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Abstract 
 

Streptococcus pneumoniae (the pneumococcus) is one of the most significant 

causes of human mortality and morbidity, and is a leading cause of diseases such as 

pneumonia, invasive disease (including bacteraemia and meningitis [IPD]) and otitis 

media. However, the pneumococcus is more commonly carried asymptomatically 

within the nasopharynx. The likelihood of the pneumococcus progressing from 

asymptomatic carriage to IPD varies between strains, and is associated with certain 

serotypes and clones. In particular, serotype 1 strains have a high-attack rate as they 

readily progress from a state of transient carriage to IPD. Recently, a closely-related 

group of hypervirulent serotype 1 clones have been responsible for epidemics of IPD 

with unusually high mortality rates. In contrast, epidemic asymptomatic carriage of 

serotype 1 clones has been found in a number of remote indigenous communities in the 

Northern Territory of Australia. Such isolates of serotype 1 from asymptomatic carriage 

are unusual and provided a rare opportunity to perform genomic comparisons with 

invasive serotype 1 isolates in order to identify serotype-independent factors that 

contribute to differences in the invasive potential of the pneumococcus.  

Preliminary work using the non-invasive serotype 1 isolates from the Northern 

Territory and a collection of invasive human isolates of both indigenous and non-

indigenous origin identified three virulence profiles that were non-invasive, 

intermediately virulent, or highly virulent in mice. Subsequently, phenomic analyses did 

not identify differences in the amