1987). This cholesterol-dependent, cytolytic enzyme is not secreted, but 

can be released upon lysis of pneumococci due to action of pneumococcal surface 

autolysin. Contradictory to this general thought, certain strains have been shown 

to release Ply into the culture supernatant in the early stationary phase, when 

autolysis has not yet occurred (Benton et al. 1997). Autolysin-independent release 

of Ply has been reported elsewhere, also (Balachandran et al. 2001). 

Ply functions extracellularly, but unlike other cholesterol-dependent 

cytolysins (CDC), it lacks the N-terminal signal peptide (Walker et al. 1987). 

Similarly to other CDCs, binding of pneumolysin to cholesterol causes pore 

formation on mammalian cell membranes and eventually cell lysis. This pore 

formation is described by two different models. In one, monomeric toxin inserts 

itself into the membrane bilayer, forms ring- and arc-shaped oligomers and then 

assembles to form a pore (Morgan et al. 1994). In the second model, pneumolysin 

binds to the cell membrane and oligomerizes to form a pre-pore, which then 

inserts itself into the lipid bilayer of the target cell (Tilley et al. 2005). 

In addition to cytolytic effects, pneumolysin has several functions in the 

pathogenesis of pneumococcal infection. The toxin has been shown to slow the 

beating of cilia on human respiratory epithelial cells and to disrupt the tight 

junctions and integrity of the bronchial cells (Steinfort et al. 1989, Feldman et al. 
1990, Rayner et al. 1995). It also inhibits lymphocyte proliferation and antibody 

synthesis (Ferrante et al. 1984), decreases the bactericidal activity and migration 

of human polymorphonuclear leukocytes (Paton & Ferrante 1983) and activates 

the classical complement pathway in the absence of anti-toxin antibody (Paton et 
al. 1984). 

The gene encoding pneumolysin has been cloned and sequenced (Paton et al. 
1986, Walker et al. 1987). The ply gene has been considered very conserved 



22 

among S. pneumoniae strains, since only six of 1650 base pairs differ between the 

type 1 and the D39 type 2 strain (Mitchell et al. 1990). However, the more 

recently identified 15 distinct pneumolysin proteins show greater variation at the 

amino acid level than previously thought. Overall, pneumolysin showed a 

sequence variation of 3.3% (Jefferies et al. 2007). Due to its conserved nature and 

the presence of it in practically all pneumococci, the ply gene has been one of the 

most widely used PCR targets for S. pneumoniae (Rudolph et al. 1993, Salo et al. 
1995, Saukkoriipi et al. 2004, Yang et al. 2005, Creer et al. 2006, Kais et al. 2006, 

Johansson et al. 2008). Usually the ply gene is considered specific for 

S. pneumonia, but a few studies have found it also in other α-haemolytic 

streptococci than pneumococcus (Whatmore et al. 2000, Neeleman et al. 2004). 

2.2.3 Autolysin 

The major pneumococcal autolysin (LytA) is a 36 kDa amidase (Höltje & Tomasz 

1976) located in the cell envelope, where it remains inactive (Diaz et al. 1989). 

LytA belongs to a group of enzymes that degrade the peptidoglycan backbone of 

bacteria, eventually leading to cell lysis (Howard & Gooder 1974). This 

activation of LytA typically occurs when pneumococci are in the stationary phase 

of growth or treated with antibiotics. The importance of LytA in the pathogenesis 

of pneumococci has been demonstrated in murine models of bacteremia and 

pneumonia, in which LytA-negative S. pneumoniae mutants appeared to have 

reduced virulence (Berry et al. 1989, Berry & Paton 2000, Orihuela et al. 2004). 

The contribution of LytA to pneumococcal virulence is thought to be mediated 

through the release of pneumolysin, inflammatory peptidoglycan and teichoic 

acids during autolysis (Reviewed by Paton et al. 1993). On the other hand, it has 

been shown that release of pneumolysin from cytoplasm does not require 

activation of LytA (Balachandran et al. 2001).  

LytA is encoded by the lytA gene, which represents the first example of a 

bacterial autolytic gene that was cloned and expressed (García et al. 1985). 

Similarly to the ply gene, lytA has been found in nonpneumococcal α-haemolytic 

streptococci (Whatmore et al. 2000). However, it has been shown that the typical 

lytA gene present in pneumococci can be distinguished from those atypical lytA 

genes found in mitis group streptococci (Llull et al. 2006), and a few studies have 

concluded that the lytA gene is the most appropriate PCR target for correct 

identification of S. pneumoniae (Messmer et al. 2004, Carvalho Mda et al. 2007). 
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2.2.4 Pneumococcal surface antigen A 

Pneumococcal surface antigen A (PsaA) is a surface-exposed 37 kDa lipoprotein 

first identified as an antigen that cross-reacted with a monoclonal antibody 

against unencapsulated pneumococci (Russell et al. 1990). PsaA is a part of an 

ABC-type magnase permease complex (Dintilhac et al. 1997) and it seems to be 

important for pneumococcal virulence. Immunization of mice with PsaA has been 

shown to be protective against challenge by pneumococcal isolates (Talkington et 
al. 1996), and PsaA-negative S. pneumoniae mutants appeared to have reduced 

virulence in a mouse model (Berry & Paton 1996).  

PsaA is encoded by the psaA gene complex, which is transcribed as a part of 

psaBCA (Novak et al. 1998). The psaA gene is highly conserved (Sampson et al. 
1997) and its presence in all pneumococcal serotypes has been confirmed by PCR 

analysis (Morrison et al. 2000). However, the psaA gene has also been identified 

and sequenced from other streptococci than pneumococcus, revealing a sequence 

identity of up to 95% to the corresponding gene open reading frame of 

pneumococcal serotype 6B strain (Jado et al. 2001). 

2.2.5 Other virulence factors 

Pneumococcal surface protein A (PspA) is a 67 to 99 kDa protein (Waltman et al. 
1990) found in most clinical S. pneumoniae isolates (Crain et al. 1990). It consists 

of four distinct domains: an N-terminal region consisting of repeated α-helices, a 

proline-rich domain, a stretch of highly conserved amino acid repeats and a tail at 

the C terminus (Yother & Briles 1992). The N-terminal region is immunogenic, as 

immunization of mice with it protected them from fatal pneumococcal challenge 

(Talkington et al. 1991).  

PspA has been shown to be important for pneumococcal virulence in various 

ways. McDaniel et al. (1987) showed that mice immunized with pneumococci 

with the mutated pspA gene failed to survive the subsequent challenge, whereas 

mice immunized with the wild-type strain were protected. The contribution of 

PspA to pneumococcal virulence was further demonstrated by Tu et al. (1999), 

who showed that PspA inhibits complement activation. In that study, mice 

infected with pneumococci expressing PspA showed no depletion of serum 

complement, whereas infection of mice with pneumococci lacking PspA resulted 

in significant activation of serum complement (Tu et al. 1999). PspA also binds 
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human lactoferrin, which is an iron-binding multifunctional protein with 

antimicrobial activity (Hammerschmidt et al. 1999). 

Pneumococcal surface protein C (PspC) is a 75 kDa protein that, similarly to 

PspA, has an N-terminal repeat region. This major pneumococcal adhesin is also 

known as choline-binding protein A (CbpA) because it binds phosphorylcholine 

on the pneumococcal cell surface. PspC seems to be the first known protein 

adhesin on the pneumococcal surface. Rosenow et al. (1997) demonstrated the 

function of PspC in adherence and colonisation with mutated pneumococcal cells 

that showed reduced adherence to cytokine-activated human cells and concluded 

that PspC appears to act as a bridging element between the cell wall 

phosphorycholine and human cell glycoconjugates via the N-terminal region 

(Rosenow et al. 1997). PspC also binds the secretory component associated with 

secretory immunoglobulin A and therefore has been called secretory 

pneumococcal surface protein A (SpsA) (Hammerschmidt et al. 2000, Zhang et al. 
2000). In addition, PspC has been shown to bind complement component C3 

(Smith & Hostetter 2000) and complement regulatory protein factor H (Dave et al. 
2001). 

2.3 Nasopharyngeal carriage of S. pneumoniae 

Pneumococci are very common colonisers of the upper respiratory tract of healthy 

people, especially young children. Acquisition of bacteria in the nasopharynx 

occurs early in life and almost all children carry pneumococci during their first 

two years of life (Gray et al. 1980, Syrjänen et al. 2001). Invasive disease occurs 

most likely soon after nasopharyngeal colonisation, but only 15% of all colonised 

children became infected (Gray et al. 1980). The colonisation rate is very high in 

developing countries. Studies in Indonesia, Uganda and Gambia have reported 

carriage rates of 48% to 87% among healthy children under three years old 

(Adegbola et al. 2001, Joloba et al. 2001, Soewignjo et al. 2001). Rates are lower 

in industrialised countries, as studies in the USA, Greece and Finland have shown 

pneumococcal carriage rates of 24% to 43% in healthy children under two years 

old (Faden et al. 1997, Syrogiannopoulos et al. 2000, Syrjänen et al. 2001). 

Factors affecting pneumococcal carriage are age, ethnicity, crowding, 

environmental features and socioeconomic status. Acquisition of pneumococci in 

the nasopharynx occurs usually during the first year of life and carriage shows an 

increase before the age of two years. In a Finnish study, the carriage rate 

increased from 13% for children less than six months of age to 43% in children 
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older than 19 months (Syrjänen et al. 2001). In a large cohort of healthy children 

and adolescents 1 to 19 years old in the Netherlands, the peak incidence of 

colonisation was observed at the age of 3 years, followed by a gradual decline 

until reaching a stable prevalence of 8% after the age of 10 years (Bogaert et al. 
2004). Crowding has a significant influence on the spread of pneumococcal 

strains and colonisation. Children attending day care have been reported to have 

increased carriage rates or a higher risk for nasopharyngeal colonisation with 

pneumococci compared with children who were cared for at home (Bogaert et al. 
2001, Dunais et al. 2003). Other factors known to affect pneumococcal carriage 

rate are the number of siblings, season, smoking, breast-feeding and recent 

antibiotic use (Ghaffar et al. 1999, Petrosillo et al. 2002). 

Pneumococcal carriage has mainly been studied in children and very little is 

known about carriage in the elderly. A recent survey in Australia studied 

nasopharyngeal carriage of pneumococci in hospitalised elderly and unexpectedly 

found no carriage in this patient group. Only one of the over 300 participants 

appeared to be a nasal carrier of pneumococcus (Ridda et al. 2010). 

Serotype distribution among pneumococcal isolates in nasopharyngeal 

carriage varies by country, age-group and type of cohort. The distributions are 

similar in Europe and the USA. In the study carried out in the Netherlands, the 

predominant serotypes in children attending day care and in those not attending 

day care were 6A, 6B, 9V, 19F and 23F (Bogaert et al. 2001). In a Finnish study, 

the distribution was the same with the exception of serotype 9V, which was not as 

common as in the Netherlands (Syrjänen et al. 2001). In the USA, serotypes 6B, 

14, 19F and 23F are also common (Yeh et al. 2003). In Asia, serogroup 

distribution in healthy children differs slightly from those in Europe and the USA. 

The most prevalent serogroups in India are 6, 14, 15, 19 and 23 (Coles et al. 
2001), while those in Indonesia are 3, 6, 12, 15, 19, 23 and 33 (Soewignjo et al. 
2001). 

2.4 Pneumococcal infections 

Pneumococcus can cause infections ranging from mild respiratory infections to 

life-threatening invasive infections. Serious infections include pneumonia, 

meningitis and sepsis and less serious mucosal infections caused by pneumococci 

are otitis media, sinusitis and conjunctivitis. 
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2.4.1 Otitis media 

Otitis media (OM) is an inflammation of the middle ear cavity, a very common 

childhood disease associated with considerable costs (Niemelä et al. 1999, Capra 

et al. 2000). Clinically, there are two different stages of the OM continuum: acute 

otitis media (AOM) and otitis media with effusion (OME). AOM is defined as the 

presence of middle ear effusion (MEE) in conjunction with acute onset of one or 

more symptoms of inflammation of the middle ear. OME is defined as MEE 

without acute symptoms (Reviewed by Rovers et al. 2004). Most children under 2 

years old have at least one episode of AOM. Up to 60% to 70% of children have 

had OM by the age of one year (Teele et al. 1989, Paradise et al. 1997). Recurrent 

OM is common, since up to 46% of children have had at least three episodes of 

AOM by the age of 3 years. The incidence of OM has increased over the past 10 

to 20 years (Lanphear et al. 1997, Joki-Erkkilä et al. 1998). 

The bacterial species most frequently isolated from middle-ear samples are 

S. pneumoniae and H. influenza, being recovered in 20% to 49% and 24% to 40% 

of the cases, respectively. Usually the third most frequent bacterium isolated is 

Moraxella catarrhalis or Streptococcus pyogenes (del Castillo et al. 1996, 

Gehanno et al. 2001, Kilpi et al. 2001, Rosenblüt et al. 2001, Leibovitz et al. 
2003, Guevara et al. 2008). In addition, several viruses such as adenovirus, 

influenza A and respiratory syncytial virus can cause AOM either by themselves 

or together with bacteria (Heikkinen et al. 1999, Chonmaitree et al. 2008). It 

seems that H. influenzae is more common in recurrent OM (Kilpi et al. 2001, 

Pichichero et al. 2008) and pneumococci are usually associated with severe 

episodes of OM (Howie et al. 1970). In the FinOM Cohort Study conducted in 

Finland in 1994–1997, pneumococcus was found in 25% of the first confirmed 

AOM events whereas H. influenzae was more often isolated in recurrent OM, its 

share being only 12% in the first OM episodes. The most frequently isolated 

pneumococcal serotypes in that study were 19F, 23F, 6A, 6B and 14 (Kilpi et al. 
2001). 

2.4.2 Lower respiratory tract infections 

Pneumonia is an infection of the parenchyma of the lung, a common respiratory 

infection that affects people of all ages. Community-acquired pneumonia (CAP) 

is defined as pneumonia that is acquired outside of hospital settings. Studies in 

Europe have suggested that the annual frequencies of CAP may be 1.6 to 11.6 
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cases per 1000 inhabitants. Especially high incidences have been noticed in young 

children and elderly persons (Woodhead et al. 1987, Jokinen et al. 1993, Almirall 

et al. 2000, Viegi et al. 2006). In the US, the incidence of hospitalised CAP in the 

elderly was 18.3 cases per 1000 inhabitants in 1997 (Kaplan et al. 2002). 

S. pneumoniae has been shown to be the most common cause of community-

acquired pneumonia in children (Wubbel et al. 1999, Juven et al. 2000, Vuori-

Holopainen et al. 2002, Michelow et al. 2004) and elderly (Lieberman et al. 1997, 

El-Solh et al. 2001, Fernandez-Sabe et al. 2003, Zalacain et al. 2003). 

Pneumococcus was detected in 27% to 44% of the cases in children and 19% to 

57% of the cases in the elderly. Other frequently demonstrated bacteria include 

H. influenzae, Legionella pneumophila, Chlamydia pneumoniae and Mycoplasma 
pneumoniae. Also several viruses such as respiratory syncytial virus, rhinovirus 

and influenza A have been detected in CAP cases both in children and in the 

elderly (Juven et al. 2000, Fernandez-Sabe et al. 2003, Michelow et al. 2004). 

2.4.3 Invasive infections 

Serious invasive infections caused by pneumococci are most prevalent in the 

extreme ages of life (Musher 1992). Pneumococcus is the leading cause of 

bacterial meningitis, pneumonia and sepsis in children, and according to recent 

estimates, pneumococcal disease caused over 800,000 deaths in children younger 

than 5 years in the year 2000 (O'Brien et al. 2009). A high incidence of 

pneumococcal bacteremia has been observed in the elderly compared with 

teenagers and young adults (Breiman et al. 1990). 

The incidence of invasive pneumococcal disease in Western Europe has been 

estimated as 27.03 cases per 100,000 children under two years old. The most 

common pneumococcal serogroups associated with invasive disease in patients 

younger than 18 years were found to be 14, 6 and 19 (Reviewed by Jefferson et al. 
2006). The incidence of invasive pneumococcal disease in the USA has been 

estimated as high as 163 cases per 100,000 children under one year old, while the 

incidence among individuals of all ages was 24 per 100,000 (Reviewed by 

Grijalva & Griffin 2008). 

S. pneumoniae is now the most common cause of acute bacterial meningitis 

(Short & Tunkel 2000), since routine vaccination of children against H. influenzae 

type b has virtually eradicated meningitis caused by this bacterium in countries 

where vaccination is used (Schuchat et al. 1997). The global incidence of 

pneumococcal meningitis in children has been estimated to be 17 cases per 
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100,000 in 2000 (O'Brien et al. 2009). In 2004–2005, the overall incidence of 

pneumococcal meningitis was 0.79 cases per 100,000 persons (Hsu et al. 2009). 

2.4.4 Diagnosis of pneumococcal infections 

Isolation of S. pneumoniae from normally sterile body sites such as blood or 

cerebrospinal fluid (CSF) provides conclusive evidence of pneumococcal 

infection. Cultures themselves are an inexpensive method that provides bacterial 

strains for further studies e.g. for the determination of sensitivity to antimicrobials. 

The problem with blood cultures are, however, their lack of sensitivity. Blood 

cultures are positive in only one to eight percent of pneumococcal pneumonias 

(Lieberman et al. 1996, Juven et al. 2000, Luna et al. 2000). One of the reasons 

for the poor sensitivity of blood cultures is early administration of antimicrobials 

(Resti et al. 2009).  

Examination of sputum by Gram’s stain or culture is often used in the 

diagnosis of pneumococcal pneumonia, although the usefulness of these methods 

has been a matter of debate. While several studies considered these methods too 

non-specific for rapid diagnosis (Theerthakarai et al. 2001, Garcia-Vazquez et al. 
2004), others have concluded that sputum provides diagnostically useful 

information (Rosón et al. 2000, Kuijper et al. 2003). Sputum samples are easily 

contaminated with microbes from upper respiratory flora but when high quality 

sputum is used, a finding of numerous Gram-positive diplococci by microscopy 

from a patient with pneumonia is a strong indication of pneumococcal pneumonia 

(Musher et al. 2004). In Gram’s stain, the quality of sputum can be assessed by 

determining the ratio of leukocytes to squamous epithelial cells. Usually, samples 

containing 5 to 10 or more leukocytes for each epithelial cell or 10 to 25 or less 

epithelial cells per low-power field are considered purulent and can be used for 

etiological diagnosis of pneumococcal infection (Wong et al. 1982, Musher et al. 
2004). However, excessive variation in Gram’s stain results has been observed 

between different microscopists (Cooper et al. 2000). 

Besides culture, the presence of pneumococci in different body fluids such as 

CSF, sputum and urine can be demonstrated by using antigen detection methods. 

Latex agglutination (LA) tests to detect capsular polysaccharide antigens of 

pneumococci are frequently used especially in communities with limited 

laboratory facilities. A rapid immunochromatographic test (ICT) that detect the 

C polysaccharide cell wall antigen of pneumococci has been validated for urine 

and CSF (Marcos et al. 2001, Murdoch et al. 2001, Samra et al. 2003, Charkaluk 
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et al. 2006). In urine samples, this test has a sensitivity of 66% to 82% in adults 

when compared with conventional diagnostic methods (Murdoch et al. 2001, 

Gutiérrez et al. 2003, Smith et al. 2003, Rosón et al. 2004, Briones et al. 2006). 

However, false positive results occur, especially in children, due to 

nasopharyngeal colonisation with pneumococci and the utility of the test in 

children is still being discussed (Dowell et al. 2001, Hamer et al. 2002, Charkaluk 

et al. 2006). In CFS samples, the ICT test has shown a sensitivity of 95% to 100% 

and a specificity of 100% (Marcos et al. 2001, Samra et al. 2003). The ICT test 

has also been used with pleural fluid specimens (Ploton et al. 2006, Porcel et al. 
2007) and bronchoalveolar lavage fluid samples (Jacobs et al. 2005). 

2.4.5 Identification of pneumococcus 

Laboratory identification of S. pneumoniae is based on colony morphology and 

biochemical or immunochemical tests. Pneumococci are cultured on blood agar 

plates, on which the bacterial colonies are surrounded by narrow zones of α-

haemolysis. Colonies are typically observed as round, flat, smooth and translucent, 

but rarely found unencapsulated pneumococcal strains form rough colonies. 

(Lund & Henrichsen 1978). Pneumococci are usually differentiated from other α-

haemolytic streptococci by optochin sensitivity (Lund 1959) and bile solubility 

(Murray 1979). The presence of the pneumococcal capsule is demonstrated by the 

quellung reaction, the oldest capsular reaction test for pneumococci first 

described as the Neufeld reaction in 1902 (Henrichsen 1999). The quellung 

reaction with polyvalent and specific antisera is the most reliable method for 

demonstrating the pneumococcal capsule, but it is labour-intensive and requires 

experienced personnel and a large panel of antisera. Other methods for serotyping 

the pneumococcal isolates include counterimmunoelectrophoresis (CIEP), 

coagglutination, latex agglutination, dot plot assay and PCR (Henrichsen et al. 
1980, Leinonen 1980, Smart 1986, Fenoll et al. 1997, Pai et al. 2006, Tarragó et 
al. 2008). 

Isolates obtained from normally sterile sites such as blood are usually easily 

identified by conventional methods, although optochin-resistant pneumococcal 

isolates have been described even in invasive infections (Kontiainen & Sivonen 

1987, Pikis et al. 2001). However, when clinical isolates of α-haemolytic 

streptococci are obtained from nonsterile respiratory sites, misidentification can 

occur (Mundy et al. 1998, Kaijalainen et al. 2002). The presence of optochin-

sensitive non-pneumococcal viridans group streptococci and a recently recognised 
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species, Streptococcus pseudopneumoniae, in respiratory samples have 

complicated identification (Arbique et al. 2004, Balsalobre et al. 2006). 

Optochin-resistant atypical pneumococci are often identified by a specific nucleic 

acid probe in clinical laboratories (AccuProbeTM), although its specificity has 

been controversial (Denys & Carey 1992, Mundy et al. 1998, Whatmore et al. 
2000, Messmer et al. 2004). In recent years, other DNA-based methods have been 

used in the identification of pneumococci, mostly in a research setting. For 

example, several real-time PCR assays that detect S. pneumoniae have been 

published (Table 1), most of them targeted at pneumolysin (Ply) and autolysin 

(LytA) encoding genes (Corless et al. 2001, Greiner et al. 2001, McAvin et al. 
2001, Saukkoriipi et al. 2002, van Haeften et al. 2003, Sheppard et al. 2004, 

Carvalho Mda et al. 2007, Azzari et al. 2008). In addition, a third virulence factor 

encoding gene, psaA (pneumococcal surface antigen A), has been used as a target 

gene in pneumococcal PCR (Morrison et al. 2000). However, ply, lytA and psaA 

genes have also been found in other α-haemolytic streptococci than 

pneumococcus, and their suitability as target genes in the identification of 

pneumococci has been questioned (Whatmore et al. 2000, Jado et al. 2001, 

Messmer et al. 2004, Neeleman et al. 2004, Carvalho Mda et al. 2007).  

Besides PCR, DNA sequencing has been used in the identification of bacteria. 

The most common housekeeping genetic marker is 16S ribosomal RNA (rRNA) 

gene, since it is present in almost all bacteria and its large size, 1500 bp, enables 

informatics analysis. However, this method is not ideal for identifying 

pneumococci, as members of the Streptococcus mitis group have 99–100% 

identities when 16S rRNA gene sequences are aligned (Reviewed by Janda & 

Abbott 2007, Petti 2007). Another technique that has recently become common in 

clinical laboratories is matrix-assisted laser desorption ionisation time-of-flight 

(MALDI-TOF) mass spectrometry. This method has mostly been used in positive 

blood culture broths (La Scola & Raoult 2009, Prod'hom et al. 2010, Stevenson et 
al. 2010). However, MALDI-TOF has so far failed to identify S. pneumoniae 

among viridans streptococci, and identification should be confirmed with an 

alternative test (Ferroni et al. 2010, Stevenson et al. 2010). 
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Table 1. Real-time PCR methods for detecting S. pneumoniae. 

Study group Target gene Specimen Detection format 

Corless et al. 2001 ply Whole blood, CSF, plasma, serum TaqMan 

Greiner et al. 2001 ply NPS TaqMan 

McAvin et al. 2001 lytA Isolates TaqMan 

Saukkoriipi et al. 2002 ply MEF FRET probes 

Van Haeften et al. 2003 ply Whole blood, CFS FRET probes 

Sheppard et al. 2004 lytA Whole blood, CSF FRET probes 

Carvalho et al. 2007 lytA, ply, psaA CSF, MEF, serum TaqMan 

Azzari et al. 2008 lytA Whole blood, CSF TaqMan 

2.5 Biofilms 

Biofilms are organised, surface-associated communities of aggregated cells 

embedded in a polymeric matrix. This mode of growth allows bacteria to survive 

in hostile environments and exhibit tolerance to antibiotics (Reviewed by 

Costerton et al. 1999, Donlan & Costerton 2002). Biofilms contaminate industrial 

pipelines, dental unit water lines, catheters, ventilators and medical implants. 

They are also a source of many recalcitrant infections and are now being studied 

in a wide variety of organisms. Infections now recognised as being caused or 

exacerbated by biofilm formation include periodontitis, device-related infections, 

cystic fibrosis, chronic urinary tract infections, recurrent tonsillitis, chronic otitis 

media and wound infections (Reviewed by Hall-Stoodley & Stoodley 2009). 

2.5.1 Biofilm formation  

Biofilm formation is a process that consists of sequential steps. First, planktonic 

bacteria attach to a solid surface. This attachment is reversible while the bacteria 

inspect the locale for nutrients or other advantages, and if permanent settlement is 

favoured, the adherent cells upregulate the genes involved in matrix production 

(Davies et al. 1993, Davies & Geesey 1995) and biofilm formation can proceed. 

In the second step, bacterial cells proliferate and accumulate in multilayer cell 

clusters. The reversible attachment is changed to irreversible by production of 

exopolysaccharides (EPS), which are the main component of the slime-like 

matrix. However, recent results indicate that biofilms may not always be attached 

tightly to a surface, and in the definition of biofilm, biofilm aggregates are now 

considered to be surface-associated rather than attached to the surface (Reviewed 
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by Hall-Stoodley & Stoodley 2009). Finally, a polymetric matrix is produced 

around the bacterial community and a mature biofilm with tower- and mushroom-

shaped microcolonies and water channels is formed. Colonies and channels 

enable delivery of water and nutrients deep within the biofilm community and 

therefore very thick and complex biofilms can be developed. Once a mature 

biofilm is developed, some bacteria are released into the liquid medium. These 

detached cells become planktonic organisms that can initiate biofilm formation 

again, enabling the biofilm to spread over the surface (Reviewed by Hall-

Stoodley & Stoodley 2002, Costerton et al. 2003). 

Biofilm formation can occur via several mechanisms. One mechanism results 

from surface motility, which causes redistribution of surface-associated cells. 

Flagella and type IV pili in Pseudomonas aeruginosa (O'Toole & Kolter 1998) 

and flagella, type I pili and curli fimbrae in Escherichia coli (Jackson et al. 2002) 

seems to play an important role in biofilm formation. However, motility is not a 

prerequisite for biofilm formation, since several non-motile bacteria such as 

streptococci, staphylococci and mycobacteria are also able to form biofilms. 

Another mechanism of biofilm formation is binary division of surface-associated 

cells, in which daughter cells spread out from the attachment point in a way 

similar to colony formation on agar plates (Heydorn et al. 2000, Tolker-Nielsen et 
al. 2000). The initiation of biofilm formation can also occur through recruitment 

of single cells or cell floes from the surrounding fluid to the developing biofilm, 

although replication has shown to be a more important factor in colonisation than 

recruitment (Tolker-Nielsen et al. 2000). Lastly, mature biofilms may colonise 

new surfaces and form secondary structures due to shear-induced flow of biofilm 

patches or rolling of entire microcolonies (Stoodley et al. 1999). 

2.5.2 Competence and biofilm signalling 

Quorum sensing (QS) is a term used to describe intercellular signalling in bacteria. 

QS systems in Gram-positive bacteria typically include post-translationally 

processed, secreted peptide pheromones and a two-component signal transduction 

system (Reviewed by Kleerebezem et al. 1997). Pneumococci and related 

streptococci export a competence signalling peptide (CSP) that mediates the 

development of competence for natural genetic transformation. Competence is a 

temporary state in which bacteria can kill noncompetent neighbours (Reviewed 

by Claverys et al. 2007) and take up extracellular DNA. This cell-to-cell 

communication mechanism is tightly regulated at multiple levels and is cell-
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density-dependent (Kleerebezem et al. 1997). CSP derives from a precursor 

(ComC) by cleavage and transport into the medium by ComAB (Hui & Morrison 

1991, Hui et al. 1995). CSP has been shown to slowly accumulate in the 

surrounding medium until the threshold concentration is reached, and trigger 

competence development throughout the culture.  

The interaction of CSP with its histidine kinase receptor, ComD, initiates a 

cascade of four temporally distinct transcription profiles: early, late and delayed 

gene induction and expression (Peterson et al. 2004). Activation of CSP leads to 

autophosphorylation and activation of ComE, a response regulator that acts as a 

transcriptional factor. ComE upregulates the transcription of comAB and comCDE 

by recognising a direct repeat sequence, which leads to amplification of the 

amount of CSP produced and secreted (Ween et al. 1999). The genes comAB, 

comCDE, comX and comW belong to the class of early genes and their expression 

continues for only a few minutes. ComX is an alternative sigma factor that is 

responsible for the transcription of late genes involved in DNA uptake and 

recombination by recognising a com box consensus sequence (TACGAATA) in 

their promoter regions. ComW is also one of the gene products required for the 

development of competence but its role is not fully understood. The delayed 

genes encode stress-related functions (Lee & Morrison 1999, Peterson et al. 
2004).  

CSP has also been linked with biofilm formation in Streptococcus species. It 

has been demonstrated in Streptococcus intermedius that even under conditions 

inhibitory for competence, addition of CSP affects biofilm formation (Petersen et 
al. 2004). In pneumococci, addition of CSP in the growth medium has been 

reported to be essential in biofilm formation in vitro (Oggioni et al. 2006). 

2.5.3 Biofilm examination and measurement 

Early investigations of biofilms relied on the different electron microscopic 

techniques and these methods have been useful in demonstrating various human 

infections that involve biofilms (Table 2). In scanning electron microscopy (SEM), 

the specimen under investigation is dehydrated prior to examination under a high 

vacuum. Graded solvents (alcohol, acetone, xylene) are used for dehydration and 

this process significantly alters biofilm morphology, since EPS polymers appear 

to collapse (Kachlany et al. 2001). In transmission electron microscopy (TEM), 

preparations are quite similar to those in SEM, but the specimens are embedded in 

a resin, which physically stabilises the EPS matrix. However, TEM is not suitable 
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for observing the extent and form of surface-associated growth, and another 

option is to use environmental SEM. In this technique, the specimen is maintained 

in hydrated state and native morphologies are preserved (Walker et al. 2001). In 

the 1980s another microscopic technique, confocal laser scanning microscopy 

(CLSM), was developed. It enables examination of biofilms in situ, preserving the 

biofilm matrix unaltered and intact. The use of CLSM requires staining of the 

biofilms with fluorescent stains. By using modern Syto stains (Invitrogen) in 

combination with propidium iodide, it is possible to specifically stain live and 

dead cells. Syto 9 stain, on the other hand, stains the DNA and RNA of all cells 

regardless of their viability. If genetic manipulation of biofilm is possible, a 

plasmid-mediated molecule called Green fluorescent protein can be used, 

allowing examination of biofilms without fixation or staining (Reviewed by 

Donlan & Costerton 2002, Pamp et al. 2009). 

A very common in vitro method used to investigate biofilms is to grow 

bacteria on a polystyrene microtiter plate and measure biofilm formation by 

crystal violet (CV) staining. CV is a purple dye that stains the bacterial cells but 

not the plastic plate. Biofilm forms on the bottom and the walls of the well of the 

microtiter plate and before CV staining, the liquid containing planktonic cells is 

removed and the wells are washed. The dyed biofilm plaque is then solubilised in 

liquid and the biofilm mass is quantified by measuring the optical density of the 

dye. Most studies have used a method that is based on the assay described by 

O’Toole and Kolter (1998), and it has been applied to various bacterial species 

(Balestrino et al. 2008, Ge et al. 2008, Mulcahy et al. 2008, Opperman et al. 2009, 

Passerini de Rossi et al. 2009).  

Several apparatuses have been developed for growing and testing biofilms. 

An example of a batch culture is the Calgary biofilm device that consists of a 

two-part reaction vessel. The lid contains 96 pegs that are designed to fit into the 

wells of a standard 96-well plate. Biofilms form on the pegs and they are removed 

by sonication. This method is suitable for the determination of antimicrobial 

susceptibility of biofilms (Ceri et al. 1999). Hodgson et al. described a simple in 
vitro method for growth control of S. aureus and P. aeruginosa biofilms. In this 

method, biofilms are grown on Sorbarod filter plugs, which are perfused with a 

culture medium. The filter is placed in PVC tubing with a syringe and a needle 

that enable delivery of the culture media at controlled rates (Hodgson et al. 1995).  

Apparatuses with continuous flow, such as a biofilm reactor and a perfused 

biofilm fermentor, have been used to study the growth rate of biofilms. In the 

study by Murga et al. (2001), a biofilm reactor system was set up for growing 
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biofilms on the inner lumen on a needleless connector of a central venous catheter. 

This model system appeared to be applicable to reproductively grow and test 

clinically relevant Gram-negative bacteria (Murga et al. 2001). Gilbert et al. 
(1989) described an in vitro method where exponentially growing cells are 

collected by pressure filtration onto membranes and immersed into fermentors 

while the membranes and bacteria are perfused with a fresh medium. This 

continuous-flow system was successfully used to study the effects of growth on 

the cell surface hydrophobicity and antibiotic susceptibility of bacterial biofilms 

(Gilbert et al. 1989). More recently, Donlan et al. (2004) described a biofilm 

reactor for growing and quantifying S. pneumoniae biofilms in situ. The reactor 

contains germanium coupons, from which the biofilm-associated cells can be 

removed and counted. The reactor is interfaced to an attenuated total reflectance 

(ATR) germanium cell housed in a laser spectrometer that provides continuous 

measurement of biofilm protein and EPS (Donlan et al. 2004). 

2.5.4 Biofilm infections 

Biofilms in human infections are difficult to diagnose since bacteria are difficult 

to access and biofilm and planktonic growth may coexist. Diagnosis is also 

complicated due to the lack of definite physiological markers of the biofilm state 

of a bacterium. These difficulties have led researchers to propose diagnostic 

criteria for biofilm infections (Parsek & Singh 2003, Hall-Stoodley & Stoodley 

2009). Briefly, these criteria include that the infecting bacteria are surface 

associated and living in cell-clusters, the infection is localised and resistant to 

antibiotic therapy, culture-negative results are obtained even though clinical 

evidence strongly points to an infection and bacterial cell clusters are localised in 

discrete areas in the host tissue associated with host inflammatory cells, thereby 

indicating ineffective host clearance. 

Examination of clinical samples and biopsies has now revealed the 

association between biofilms and several chronic infections (Table 2). Device-

related infections have long been recognised as biofilm diseases, but biofilm’s 

association with chronic OM was not suggested until 1998 by Rayner et al. They 

demonstrated the presence of bacterial mRNA in culture-negative chronic middle 

ear effusions and put forward a hypothesis that chronic OM with effusion may be 

a biofilm disease (Rayner et al. 1998). Later on, H. influenzae biofilms were 

directly visualised in the middle ear mucosa of a chinchilla host (Ehrlich et al. 
2002) and more recently it was demonstrated that H. influenzae, S. pneumoniae 
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and M. catarrhalis formed biofilms in middle ear mucosal biopsy specimens 

recovered from children with chronic or recurrent OM (Hall-Stoodley et al. 2006). 

Cystic fibrosis (CF) has also been implicated as a biofilm infection. 

Examination of sputum and lung biopsies obtained from patients with cystic 

fibrosis has revealed aggregated P. aeruginosa and H. influenzae cells, suggesting 

biofilm infection (Lam et al. 1980, Singh et al. 2000, Starner et al. 2006). Other 

infections that have been demonstrated to involve bacterial biofilms include 

endocarditis, device-related infections, prostatis, periodontitis, cholesteatoma, 

tonsillitis and sinusitis (Ferguson et al. 1986, Nickel et al. 1991, Stickler et al. 
1993, Anaissie et al. 1995, Stapleton & Dart 1995, Wecke et al. 2000, Chole & 

Faddis 2002, Chole & Faddis 2003, Ramadan et al. 2005). 

Table 2. Human infections involving bacterial biofilms. 

Study group Infection Sample Method Bacterial finding 

Lam et al. 1980 CF bronchial mucus EM P. aeruginosa 

Ferguson et al. 1986 endocarditis aorta and aortic valve 

of rabbit 

SEM TEM Staphylococcus aureus 

Nickel et al. 1991 prostatitis sections of rat’s 

prostate gland 

TEM 

SEM 

E. coli 

Stickler et al. 1993 device-related 

infection 

urine catheters  SEM Proteus mirabilis 

Anaissie et al. 1995 device-related 

infection 

catheters of cancer 

patients 

SEM cocci, presumably 

Staphylococcus 

Stapleton and Dart 

1995 

device-related 

infection 

contact lens SEM P. aeruginosa 

Wecke et al. 2000 periodontitis carrier placed in a 

periodontal pocket 

SEM 

 

Gram- rods, 

spirochetes, Gram+ 

cocci 

Erlich et al. 2002 OM ME mucosa of 

chinchilla 

SEM, CLSM H. influenzae (Hi) 

Chole and Faddis 

2002 

cholesteatoma Human and gerbil 

cholesteatoma matrix 

TEM Gram- and Gram+ 

bacteria 

Chole and Faddis 

2003 

tonsillitis human tonsils TEM Gram- and Gram+ 

bacteria 

Ramadan et al. 2005 sinusitis human tissue SEM bacteria resembling 

Staphylococcus 

Hall-Stoodley et al. 

2006 

OM ME biopsy specimens  CLSM Hi, pneumococcus, M. 

catarrhalis 

Starner et al. 2006 CF human BALF samples TEM Hi 

Starner et al. 2006 CF coculture of Hi on 

human epithelia 

in vitro model Hi 
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2.5.5 Biofilm formation of streptococci 

Biofilm formation in oral streptococci is studied extensively, since biofilm 

formation is crucial for progression of dental caries. Oral biofilm formation is 

characterised by the initial adhesion of early colonisers, from which streptococci 

cover up to 80% (Reviewed by Rosan & Lamont 2000). Oral streptococci are 

divided into five different groups: Mutans group, Salivarius group, Anginosus 

group, Sanguinis group and Mitis group (Reviewed by Whiley & Beighton 1998, 

Facklam 2002); most of these are commensal, nonparodonthopathogenic bacteria. 

Prior to the attachment of early colonisers, a conditioning film called pellicle 

forms on the tooth enamel. After cleaning of the tooth surface, it rapidly becomes 

coated with salivary constituents such as albumin, glycoproteins, acidic proline-

rich proteins, mucins, cell depris, alpha-amylase and sialic acid (Scannapieco et al. 
1989, Gibbons et al. 1991, Duan et al. 1994, Scannapieco et al. 1995). These 

compounds provide receptors for the early colonisers, whose attachment changes 

their gene expression profiles. This biofilm phenotype with distinct metabolic 

activity and surface properties alters the environment and creates new niches for 

other bacteria to colonise. Thus, dental plaque is formed by mixed-species 

coaggregation and growth on the surface rather than single-species biofilm 

systems and it should be viewed as a distinct type of biofilm development 

(Reviewed by Davey & Costerton 2006). 

S. mutans is considered to be the principal etiological agent in dental caries 

and it has become one of the best-studied examples of a biofilm-forming 

Streptococcus. Recent studies have suggested many factors contributing to 

biofilm formation. For example, the association of different genes in biofilm 

formation has been studied (Motegi et al. 2006, Shemesh et al. 2008). Salivary 

components have been shown to inhibit biofilm formation in the absence of 

sucrose (Ahn et al. 2008) and the combination of starch and sucrose in diet is 

speculated to enhance the virulence of S. mutans biofilm (Klein et al. 2009). 

Pneumococci have been shown to form biofilms both in vivo and in vitro 

(Hall-Stoodley et al. 2006, Moscoso et al. 2006, Oggioni et al. 2006, Reid et al. 
2009). Only a few studies have directly demonstrated pneumococcal biofilms in 
vivo. In a most recent study, chinchilla models were used to investigate whether 

pneumococci forms biofilm in vivo, and electron microscopy revealed 

communities in the middle ear chambers of chincillas comparable with 

pneumococcal biofilm formed in vitro (Reid et al. 2009). Hall-Stoodley et al. 
(2006) demonstrated the presence of typical OM bacteria, including pneumococci, 
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in biofilms in middle ear mucosa biopsy specimens obtained from children with 

chronic or recurrent OM.  

Several studies have investigated pneumococcal biofilm formation in vitro 

and many factors contributing to biofilm formation have been found. Oggioni et 
al. (2006) investigated gene expression profiles of pneumococci in infection 

models in mice and concluded that during the infection of the host, pneumococci 

are in different physiological states that depend on the disease. The gene 

expression profiles of pneumococci recovered from tissue infections such as 

meningitis and pneumonia were similar to the ones in biofilm-like growth in vitro. 

Several genes were shown to have increased expression levels in biofilms 

compared with planktonic growth and one such gene was comA, a gene involved 

in the induction of competence (Oggioni et al. 2006). The neuraminidase coding 

gene, nanA, has also been shown to be involved in biofilm formation (Oggioni et 
al. 2006, Parker et al. 2009). Another factor that affects biofilm formation of 

S. pneumoniae is the polysaccharide capsule. Pneumococcal capsular gene 

expression has been shown to be downregulated during biofilm growth (Hall-

Stoodley et al. 2008) and encapsulated strains have decreased capacity to form 

biofilms (Moscoso et al. 2006, Muñoz-Elías et al. 2008). Choline-binding 

proteins have also been speculated to be important for pneumococcal biofilm 

formation. Mutations in genes that encode LytA amidase, LytC lysozyme, LytB 

glucosaminidase and CbpA adhesin have been shown to decrease the capacity of 

pneumococci to form biofilms (Moscoso et al. 2006). Extracellular DNA may 

also play a role in pneumococcal biofilm formation, as a few studies have 

demonstrated its presence in pneumococcal biofilms and have shown that DNase 

treatment reduces biofilm formation of pneumococcal strains (Moscoso et al. 
2006, Hall-Stoodley et al. 2008). 

2.6 Xylitol 

Xylitol is a five-carbon sugar alcohol that was first described in 1891 

independently by Fischer and Bertrand. Small quantities of this compound can be 

found in nature, in fruits and berries (Mäkinen & Söderling 1980), and it is used 

as a natural sweetener in the food and confectionary industries. Xylitol is 

produced from xylose by yeasts such as Candida tropicalis and Candida boidinii, 
since they possess the enzyme xylose reductase (Vandeska et al. 1996, Yahashi et 
al. 1996). 
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2.6.1 Xylitol in the prevention of microbial infections 

The first studies of xylitol and dental plaque were conducted in Turku, Finland, in 

the 1970s. Prior to clinical trials, Scheinin and Mäkinen demonstrated that the use 

of xylitol-containing products reduced the mass of dental plaque up to 50% 

compared with the use of sucrose or glucose (Scheinin & Makinen 1971). The 

same study group conducted the first clinical trial, the Turku sugar studies, where 

adult volunteers were assigned to test groups that consumed a sucrose, fructose or 

xylitol diet for two years. Among the subjects in the xylitol group, almost no new 

carious lesions developed over the two-year period and the incidence of caries 

was reduced by 85% compared with the sucrose group (Reviewed by Mäkinen 

2000). 

These preliminary results were followed by several other trials. For example, 

Kandelman et al. conducted a two-year randomised controlled trial with 

elementary schoolchildren and demonstrated an impressive reduction in caries 

incidence with the additional use of xylitol-containing chewing gum compared 

with the no gum control group (Kandelman & Gagnon 1990). A 40-month 

double-blind cohort study conducted in Belize evaluated the use of xylitol-, 

sorbitol- or sucrose-containing gum among children in the fourth grade. A 100% 

xylitol gum was found to be most effective against caries, while fewer caries 

cases were observed in groups using xylitol and/or sorbitol gum compared with a 

no gum group (Mäkinen et al. 1995). Hildebrandt et al. evaluated the effect of 

xylitol on the regrowth of oral mutans streptococci after chemotherapeutic 

suppression and concluded that the use of xylitol chewing gum was effective in 

maintaining mutans streptococci suppression (Hildebrandt & Sparks 2000). 

Besides dental caries, xylitol has a good efficacy in the prevention of otitis 

media in children. In 1996 a randomised double-blinded trial was published that 

examined whether xylitol chewing gum administered five times a day was 

sufficient to prevent otitis media. Eleven day-care centers in Oulu, Finland, 

participated in the study. The participants were divided into two groups: one 

received xylitol and the other received sucrose for two months. The results 

showed a clear decrease in acute otitis media among the children who used 

chewing gum containing xylitol. However, there was no decrease in the carriage 

rate of pneumococci over time nor was there any difference between the xylitol 

and sucrose groups (Uhari et al. 1996). A couple of years later, the same study 

group conducted another otitis media study including also younger children who 

were not able to chew gum. The participants were allocated into two groups 
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according to their ability to chew gum and then randomised within these groups. 

Control groups received syrup or gum containing sucrose and xylitol. The results 

showed that xylitol given in the form of syrup or chewing gum was effective in 

preventing acute otitis media and decreasing the need for antimicrobials (Uhari et 
al. 1998). The results of two other clinical trials showed that xylitol admistered 

only during respiratory tract infections or three times a day were ineffective in 

preventing acute otitis media (Tapiainen et al. 2002a, Hautalahti et al. 2007). 

Xylitol has been shown to affect other infections as well. In a recent study, 

the viability of a clinical wound isolate of Pseudomonas aeruginosa was 

effectively reduced when treated with xylitol combined with lactoferrin (Ammons 

et al. 2009). Another study with P. aeruginosa demonstrated that xylitol reduces 

experimental sinusitis in rabbits when administered simultaneously with bacteria. 

However, the effect of xylitol on established sinusitis appeared to be less clear 

(Brown et al. 2004). In the study by Katsuyama et al., various substances were 

screened for a selective effect on Staphylococcus aureus growth or biofilm 

formation in order to find novel approaches to controlling skin-microbial balance. 

Xylitol was found to inhibit formation of glycocalyx, and together with farnesol a 

strong inhibition of biofilm formation was observed (Katsuyama et al. 2005a). 

Promising results were then obtained in a randomised, double-blinded, placebo-

controlled study in which a cream containing xylitol and farnesol was tested in 

atopic dermatitis patients (Katsuyama et al. 2005b). 

2.6.2 Xylitol and the phosphotransferase system in oral streptococci 

Oral streptococci are dependent on sugars as an energy source and they usually 

obtain carbohydrates from dietary food. Thus, these bacteria are exposed to 

various sugars and they need to select the most appropriate energy source in a 

constantly changing environment. Rapid utilisation of available sugars is possible 

through the phosphotransferase system (PTS) (Reviewed by Vadeboncoeur & 

Pelletier 1997). The fructose PTS is thought to be responsible for the 

phosphorylation and transport of xylitol in oral streptococci and other bacteria 

(Reiner 1977, Gauthier et al. 1984, Trahan et al. 1985). S. mutans transport xylitol 

as xylitol 5-phosphate, and its accumulation inhibits glycolytic enzymes from 

converting glucose 6-phosphate to fructose 1,6-biphosphate, resulting in a 

decrease in intracellular fructose 1,6-biphospate and the rate of glycolysis. This 

effect of xylitol on glycolytic intermediates is influenced by pH, being evident at 

pH 5.5–7 but not at pH 5.0 (Miyasawa et al. 2003). More recently, Miyasawa-
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Hori et al. (2006) suggested that xylitol could also indirectly inhibit sugar uptake 

by competition for the phosphoryl donor between glucose and xylitol: 

phosphoenolpyruvate-PTS (Miyasawa-Hori et al. 2006). 

S. mutans has at least three fructose transport systems, two of them being 

phosphoenolpyruvate-dependent, fructose-specific PTSs that are encoded by two 

operons. Within them, the fruI gene encodes for a protein that transports fructose 

and xylitol. Inactivation of the fruI gene appeared to confer resistance to the 

growth inhibition of xylitol (Wen et al. 2001). Xylitol-resistant mutans 

streptococci occur naturally in long-term xylitol consumers. However, xylitol-

resistant streptococci appear to have otherwise attenuated virulence and hence the 

emergence of xylitol-resistant mutants does not reduce the ability of dietary 

xylitol to prevent caries (Trahan et al. 1996).  

2.6.3 Xylitol and pneumococcus 

Xylitol has been shown to decrease the occurrence of otitis media by 30–40% 

(Uhari et al. 1996, Uhari et al. 1998). S. pneumoniae is the most common 

causative agent in otitis media, and a few studies have investigated the effect of 

xylitol on different aspects of pneumococcal pathogenesis. Prior to clinical trials 

of otitis media and xylitol, Kontiokari et al. hypothesised that, similarly to 

S. mutans, xylitol could inhibit the growth of other nasopharyngeal bacterial flora. 

The results revealed an inhibitory effect on pneumococci similar to that 

previously seen with S. mutans, indicating that if xylitol could also reduce the 

growth of pneumococci in nasopharynx, it may have clinical significance in 

preventing pneumococcal disease (Kontiokari et al. 1995). Shortly after the first 

clinical trial, the same study group demonstrated that xylitol prevents adherence 

of pneumococci and H. influenzae to human oropharyngeal cells in vitro 

(Kontiokari et al. 1998). 

As results from clinical trials suggested that xylitol had no effect on 

nasopharyngeal carriage of pneumococci, Kontiokari et al. studied pneumococcal 

colonisation in rats. The results were similar to those of the clinical trials. Xylitol 

was ineffective in preventing nasal colonisation in rats indicating that the effect 

on pneumococcal carriage was not the mechanism for the inhibitory effect of 

xylitol on otitis media (Kontiokari et al. 1999). The mechanism of action was 

further explained by a demonstration that the inhibitory effect of xylitol on 

pneumococcal growth is prevented by fructose. These results showed that the 

mechanism of growth inhibition in pneumococci is mediated by a system 
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regulated by fructose, most likely similarly to mutans streptococci (Tapiainen et 
al. 2001). Further explanation of xylitol’s good efficacy in preventing otitis media 

was obtained in a study in which the ultrastructure of pneumococci was visualised 

by electron microscopy. After exposure to xylitol, the cell wall of pneumococci 

became more diffuse and the polysaccharide capsule became ragged and yet the 

bacteria remained viable (Tapiainen et al. 2004). 

In a more recent study, the mechanism of the action of xylitol was studied by 

measuring the neutrophil respiratory burst related to bacterial oxidative killing in 

rats fed with or without xylitol. The rats with pneumococcal sepsis survived 

significantly longer in the xylitol group compared with the control group. The 

results showed that xylitol had a beneficial effect on both the oxidative killing of 

bacteria in neutrophilic leucocytes and the survival of rats with experimental 

pneumococcal sepsis (Renko et al. 2008). The adherence of pneumococci to 

polystyrene plates and the antiadhesive potential of xylitol were recently studied. 

The results of this in vitro experiment showed that xylitol did not have a 

significant inhibitory effect on pneumococcal adherence after one hour of 

exposure to 0.5% or 5% xylitol (Ruiz et al. 2010). 
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3 Aims of the study 

The overall aim of this work was to study the role of pneumococcal virulence 

genes in the diagnosis of pneumococcal infection and biofilm formation. The 

specific aims were: 

1. To develop a new PCR method for detecting the pneumococcal capsule and 

study the applicability of the method in sputum diagnosis of CAP. 

2. To study the presence of virulence genes in pneumococcal isolates by using 

three existing real-time PCR methods.  

3. To investigate the effect of xylitol on capsule gene expression of 

pneumococci. 

4. To investigate the effect of xylitol on biofilm formation and gene expression 

of pneumococci. 
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4 Materials and methods 

4.1 Sputum isolates 

The sputum isolates analysed in Studies I and II were collected as a part of a two-

year Finnish Community-Acquired Pneumonia epidemiological study (FinCAP 

epi) conducted by the National Institute for Health and Welfare (THL, former 

National Public Health Institute) from May 2005 to May 2007 in Tampere, 

Finland (Fig. 2). The FinCAP epi study is a prospective observational study of the 

capture, definition and epidemiology of cases of pneumococcal pneumonia in the 

elderly. During the two-year follow-up altogether 490 cases with symptoms and 

signs suggestive of pneumonia were enrolled. Altogether 323 patients out of those 

initial CAP cases were confirmed radiologically as having CAP by at least two of 

three independent reviewers. In addition, 127 stable COPD controls and 101 

controls with other acute respiratory tract infection (ARI control) were enrolled at 

the acute visit. After retrospective assessment, 17 out of 101 ARI controls were 

not eligible according to the protocol and were rejected. 
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Fig. 2. Flow chart describing the collection of pneumococcal isolates from sputum 

samples for Studies I and II. 

In Study I, 59 pneumococcal isolates from 291 sputum samples from the FinCAP 

epi study were analysed for the presence of capsule using different detection 

methods. Three real-time PCR methods were evaluated in Study II by using 

pneumococcal strains isolated from 200 sputum samples collected during the first 

year of the FinCAP epi study. The samples were from the CAP group and the 

control group with patients with other respiratory tract infection. Some of the 

sputum samples were obtained from the same patients. 

The 25 pneumococcal isolates analysed in Study III were obtained from 

middle ear effusion samples. One isolate was a laboratory strain, ATCC 49619 

 FinCAP epi study 

490 init ial CAP 101 A RI controls 
127 stable COPD 

323 radiolog ically 

confirmed CAP 

17 rejected ARI 
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291 sputum samples 
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200 sputum samples 
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Study II 
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(American type culture collection, USA). Four of the 24 clinical isolates analysed 

were obtained from routine middle ear effusion samples from children and, 

together with the ATCC strain, they were also used in a previous study in which 

changes in the ultrastructure of S. pneumoniae after xylitol exposure was 

demonstrated (Tapiainen et al. 2004). The rest of the clinical isolates were 

obtained from middle ear effusion samples from children attending an otitis 

media prevention trial that assessed surgical procedures in the prevention of acute 

otitis media. The pneumococcal isolates from this trial were also used in Study IV, 

in which twenty isolates (Fig. 4B) from the middle ear of children was studied in 

order to investigate the effect of xylitol on biofilm formation and gene expression. 

These isolates were also used in our previous publication on pneumococcal 

biofilm formation (Tapiainen et al. 2010). 

4.2 Sample treatment and bacterial culture 

The sputum samples in Studies I and II were processed by adding an equal 

volume of dithiothreitol (Sigma, USA) and vortexing gently for 15 to 20 minutes 

at room temperature. Homogenised sputum samples were plated on sheep blood 

agar plates, chocolate agar plates and sheep blood agar plates with gentamicin (5 

mg/L). The plates were incubated at 36–37°C in a 5% CO2 atmosphere. After at 

least overnight incubation the plates were transported to the bacteriological 

laboratory. The plates were examined on arrival and α-haemolytic colonies 

suspected to be S. pneumoniae were identified as described earlier (Kaijalainen et 
al. 2002). Briefly, S. pneumoniae was identified by an optochin sensitivity test 

(Rosco Diagnostica A/S Diatabs, 10 µg tablets) by incubating the plates at 36–

37°C in a 5% CO2 atmosphere. Bile tube solubility testing was used as 

confirmation in the case of intermediate or otherwise uncertain optochin results. 

For serotyping, the isolates were subcultured on blood agar plates and serotyped 

using counterimmunoelectrophoresis (CIE), latex agglutination (neutral 

serogroup/type 7 and 14) and the Quellung reaction described earlier (Kilpi et al. 
2001). The isolates were stored in 10% skim milk (DifcoTM, USA) at -75°C. 

The pneumococcal isolates used in Studies III and IV were plated on blood 

agar plates and incubated at 36–37°C in a 5% CO2 atmosphere. After overnight 

incubation, bacterial colonies were collected with a sterile loop in 3 ml of a brain 

heart infusion (BHI, Becton, Dickinson and company, Sparks, USA) medium 

containing 0.2% (weight/volume) D-glucose and supplemented with 10% (v/v) 

heat-inactivated fetal bovine serum (FBS; Cambrex, Belgium) in Study III and  
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10% (v/v) horse serum (Life Technologies™, USA) in Study IV. Bacteria were 

grown at 36–37°C in a 5% CO2 atmosphere to an optical density of 0.3-0.4 at 650 

nm in study III and 0.2–0.3 at 650 nm in Study IV. The test media in Study III 

were prepared by adding 5% (w/v) D-glucose (Merck, Germany) or 5% (w/v) 

xylitol (Sigma, USA) (w/v) to the control medium (BHI supplemented with 10% 

heat-inactivated FBS). In Study IV, the test media were prepared by adding 0.5% 

(w/v) D-glucose 0.5% (w/v) xylitol and/or 0.5% (w/v) D-fructose (Sigma, USA) 

to the BHI medium supplemented with 10% horse serum. The commercial BHI 

media itself contains 0.2% (w/v) of D-glucose. In both studies the test media were 

sterilised by filtration (0.22 µm pore-sized filter; Corning, USA).  

In Study III, three hundred microlitres of the bacterial suspensions were 

transferred into 3 mL of the test medium containing 5% glucose or 5% xylitol or 

into the control medium, and incubation at 36–37°C in 5% CO2 was continued for 

two hours (III). Two hundred microlitres of the bacterial suspension were 

transferred into 400 µl of an RNA-stabilising solution (Bacteria Protect Reagent, 

Qiagen), incubated 5 minutes at room temperature and centrifuged 10 minutes at 

5000 x g. The supernatant was discarded and the pellet was stored at -70°C. In 

Study IV, the bacterial suspensions were diluted 10-2 into test media containing 

0.5% xylitol, 0.5% glucose, 0.5% xylitol and 0.5% glucose, 0.5% fructose, 0.5% 

xylitol and 0.5% fructose or the BHI medium supplemented with 10% horse 

serum. Two hundred microlitres of the dilutions were added in triplicate onto the 

wells of polystyrene microwell plates (Nunc-ImmunoTM, Wiesbaden, Germany). 

Thus, the assay was performed in triplicate in one microplate. The plates were 

made in duplicate; one set for RNA extraction and the other for crystal violet (CV) 

staining. The plates for RNA extraction were incubated for five hours and the 

plates for CV staining for 18 hours. After incubation of five hours, supernatants 

were removed from the plates intended for RNA extraction, 200 µl of RNA-

stabilising solution was added and biofilm bacteria were detached from the 

bottoms of the wells by scraping. The samples were then treated and stored as 

described above for Study III. 

After 18 hours, the other set of plates in Study IV were stained with CV (FF-

Chemicals Inc., Finland) by adding 50 µl of the dye to the wells and incubated for 

15 minutes. The plates were washed twice with sterile water and the biofilms 

were solubilised with 200 µl of 95% ethanol. Optical density (OD) at a 

wavelength of 540 nm was measured with a Multiskan Ascent plate reader 

(Thermoelectron Corporation, USA) against blanks (test media without bacteria).  
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Before starting Study IV, the optimal growth conditions for biofilm formation 

were tested in preliminary experiments. Biofilm formation was confirmed by 

scanning electron microscopy and quantitative PCR in different growth 

conditions (Tapiainen et al. 2010). Because xylitol is known to decrease the 

logarithmic growth of pneumococci at 4–6 hours after incubation in BHI 

(Tapiainen et al. 2001), before starting the study the optical densities of the 

supernatants as well as the optical density values of biofilm formation after CV 

staining were measured in response to different sugar compounds in five 

pneumococcal isolates at the end of incubation (after 18 hours of growth). The 

mean OD values of the supernatants (planktonic bacteria) and biofilm (after 

staining attached bacteria with CV) at 18 hours were 0.11 (SD 0.08) and 0.17 (SD 

0.09) in mere BHI; 0.16 (SD 0.15) and 0.18 (SD 0.10) in BHI supplemented with 

0.5% xylitol; 0.19 (SD 0.12) and 0.31 (SD 0.29) in BHI supplemented with 0.5% 

glucose; and 0.13 (SD 0.12) and 0.53 (SD 0.42) in BHI supplemented with 0.5% 

fructose. As the growth of planktonic bacteria in the supernatants at 18 hours did 

not explain the observed differences in biofilm formation in response to different 

sugar compounds, we continued the experiments with 20 pneumococcal isolates 

from middle ear effusions. 

4.2.1 DNA and RNA extraction 

All DNA isolations (I, II) were performed with a Magna Pure LC instrument 

(Roche Diagnostics GmbH, Mannheim, Germany) using Magna Pure LC DNA 

Isolation Kit III (Bacteria, Fungi). Bacterial colonies were collected from a fresh 

culture with a sterile loop in 200 µl of phosphate-buffered saline (PBS; 4.4 mM 

Na2HPO4, 137 mM NaCl, 2.7 mM KCl, 1.4 mM KH2PO4) and either stored at -

20°C or used immediately. The tubes were centrifuged 10 minutes at 8000 x g and 

most of the supernatant was discarded, leaving a final volume of 100 µl of 

bacterial suspension for DNA extraction. Before DNA isolation, external lysis 

was performed on the sputum samples and bacterial suspensions as follows: 

130 µl of Bacterial Lysis Buffer and 20 µl of Proteinase K (both included in the 

kit) were added to the samples, which were then incubated overnight at 56°C and 

inactivated for 10 minutes at 95°C. DNA isolation was performed according to 

the manufacturer’s protocol and the DNA was eluted in 100 µl of elution buffer. 

In Studies III and IV, RNA-stabilised cell pellets were obtained from clinical 

pneumococcal isolates, as described in the Sample treatment and bacterial culture 

section. RNA was extracted with an Rneasy Mini Kit (Qiagen) according to the 
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manufacturer’s instructions. RNA was eluted in 30 µl of Rnase-free water and 

5 µl of the eluate was subjected to an RT reaction. Removal of genomic DNA and 

first-strand cDNA synthesis was performed with a QuantiTect Rev. Transcription 

Kit (Qiagen) according to the manufacturer’s instructions. The cDNA samples 

were stored at -20°C. 

4.3 PCR methods 

4.3.1 Oligonucleotides used for amplification and detection 

The sequences of the primers and probes used in different PCR assays are 

summarised in Table 3. In Study II, three PCR assays targeted at the ply, psaA and 

lytA genes of S. pneumoniae were used. The primers and probes used in the real-

time PCR targeted at the ply gene were those published by Saukkoriipi et al. 
(2002). The forward primer of the real-time psaA PCR was slightly modified 

from that published by Morrison et al. (2000) and the reverse primer was 

designed using VectorNTI Suite v6.0 (Informax Inc., Bethesda, Maryland, USA) 

using the published sequence for the psaA gene (GenBank accession number 

U53509). The primers and probes for the real-time lytA PCR have been published 

previously (Sheppard et al. 2004).  

The real-time cpsB PCR was developed in Study I and applied in Studies III 

and IV. Six primers were designed with Primer3 software (http://frodo.wi.mit.edu/) 

using the published sequences of the S. pneumoniae cpsB gene (GenBank 

accession numbers CR931632-CR931722). The oligonucleotides included two 

forward primers and four reverse primers and they were all used in the same 

reaction mixture. Primer pair wzh2_F (forward) and wzh2_R (reverse) recognised 

serotypes 25F and 38. The rest of the serotypes were amplified with a primer set 

including one forward primer (wzh_F) and three reverse primers (wzh_R, 

wzh_R2 and wzh_R3). The amplicon sizes were 117–169 bp and all the serotypes 

of pneumococcus were expected to amplify based on an analysis with the 

S. pneumoniae CPS Blast Server available on-line 

(http://www.sanger.ac.uk/Projects/S_pneumoniae/ CPS/). In Study I, the 

conventional PCR method targeted at the cpsA gene of S. pneumoniae was also 

used. The primers for this assay have been published previously (Hanage et al. 
2006), however, the correct reverse primer yielding a product of 481 bp is 5´-
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ACACCGAACTAATAGGACCA-3´, as reported by W. Hanage (Imperial College 

London, UK).  

In Studies III and IV we measured the expression levels of cpsB, comA and 

lytA genes by using a relative quantification method with calibrator normalisation 

where 16S rRNA of pneumococcus was used as a reference. The primers used in 

the real-time PCR method targeted at the 16S rRNA gene of pneumococcus have 

been published by Rogers et al. (2007). The primers for the comA PCR have been 

published previously by Oggioni et al. in 2004 (Oggioni et al. 2004) and the 

primers for the lytA gene were the same as those used in Study II. All the primers 

and probes described here were synthesized at TibMolbiol (Berlin, Germany). 

Table 3. Oligonucleotides used in the PCR assays for the amplification and detection 

of pneumococci. 

Target gene Oligonucleotide Sequence (5`→ 3`) 

ply LCIIa1 ACTCTTCTTGCGGTTGATCG 

 IIb1 TGAGCCGTTATTTTTTCATACTG 

 FLU probe1 TCTCCAAGTGGAAGACCCCAGCAA-Flu 

 LC probe1 LC-CAAGTGTTCGCGGAGCGGTAAAC-p 

lytA LytA-F2 CAGCGGTTGAACTGATTGA 

 LytA-R2 TGGTTGGTTATTCGTGCAA 

 LytA-DNR2 GAAAACGCTTGATACAGGGAGTT-Flu 

 LytA-ACR2 LC-AGCTGGAATTAAAACGCACGAG-p 

psaA PsaA F+3 CTCTTTCTTTCTGCAATCATTCTTG 

 PsaA R+ CGGACGATACTATGAAGGTCAATT 

 PsaA FL GTCAAAAACTAAAAGTTGTTGCTACAAACTCAATC-Flu 

 PsaA LC LC-TCGCTGATATTACTAAAAATATTGCTGGTGACA-p 

cpsB wzh_F TAGATGACGGTCCCAAGTCA 

 wzh_R GAGTTTCAAACATGCCCTTG 

 wzh_R2 ATTTCCCGAACCTGAAGAAAG 

 wzh_R3 TCTTTTGCAATTTCACGAACC 

 wzh2_F GTTGGCTTGTCCATGTCCTT 

 wzh2_R ATTCGGTGAAACGACTCCTG 

cpsA wzg-dn4 ACACCGAACTAATAGGACCA 

 wzg-up4 ATCCTTGTCAGCTCTGTGTC 

comA comA-F5 GAGACGCGAGCCATTAAGG 

 comA-R5 GGGATCTGGATCGGCAATATGA 

16S rRNA 16S-F6 TGAGGTAACCGTAAGGAGCCA 

 16S-R6 TCACCCCAATCATCTATCCCA 
1Saukkoriipi et al. 2002, 2Sheppard et al. 2004 3Morrison et al. 2000 4Hanage et al. 2006, 5Oggioni et al. 

2006, 6Rogers et al. 2007. Flu, fluorescein; LC, LightCycler Red640; p, phosphate 
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4.3.2 PCR assays targeted at the virulence genes ply, psaA and lytA 
(II) 

All the PCR reactions were performed using a LightCycler Instrument and a 

LightCycler Fast Start DNA Master Hybridization Probes kit (Roche diagnostics 

GmbH). The amplification and detection of a 206-bp fragment of the ply gene 

were performed as published previously (Saukkoriipi et al. 2002) with slightly 

modifications. In addition to 50 cycles of amplification, the protocol included a 

melting curve analysis that was performed directly after amplification by heating 

at the rate of 20°C/s to 95°C, cooling at 20°C/s to 47°C and holding for 5 s, and 

finally heating slowly at 0.1°C/s to 80°C with continuous fluorescence 

measurement. The real-time PCR method targeted at the lytA gene of 

pneumococcus was performed as described previously (Sheppard et al. 2004). 

The amplification and detection of a 145-bp fragment of the psaA gene was 

performed in a 20 µl reaction mixture that contained 1 X LightCycler Fast Start 

DNA Master Hybridization reagent, 4 mM MgCL2, 1 µM of each primer, 0.2 µM 

of probe psaA-FL, 0.4 µM of probe psaA-LC and 8 µl of extracted sample DNA. 

The protocol consisted of a preincubation step at 95°C for 10 min and 

amplification consisting of 50 cycles of denaturation at 95°C for 10 s, annealing 

at 61°C for 5 s and extension at 72°C for 7 s. Fluorescence was measured after 

each annealing step and the temperature transition rate was 20°C/s in all the steps. 

The specificity of the real-time psaA-PCR method was tested by analysing 29 

non-pneumococcal bacterial strains. The strains were: Streptococcus mutans (1 

strain), Streptococcus mitis (2), Streptococcus agalactiae (2), Streptococcus bovis 

(1; ATCC 9809), Streptococcus pyogenes (2), Streptococcus sanguis (2), 

Streptococcus pseudopneumoniae (2), Staphylococcus aureus (2; including ATCC 

29213), Escherichia coli (3; including ATCC 25922), Haemophilus influenzae (7 

strains representing serotypes a, b, c, d, e, f and non-capsulated), Haemophilus 
parainfluenzae (1), Neisseria meningitides (3; representing serogroups A, B and 

C), and Chlamydia pneumoniae (1). Additionally, human genomic DNA 

(Promega, USA) was tested using the method.  

4.3.3 PCR methods for detection of the pneumococcal capsule (I, III, 
IV) 

The amplification and detection of 117–169 bp fragments of the cpsB gene were 

performed using the LightCycler FastStart DNA Master SYBR Green I kit (Roche 
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Diagnostics GmbH). The 20 µl reaction mixture contained 1 X LightCycler Fast 

Start DNA Master SYBR Green I mixture (Roche Diagnostics GmbH), 3 mM 

MgCl2, 0.5 µM of each primer and 8 µl of extracted sample DNA. The protocol 

consisted of a preincubation step at 95°C for 10 min and amplification consisting 

of 45 cycles of denaturation at 95 °C for 10 s, annealing at 63°C for 5 s and 

extension at 72°C for 8 s. After cycle 15, the annealing temperature was 

decreased by 1°C at every cycle until the target temperature, 58°C, was reached. 

Fluorescence was measured in each cycle after an additional step where the 

temperature was raised to 80°C. The temperature transition rate was 20°C/s in all 

the steps. A melting curve analysis was performed by heating at a rate of 20°C/s 

to 95°C, cooling at 20°C/s to 60°C and holding for 30 s, and finally heating 

slowly at 0.1°C/s to 95°C with continuous fluorescence measurement. Samples 

with a crossing point value below 40 and a melting peak above 80°C were 

considered positive. The conventional PCR assay targeted at the cpsA gene (III) 

was performed as described previously (Hanage et al. 2006). 

4.3.4 PCR methods for gene expression analyses and relative 
quantification (III, IV) 

All the PCR reactions used in the gene expression analyses were performed using 

the LightCycler FastStart DNA Master SYBR Green I kit (Roche Diagnostics 

GmbH). The amplification and detection of a 53-bp fragment of the reference 

(16S rRNA) were performed in a 20 µl reaction mixture containing 

1 X LightCycler Fast Start DNA Master SYBRGreen I, 3 mM MgCL2, 0.5 µM of 

each primer and 2 µl of cDNA. The protocol consisted of a preincubation step at 

95°C for 10 min and amplification consisting of 40 cycles of denaturation at 95°C 

for 10 s, annealing at 65°C for 3 s, and extension at 72°C for 8 s. Fluorescence 

was measured in each cycle after an additional step where the temperature was 

raised to 80°C. A melting curve analysis was performed by heating at 20°C/s to 

95°C, cooling at 20°C/s to 60°C and holding for 30 s, and finally heating slowly 

at 0.1°C/s to 95°C with continuous fluorescence measurement. Samples with a 

crossing point value below 35 were considered positive. 

The 20 µl reaction mixture for lytA PCR contained 1 X LightCycler Fast Start 

DNA Master SYBRGreen I, 3 mM MgCL2, 0.5 µM of each primer and 2 µl of 

cDNA The protocol consisted of a preincubation step at 95°C for 10 min and 

amplification consisting of 40 cycles of denaturation at 95°C for 10 s, annealing 

at 65°C for 5 s, and extension at 72°C for 8 s. Fluorescence was measured in each 
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cycle after an additional step where the temperature was raised to 80°C. The 

melting curve analysis was similar to that of 16S rRNA PCR. 

The PCRs of the genes of interest (cpsB, comA, lytA) and the reference 

(16S rRNA) were performed in separate PCR runs but using the same cDNA 

sample, which was diluted 1:100 using sterile RNase- and DNase-free water. All 

the PCRs were performed in triplicate. Calculation of the relative amount of the 

target gene was based on the crossing point of the sample and the efficiency of the 

PCR. Differing from the commonly used 2-ΔΔCT method (Livak & Schmittgen 

2001), we used relative standard curves for efficiency correction. To determine 

the efficiencies of the two PCRs, external standard curves were prepared 

separately for the target gene and the reference by amplifying serial dilutions of 

pneumococcal DNA (strain ATCC 6305, American Type Culture Collection) 

containing 50 to 500,000 pneumococcal genome equivalents. The calibrator-

normalised gene expression levels were determined by using the Relative 

quantification tool in the LightCycler software version 4.05. (Roche Diagnostics). 

The program calculates the relative ratio of the target gene to the reference gene 

for each sample and the different detection sensitivities of the target and reference 

genes are normalised by dividing the target/reference ratio of each sample with 

the target/reference ratio of a calibrator, which is included in each PCR run. This 

normalises all the samples within a run and also provides a constant calibrator 

point between the PCR runs. As a calibrator, we used cDNA transcribed from 

RNA from S. pneumoniae strain ATCC 6305 in its exponential growth phase.  

4.4 Statistical methods 

All statistical analyses were carried out using SPSS version 16.0 (SPSS Inc., 

Chicago, IL, USA). The different distributions of encapsulated and 

unencapsulated pneumococcal isolates between different patient groups were 

evaluated using Fisher’s exact test (Study I). The statistical significance of 

xylitol’s effect on cpsB gene expression was assessed by using analysis of 

variance for repeated measures after logarithmic transformation of the data. In the 

case of statistically significant results, different test media were compared in pairs. 

The P-values were adjusted using the Bonferroni method (Study III). The 

statistical significance of xylitol’s effect on biofilm formation expressed as OD 

values, and on gene expression levels in Study IV was assessed by using analysis 

of variance for repeated measures (OD values) or Friedman’s test for 

nonparametric variables (gene expression data). In the case of statistically 
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significant results, different test media were compared in pairs according to the 

pre-test hypothesis by using the t-test for paired samples (OD values) or the 

Wilcoxon test (gene expression data). 
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5 Results 

5.1 Detection of pneumococci (I, II) 

5.1.1 Development of a real-time PCR assay for detection of the 
pneumococcal capsule (I) 

A real-time multiplex PCR assay targeting the cpsB gene was developed. The 

assay was optimised using 86 encapsulated pneumococcal isolates representing 

52 different serotypes or serogroups. All these were amplified by the multiplex 

PCR. The test panel also contained 37 unencapsulated pneumococcal isolates and 

two (5%) of these were positive by cpsB PCR. The 9 nonpneumococcal isolates in 

the test panel, which represented 5 different species, remained negative by cpsB 

PCR after 45 cycles of amplification.  

5.1.2 Detection of the pneumococcal capsule in sputum isolates (I) 

The presence of a capsular biosynthesis locus in pneumococcal sputum isolates 

was studied using the new PCR method, the previously published cpsA PCR 

method and conventional immunochemical methods. Also lytA PCR was 

performed to confirm that the isolates were pneumococci. Altogether 59 clinical 

pneumococcal isolates from 291 sputum samples were included in the analysis. 

Forty-nine (83%) of the isolates were obtained from patients with CAP and ten 

(17%) isolates from patients with other acute respiratory infection (ARI). The 

distributions of encapsulated and unencapsulated pneumococci were significantly 

different between the patient groups (P < 0.001). Among CAP patients, 40 (82%) 

of the obtained 49 isolates were encapsulated according to immunochemical 

methods, while only two (20%) of the ten isolates from the ARI controls were 

encapsulated. Different distributions of isolates between patient groups were also 

observed by cpsA PCR (P = 0.002) and cpsB PCR (P = 0.002). PCR amplification 

of the cpsA gene was positive in 36 (74%) of the 49 pneumococci isolated from 

the CAP patients while a positive PCR result was observed in only two (20%) 

isolates from the ARI controls (Table 4). For the cpsB gene, a positive PCR 

amplification was observed in 40 (82%) isolates from the CAP patients and three 

(30%) isolates from ARI controls. 
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Table 4. Source of the 59 pneumococcal isolates and the presence of capsule in them. 

Reprinted with permission from GlaxoSmithKline Biologicals. 

Patient group Number of isolates 

per sputum samples 

studied 

Presence of capsule by method used 

immunochemical 

methods2 n (%) 

cpsB PCR 

n (%) 

cpsA PCR  

n (%) 

CAP1  49/226 40 (82) 40 (82) 36 (73) 

ARI control  10/65 2 (20) 3 (30) 2 (20) 
1CAP defined as any new opacity in a chest x-ray compatible with pneumonia in a symptomatic patient 

and confirmed radiologically by at least two of three independent reviewers. 
2 immunochemical methods: counterimmunoelectrophoresis (CIE), latex agglutination and the Quellung 

reaction 

Although the results of the two capsular PCR methods were mostly in good 

agreement with each other, some discrepancies were observed between the 

immunochemical methods and the PCR assays. Three (6%) of the isolates 

obtained from the CAP patients were encapsulated according to immunochemical 

methods and by cpsB PCR but remained negative by cpsA PCR. These three 

isolates represented serotypes 1, 14 and 19C and they were all also negative by 

lytA PCR. In addition, 1 (2%) isolate gave a positive result by cpsB PCR alone 

and one (2%) isolate according to immunochemical methods alone. The latter was 

of serotype 21 and remained negative also by lytA PCR. In the ARI controls, one 

(10%) isolate was positive by cpsB PCR alone (Table 5). 
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Table 5. Serotype distribution and PCR results in the different patients groups. 

Reprinted with permission from GlaxoSmithKline Biologicals. 

Patient group Serotype n (%) cpsB-PCR positive 

n (% of serotype) 

lytA-PCR positive  

n (% of serotype) 

CAP n = 49 19F 9 (18) 9 (100) 9 (100) 

3 3 (6) 3 (100) 3 (100) 

6B 3 (6) 3 (100) 3 (100) 

14 3 (6) 3 (100) 2 (67) 

4 2 (4) 2 (100) 2 (100) 

6A 2 (4) 2 (100) 2 (100) 

9N 2 (4) 2 (100) 2 (100) 

23F 2 (4) 2 (100) 2 (100) 

35F 2 (4) 2 (100) 2 (100) 

Others1 12 (24) 11 (92) 9 (75) 

NC 9 (18) 1 (11) 0 (0) 

ARI controls n = 10 11A 1 (10) 1 (100) 1 (100) 

19F 1 (10) 1 (100) 1 (100) 

NC 8 (80) 1 (13) 0 (0) 
1Others include one isolate representing each of the following serotypes: 1, 7C, 7F, 9V, 11A, 15B, 15C, 

19A, 19C, 21, 22F, and 23A. 

5.1.3 Detection of pneumococcal virulence genes in sputum isolates 
by PCR (II) 

In Study II, three real-time PCR methods targeting ply, lytA and psaA genes were 

used to study immunochemically identified encapsulated and unencapsulated 

pneumococcal strains isolated from sputum of elderly with acute lower 

respiratory tract infections. The total number of isolates analysed was 41 from 40 

culture-positive sputum samples. Twenty-seven (66%) of the 41 pneumococcal 

isolates were encapsulated and 14 (34%) were unencapsulated. All the 

unencapsulated isolates were negative by lytA and psaA PCRs although 7 (50%) 

of them were positive by ply PCR (Table 6). Six (22%) of the 27 encapsulated 

isolates remained negative by at least the lytA and psaA PCR methods and four of 

them were also negative by ply PCR (Table 6). These six isolates represented 

serotypes or serogroups 1, 14, 19C, 21, 43 and 47. 
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Table 6. Results of virulence gene PCR assays in pneumococcal sputum isolates. 

 Pneumococal isolates 

all 

n = 41 

n (%) 

encapsulated 

n = 27 

n (%) 

unencapsulated 

n = 14 

n (%) 

ply PCR positive 30 (73) 23 (85) 7 (50) 

lytA PCR positive 21 (51) 21 (78) 0 (0) 

psaA PCR positive 21 (51) 21 (78) 0 (0) 

any PCR positive  30 (73) 23 (85) 7 (50) 

all PCRs positive 21 (51) 21 (78) 0 (0) 

all PCRs negative 11 (27) 4 (15) 7 (50) 

5.2 Xylitol and pneumococcal capsule gene expression (III) 

The effect of xylitol on the expression of the pneumococcal capsular gene, cpsB, 
was investigated. The cpsB gene expression levels were measured with a relative 

quantification method and 16S rRNA of S. pneumoniae was used as a reference 

gene. After two hours of exposure to the test medium, the gene expression levels 

differed significantly between the test media (P = 0.005, Fig. 3). The means of the 

gene expression ratios were 3.63 [95% confidence interval (CI) 1.86–7.08], 3.54 

(95% CI 1.82–7.08) and 0.95 (95% CI 0.30–3.09) in the control, glucose and 

xylitol media, respectively. The cpsB gene expression levels were significantly 

lower in xylitol than in the control medium, with a mean difference of 0.577 in 

the log-transformed gene expression ratios (95% CI for the difference 0.33–1.12, 

P = 0.035). Exposure to xylitol lowered gene expression levels also when 

compared with glucose exposure, the mean difference in the log-transformed gene 

expression ratios being 0.570 (95% CI for the difference 0.11–1.03, P = 0.011). 

Capsular gene expression levels in the glucose medium did not differ significantly 

from those in the control medium (mean difference of 0.007, 95% CI -0.28–0.26, 

P = 1.0). 

Twenty-five isolates of 12 different serotypes were analysed in this study, and 

since there were only a few isolates with the same serotypes, the differences in 

gene expression levels between different serotypes were not analysed further. 

However, two isolates had extremely high capsular gene expression levels: 172 

and 157 in the control medium, 45.9 and 302 in glucose, and 157 and 119 in the 

xylitol medium. These two isolates were both of serotype 38.  
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Fig. 3. Calibrator-normalised capsular gene expression levels in different test media. 

The bar indicates the mean of the log-transformed data. Exposure to xylitol lowered 

the cpsB gene expression levels significantly compared with the control (P = 0.035) 

and glucose media (P = 0.012). Capsular gene expression levels in the glucose 

medium did not differ significantly from those in the control medium (P = 1.0). 

Reprinted with permission from the Society for General Microbiology. 

5.3 Xylitol and pneumococcal biofilm formation (IV) 

5.3.1 Optical density measurements 

The effect of xylitol on pneumococcal biofilm formation was studied by growing 

pneumococcal isolates on polystyrene plates in BHI media supplemented with 

different combination of sugar compounds. After an 18-hour incubation time, the 

biofilms were stained with CV and OD540 was measured. The means (standard 

deviations) of the OD values were 0.04 (0.02), 0.03 (0.03), 0.16 (0.05), 0.15 

(0.08), 0.12 (0.05) and 0.13 (0.08) for BHI, xylitol, glucose, glucose 

supplemented with xylitol, fructose, and fructose medium supplemented with 

xylitol, respectively. The results differed significantly between the test media 

(P < 0.001). The OD values were significantly lower in xylitol compared with the 

BHI medium while other comparisons did not reveal statistically significant 

differences (Fig. 4A). 
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Fig. 4. OD (optical density) values of 20 pneumococcal isolates grown on polystyrene 

plates in different test media. Upper figure. The bar indicates the mean. The results 

differed significantly between the test media (P < 0.001). The OD values were 

significantly lower in xylitol compared with the BHI (brain heart infusion) medium, with 

a mean difference of -0.015 (95% CI −0.028 to −0.002, P = 0.03), but the addition of 

xylitol to the glucose (mean difference −0.012, CI −0.050 to 0.027, P = 0.5) or fructose 

(mean difference 0.007, 95% CI −0.034 to 0.048, P = 0.7) medium did not cause a 

significant change in their OD values. Lower figure. Biofilm formation by individual 

pneumococcal isolates. Each experiment was performed in triplicate. Error bars 

indicate standard deviation of means. Reprinted with permission from John Wiley & 

Sons Ltd. 

5.3.2 Gene expression studies 

Similar polystyrene plates were prepared to investigate the effect of different 

sugar compounds on gene expression in pneumococcal biofilms. After five hours 

of incubation of the biofilms, the medians of the comA gene expression levels 

were 0.20, 0.47, 0.48 and 0.37 for BHI, xylitol, glucose and glucose medium 

supplemented with xylitol, respectively. The results did not differ significantly 

between the test media (P = 0.8). At the same time point, the medians of the lytA 

gene expression levels were 1.27, 0.76, 2.23 and 1.10 for BHI, xylitol, glucose 

and glucose medium supplemented with xylitol, respectively. The results differed 

significantly between the test media (P = 0.01, Fig. 5B). The medians of the cpsB 

gene expression levels were 1.11, 0.74, 1.80 and 1.25 for BHI, xylitol, glucose 

and glucose media supplemented with xylitol, respectively. The results differed 

significantly between the test media (P = 0.007, Fig. 5). 

Most of the cDNA samples obtained from test media containing fructose 

remained negative in all the PCRs, either because we failed in scraping the 

biofilms or because of mRNA degradation. Therefore, fructose and fructose 

medium supplemented with xylitol were excluded from the gene expression 

analyses.  
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Fig. 5. Calibrator-normalised comA, lytA and cpsB gene expression levels in different 

test media. The bar indicates the median. The results of comA gene expression did 

not differ significantly between the test media (P = 0.8). The median difference was 

−0.08 (95% CI −0.57 to 0.79) when comA expression levels in the BHI (brain heart 

infusion) medium were compared with the xylitol medium and 0.09 (95% CI −0.83 to 

3.57) when comA expression levels in the glucose medium were compared with the 

glucose medium supplemented with xylitol. The results of lytA gene expression 

differed significantly between the test media (P = 0.01). The lytA gene expression 

levels were significantly lower in xylitol compared with the BHI medium (median 

difference −0.86, 95% CI −2.10 to −0.27, P = 0.01). The lytA gene expression levels 

were lower also in the glucose medium supplemented with xylitol compared with the 

glucose medium (median difference −1.17, 95% CI −2.29 to −0.16, P = 0.04). The results 

of cpsB gene expression differed significantly between the test media (P = 0.007). The 

cpsB gene expression did not differ significantly between the BHI and xylitol media 

(median difference 0.62, 95% CI −0.15 to 1.26, P = 0.07) but the expression levels were 

significantly lower in the glucose medium supplemented with xylitol compared with 

the glucose media (median difference −1.19, 95% CI −4.87 to −0.27, P = 0.01). 

Reprinted with permission from John Wiley & Sons Ltd. 
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6 Discussion 

6.1 Development and testing of the capsular PCR method (I) 

In Study I, a rapid real-time PCR method was developed for detecting the 

pneumococcal capsular locus. The PCR was targeted at the second gene of the 

capsular locus, cpsB, which has been found to be essential for encapsulation 

(Morona et al. 2000). The first gene of the capsular locus, cpsA, was used as a 

target in a previously published conventional PCR method for detecting the 

presence of the capsular locus (Hanage et al. 2006). In a previous study by 

Morona et al., (Morona et al. 2004) a deletion in cpsB prevented capsular 

polysaccharide formation, while strains with a deletion in the cpsA gene were still 

able to express the capsule, although the level of capsular polysaccharide was 

reduced. In our test panel, two strains belonging to serotype 38 and serogroup 25 

remained negative by the previously published conventional cpsA PCR method 

but were amplified by the real-time cpsB PCR assay. This is, however, probably 

not due to mutations in or loss of the cpsA gene, but instead due to the sequences 

of the primers of cpsA PCR, which were not able to detect serotypes 38 and 25F 

when analysed against the cps sequences available on the S. pneumoniae CPS 

Blast Server. In our test panel, two unencapsulated isolates were positive by 

cpsB PCR and one of these was also positive by cpsA PCR. This suggests that 

these two isolates had downregulated their capsule synthesis while all the other 

unencapsulated isolates of the test panel clearly had a defective capsule locus.  

 The cpsB PCR was then compared with immunochemical typing methods 

and conventional cpsA PCR using pneumococcal sputum isolates. Overall, the 

cpsB PCR method developed seemed to be a reliable method for the detection of 

the pneumococcal capsule in sputum isolates (Table 4). However, a few 

discrepancies between cpsB PCR and other methods were observed when 

studying the 59 isolates (Tables 4 and 5). Two isolates were unencapsulated 

according to immunochemical methods and negative by cpsA PCR but gave a 

positive result in cpsB PCR. It is possible that the cpsA gene was either deleted or 

mutated in these two unencapsulated isolates and that the cpsB gene was simply 

not expressed. On the other hand, these isolates were also negative by the 

lytA PCR and the possibility that they were other streptococci than pneumococci 

cannot be excluded. One isolate appeared to be of serotype 21 according to 

immunochemical methods but none of the cpsA, cpsB or lytA genes could be 
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amplified by PCR. As this encapsulated isolate was negative by lytA PCR and 

seemed to carry a polysaccharide capsule even in the absence of capsule genes 

cpsA and cpsB, it is reasonable to consider that also this isolate might be some 

other streptococcus than pneumococcus and that a false positive result was 

obtained with the immunochemical serotyping methods. In fact, it has been 

shown that members of the Streptococcus mitis group, in which S. pneumoniae 

and S. oralis are included, possess a C-polysaccharide-like antigen (Gillespie et al. 
1993) and the antigens from α-haemolytic streptococci can react, not only with 

Omniserum, but also with the typing sera (Sottile & Rytel 1975, Holmberg et al. 
1985). 

Three phenotypically encapsulated isolates representing serotypes 1, 14 and 

19C remained negative by cpsA PCR and lytA PCR, but were positive by 

cpsB PCR. However, as demonstrated earlier, the cpsA gene is not essential for 

encapsulation (Morona et al. 2004) and therefore deletions or mutations in it 

would not prevent CPS expression. Thus, pneumococcal isolates possessing the 

cpsB gene but no cpsA gene could exist, but the negative result in lytA PCR again 

raises a question whether these isolates are true pneumococci. 

6.2 Presence of virulence genes in pneumococcal isolates (II) 

In Study II, the presence of virulence genes ply, lytA and psaA was analysed in 

S. pneumoniae strains isolated from sputum samples of elderly patients. The 

strains were initially assumed to be pneumococci based on identification using 

conventional microbiological methods only. All of the unencapsulated isolates in 

this study remained negative by lytA and psaA PCR and half of these were 

negative by ply PCR, too. To exclude the possibility of false negative results due 

to the presence of possible inhibitors, the isolates were analysed using both 

undiluted and diluted DNA samples. If any inhibitors were present in the DNA 

extracted from an isolate, the diluted DNA sample should have given a positive 

PCR result. Yet, all the unencapsulated isolates remained negative by psaA and 

lytA PCRs and half of these also by ply PCR, regardless of whether the PCR 

reaction was performed using the undiluted or diluted DNA sample. These 

unencapsulated isolates might be pneumococci that have lost the virulence genes 

targeted by the three PCRs used in this study, or their virulence genes might have 

mutations that prevent primer alignment. Alternatively, these isolates may be 

other α-haemolytic streptococci, although they were originally identified as 

pneumococci based on phenotypic identification methods. The difficulties in 
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distinguishing between true unencapsulated pneumococci and closely related 

streptococci by using optochin susceptibility, bile solubility and ply PCR have 

been described earlier (Messmer et al. 2004, Hanage et al. 2005).  

The negative result by both lytA and psaA PCRs in six encapsulated isolates 

for which a serotype could be determined is a rather interesting finding (Table 6). 

Why did these isolates remain negative by several virulence gene PCRs, even 

though they were optochin-sensitive, bile-soluble and identified as encapsulated 

pneumococci by immunochemical methods? One possibility is that false negative 

results were obtained by the PCR assays due to mutations or sequence variation. 

For example, sequence variation of the ply gene has been reported among 

pneumococcal isolates representing serotypes 1 and 8 (Jefferies et al. 2007). 

Another possibility is that false positive results were obtained by the 

immunochemical serotyping methods. Either way, further studies are needed, e.g. 

by multilocus sequence typing (MLST), to determine whether these isolates are 

true pneumococci, or whether they differ also in other respects from them. PCR-

based serotyping methods (Kong et al. 2006, Pai et al. 2006, Zhou et al. 2007, 

Tarragó et al. 2008) could also be used to verify that capsular genes exist and the 

serotype result by immunochemical serotyping methods were not false due to 

cross-reaction. 

6.3 Applicability of PCR methods (I,II) 

We analysed the presence of the capsular biosynthesis locus in pneumococci 

isolated from the respiratory tract of elderly patients by using immunochemical 

methods and two PCR methods targeted at the cpsA and cpsB genes. Interestingly, 

encapsulated pneumococci seemed to be associated with CAP, whereas most 

strains isolated from the sputa from patients with other acute repiratory infections 

were mainly unencapsulated pointing to the possibility that demonstration of the 

capsule in pneumococcal isolates is important for the etiological diagnosis of CAP. 

In addition, detection of capsular genes might be even more important than 

immunochemical detection of CPS. It has been shown that a downregulation of 

capsule expression occurs during the contact phase between pneumococci and 

host cells (Hammerschmidt et al. 2005). Therefore, an immunochemically 

unencapsulated pneumococcus may harbour the capacity to express the capsule 

during the course of infection and the detection of capsular genes might be the 

way to detect pneumococci capable of expressing the capsule and causing CAP. 

The use of sputum samples in CAP diagnosis is a matter of controversy (Rosón et 
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al. 2000, Theerthakarai et al. 2001, Kuijper et al. 2003, Garcia-Vazquez et al. 
2004), partly due to possible contamination by microbes from the upper 

respiratory tract. Unfortunately, very little is known about the carriage of 

pneumococcus in the elderly and it is possible that unecapsulated pneumococci 

are more common in them than in children. However, our results suggest that 

finding encapsulated pneumococci in sputum samples of elderly patients with 

acute lower respiratory tract infection indicates pneumococcal CAP. 

Several PCR-based techniques for detecting the pneumococcal capsular locus 

have been published in the last few years (Lawrence et al. 2000, Kong & Gilbert 

2003, Pai et al. 2006, Tarragó et al. 2008). For instance, Pai and co-workers (Pai 

et al. 2006) described a conventional PCR method for pneumococcal serotyping 

and used primers targeting the cpsA gene as an internal control. Moreover, a 

recently published real-time PCR method combined ply PCR with serotype- or 

serogroup-specific PCR. This method was able to differentiate over twenty 

serotypes (Tarragó et al. 2008). However, when screening pneumococci capable 

of causing diseases such as CAP, the real-time cpsB PCR developed here could 

offer diagnostic value with respect to time and cost savings. The advantages of 

real-time PCR over conventional PCR and culture are its speed and generally 

lower limit of detection. With respect to expenses, the SYBR Green technology 

used in our PCR eliminates the need for expensive fluorescent probes and makes 

this method available at lower cost than most real-time PCR applications 

described previously.  

The suitability of widely used ply PCRs in CAP diagnostics has been 

questioned (Abdeldaim et al. 2009, Smith et al. 2009) and there is a need for new 

methods. Screening for pneumococci capable of forming the polysaccharide 

capsule, and therefore potential pathogens of CAP, could be the method of choice, 

and according to these preliminary studies, the newly developed cpsB PCR could 

have the potential for this. However, the cpsB PCR should also be tested directly 

from sputum samples and specificity could be further assessed with a higher 

number of strains from nonpneumococcal species.  

In Study II, a few the encapsulated and half of the unencapsulated 

pneumococcal isolates were negative by lytA and psaA PCRs and positive by 

ply PCR. These phenotypically identified pneumococcal strains could indeed be 

other streptococci than pneumococci. Previous studies have compared ply, lytA 

and psaA PCRs and discovered that ply PCR may not be specific for true 

pneumococci. For example, Messmer et al. (2004) examined four conventional 

PCR assays targeted at ply, psaA and lytA genes for their ability to detect true 
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S. pneumoniae and concluded that lytA PCR was the most specific. Carvalho et al. 
(2007) developed three new real-time PCR assays and compared them with 

previously published ply PCR assays (Corless et al. 2001) and lytA PCR (McAvin 

et al. 2001) to determine their relative sensitivities and specificities. They found 

that lytA- and psaA-targeted real-time PCRs were specific for detecting true 

pneumococci, whereas both ply PCRs also amplified S. pseudopneumoniae and 

other isolates of pneumococcus-like viridans group streptococci. On the other 

hand, pneumolysin is a potent toxin and important in the pathogenesis of 

pneumococcal infection (Berry & Paton 2000, Neeleman et al. 2004, Ogunniyi et 
al. 2007), and thus the potential increase in the virulence of the α-haemolytic 

streptococci that harbour the ply gene should be studied. 

6.4 Measurement of pneumococcal capsule expression levels by 
cpsB RT-PCR 

The real-time PCR method for detecting the pneumococcal capsular locus was 

developed in Study I and applied in Studies III and IV, where the capsular gene 

expression levels of pneumococcal isolates were measured by using RT-PCR and 

a relative quantification method. The test panel and comparison with cpsA PCR 

and immunochemical typing methods published earlier showed that cpsB PCR is 

a reliable method for detecting pneumococci capable of forming a polysaccharide 

capsule. In addition, earlier studies had shown that the protein encoded by the 

cpsB gene is necessary for encapsulation of pneumococci (Morona et al. 2002). 

Therefore, it was reasonable to use cpsB PCR to measure capsular gene 

expression levels of pneumococci. We chose to use the 16SrRNA gene of 

S. pneumoniae as a reference. Other studies applying RT-PCR to investigate 

pneumococcal capsule gene expression have also used 16SrRNA as a reference 

(LeMessurier et al. 2006, Hathaway et al. 2007, McEllistrem et al. 2007), and 

studies with other bacteria have actually evaluated 16SrRNA as the optimal 

reference for their RT-PCR application (Eleaume & Jabbouri 2004, Tasara & 

Stephan 2007). We also tested another reference gene, gyrB, which was used in a 

previous publication in which expression of pneumococcal genes in biofilms was 

studied (Oggioni et al. 2006). All the samples were also analysed with gyrB-PCR, 

and the gene expression levels between the growth media differed significantly 

(data not shown). However, the ratio of the target crossing point to the reference 

crossing point of the calibrator was found to be more stable between PCR runs 
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when 16SrRNA was the reference, and it was therefore used in our gene 

expression studies. 

6.5 Effect of xylitol on S. pneumoniae (III, IV) 

We found that xylitol alters the capsule gene expression of pneumococci (Fig. 3). 

Gene expression levels were significantly lower after exposure to xylitol 

compared with those in the control medium and the medium supplemented with 

glucose. These results support our previous findings of the effect of xylitol on the 

ultrastructure of pneumococcus, especially the observed smaller size and ragged 

appearance of the polysaccharide capsule (Tapiainen et al. 2004). The observed 

alterations in capsular gene expression could also further explain the good 

efficacy of xylitol in preventing otitis media observed in previous studies, where 

xylitol decreased the occurrence of otitis media but did not reduce pneumococcal 

carriage in neither children during a clinical trial, nor an animal model (Uhari et 
al. 1998, Kontiokari et al. 1999). Capsular polysaccharide is the principal 

virulence factor of S. pneumoniae, and encapsulated pneumococci are usually 

more virulent than their unencapsulated counterparts (Kim & Weiser 1998). Thus, 

the reductive effect of xylitol on capsular gene expression could alter the 

virulence of pneumococci and make them less capable of causing infections such 

as otitis media.  

We also found that xylitol, glucose and fructose alter the biofilm formation of 

pneumococci (Fig. 4A). Exposure to xylitol lowered OD values compared with 

the BHI medium, but when the medium was supplemented with glucose or 

fructose, biofilm formation was enhanced and the inhibitory effect of xylitol on 

biofilm was not observed. Contrary to our results, a recent study reported that 

xylitol had no effect on the adhesion of pneumococci to a polystyrene plate. 

Incubation time with xylitol was, however, only one hour (Ruiz et al. 2010). 

Otitis media has been suggested to be a biofilm disease (Rayner et al. 1998, 

Ehrlich et al. 2002, Hall-Stoodley et al. 2006) and as xylitol decreases the 

occurrence of otits media and inhibits the growth of pneumococci (Kontiokari et 
al. 1995), it can be expected that xylitol also inhibits pneumococcal biofilm 

formation.  

Xylitol concentrations of 0.5% and 5% were used in Studies III and IV. In 

earlier studies, growth inhibition has been detected after exposure to also 1% 

xylitol, and morphological changes have been visualised by scanning electron 

microscopy after exposure to 0.5–5% xylitol (Kontiokari et al. 1995, Tapiainen et 
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al. 2004). A xylitol concentration of 5% is reached in the saliva of children for 

only 10–15 minutes after chewing xylitol gum or consuming a xylitol mixture in 

doses used in earlier clinical trials (Tapiainen et al. 2002b). If xylitol acted only as 

an antiadhesive agent (Kontiokari et al. 1998), the expected efficacy would be 

less than observed in the clinical trials, in which regular consumption of xylitol 

after each meal five times per day was successful in preventing acute otitis media 

by 40% (Uhari et al. 1996, Uhari et al. 1998). Thus, our finding of xylitol’s effect 

on capsular gene expression and biofilm formation of pneumococcus may partly 

explain the efficacy of xylitol to prevent acute otitis media in previous clinical 

trials. These effects on capsular gene expression and biofilm formation, however, 

are not likely to be very long-term if alternative carbon sources are available for 

pneumococci between xylitol doses, as xylitol administered in only three daily 

doses, i.e. not after each meal, failed to prevent acute otitis media (Hautalahti et al. 
2007). 

In Study IV, variation in biofilm formation between different pneumococcal 

serotypes and strains was marked and was observed also in our previous study 

(Tapiainen et al. 2010). Recently strain variation was reported even within the 

same serotype (Lizcano et al. 2010). Although the mean effect of xylitol on 

biofilm formation was inhibitory, it is noteworthy that biofilm formation of a few 

strains was stimulated by xylitol (Fig. 4B). Furthermore, our results describe the 

first steps of biofilm formation in vitro, which may not reflect the circumstances 

in vivo. The observed absolute changes in biofilm formation after exposure to 

xylitol were small in our study. However, other carbon sources such as glucose 

and fructose clearly increased biofilm formation in the BHI medium even though 

they do not increase the logarithmic growth of pneumococci in planktonic form 

(Tapiainen et al. 2001). Thus, xylitol was the only extra carbon source in our 

study that did not increase but slightly decreased biofilm formation of 

pneumococci.  

The effect of carbohydrates on pneumococcal biofilm formation has recently 

been investigated elsewhere. Trappetti et al. studied pneumococcal biofilm 

formation in tryptic soy broth supplemented with different sugars and concluded 

that only the medium containing sialic acid significantly increased biofilm 

formation (Trappetti et al. 2009). Based on our results from Study IV, however, it 

seems that if BHI is used as a basic medium, the inclusion of either glucose or 

fructose enhances biofilm formation. Also the recent study by Camilli et al. 
reported that 1% glucose best supported biofilm formation (Camilli et al. 2010). 
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In addition to pneumococcal biofilm formation, the effect of sugar 

compounds on gene expression levels of pneumococci in biofilms was studied. 

Previous results indicated that the lytA gene may be essential for biofilm 

formation as pneumococcal strains with mutated a lytA gene were found to have 

decreased capacity to form biofilms (Moscoso et al. 2006). Our results indicate 

that xylitol may have some effect on the biofilm formation process by 

downregulating lytA gene expression even in the presence of glucose. Xylitol 

seemed to have no effect on comA expression levels, since there was no 

difference between the different test media (Fig. 5A). 

Xylitol seems to downregulate capsule expression of pneumococci growing 

planktonically (Fig. 3) and the results in biofilm are quite similar. Our results 

indicate that xylitol inhibits both biofilm formation and capsule expression (Fig 

5C). This is contrary to the current opinion that unencapsulated pneumococci 

have an increased capacity for biofilm formation (Moscoso et al. 2006, Hall-

Stoodley et al. 2008). For instance, previous results have shown pneumococcal 

capsule gene expression to be downregulated during biofilm growth (Hall-

Stoodley et al. 2008) and encapsulated strains to have decreased capacity to form 

biofilms (Moscoso et al. 2006). Based on our results, xylitol seems to inhibit 

biofilm formation so efficiently that the simultaneous reduction in capsule 

expression does not give any advantage to pneumococci in their ability to form 

biofilm. However, it should be noted that there was notable strain-to-strain 

variation in the OD (Fig. 4B) and gene expression results, which may decrease 

the significance of the results.  

The effect of carbohydrates on biofilm formation has been investigated in 

more depth for oral streptococci, and the response to carbohydrates seems to 

differ between species. For example, inclusion of glucose in the growth medium 

enhanced biofilm formation of Streptococcus parasanguis (Froeliger & Fives-

Taylor 2001), whereas a nutritionally rich medium inhibited biofilm formation of 

Streptococcus mutans (Yoshida & Kuramitsu 2002). It has been demonstrated that 

cell-to-cell signalling is involved in biofilm formation in Streptococcus gordonii. 
This signalling is regulated by a quorum sensing mechanism, which depends on 

CSP (Loo et al. 2000). In pneumococci, CSP has been shown to be essential for 

biofilm formation in vitro (Oggioni et al. 2006), but to the best of our knowledge, 

the effect of different carbohydrates on CSP regulation has not been studied. In 

S. gordonii, the phosphotransferase system that is responsible for the uptake and 

transport of sugars has been shown to play a significant role in the development 

of biofilms (Loo et al. 2003). 
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6.6 Drawbacks of the studies 

The PCR method developed in Study I for the detection of capsular loci of 

pneumococci was tested only with bacterial isolates. In order to truly evaluate the 

applicability of this method in the diagnosis of pneumococcal infection, this PCR 

should be tested also directly from patient samples. In addition, the number of 

isolates tested in this study was rather small, particularly in the ARI controls. The 

observation that encapsulated pneumococci appeared to be associated with CAP 

should be replicated with a larger number of isolates and also in other populations, 

especially in patients under 65 years old. 

The comparison of three PCR methods in Study II was performed in a study 

population containing many atypical isolates that were negative by PCR methods. 

The final determination of whether these isolates were true pneumococci was 

only under speculation, since we did not sequence or otherwise confirm these 

isolates. Study II also lacked an internal control for PCR methods. For example, 

Southern hybridisation could have been used to control primer efficiency and 

target mutations in PCR negative specimens. 

The small number of isolates investigated appeared to be a problem also in 

Studies III and IV. Only 20 to 25 isolates were studied and notable strain-to-strain 

variation was observed. In order to confirm that the observed effects of xylitol on 

S. pneumoniae are common to all pneumococci, these studies should be replicated 

with a larger number of isolates. Furthermore, our results in Study IV describe the 

first steps of biofilm formation in vitro, which may not reflect the circumstances 

in vivo. Also, the observed absolute changes in biofilm formation after exposure 

to xylitol were quite small. 
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7 Conclusions 

Demonstration of the capsular locus by PCR agrees well with the conventional 

immunochemical detection of CPS. The finding of encapsulated pneumococci in 

sputum samples appeares to be associated with CAP, and real-time cpsB PCR 

detection of pneumococci capable of forming a capsule could have potential in 

sputum diagnostics when investigating the pneumococcal etiology of this disease. 

However, this method should also be tested directly from patient samples and its 

specificity could be further assessed with a higher number of strains from 

nonpneumococcal species.  

Three widely used real-time PCR methods targeting ply, lytA and psaA genes 

were used to study pneumococcal strains isolated from sputum samples. All the 

unencapsulated isolates remained negative by psaA and lytA PCRs, although half 

of them were positive by ply PCR. In addition, six encapsulated S. pneumoniae 

strains for which a serotype could be determined remained negative by the lytA 

and psaA PCR methods and four of them were also negative by ply PCR. These 

conflicting results suggest that further methods are needed in addition to 

conventional identification in order to obtain correct pneumococcal etiology. 

Xylitol significantly decreased capsular gene expression levels in 

S. pneumoniae isolates. This finding supports previous results where exposure to 

xylitol changed the ultrastructure of pneumococcus (Tapiainen et al. 2004). In 

addition, xylitol alone inhibited biofilm formation of S. pneumoniae, but in the 

presence of an additional carbon source, such as glucose, this inhibitory effect 

was not observed. Instead, glucose and fructose appeared to enhance biofilm 

formation. The observed inhibitory effect of xylitol on pneumococcal capsule 

gene expression and biofilm formation may partly explain the efficacy of xylitol 

to prevent acute otitis media in previous clinical trials. 

This study provides a good basis for future research. The cpsB PCR 

developed in this study could be further optimised. The method could be tested 

directly in patient samples and its specificity and sensitivity against bacterial 

culture could be determined. The effect of xylitol in the prevention of otitis media 

could be studied next by using direct examination of middle ear mucosa biopsy 

specimens by electron microscopy after exposure to xylitol. Also, the effect of 

xylitol on pneumococcal gene expression levels could be studied directly from 

RNA-stabilised middle ear effusion samples. 
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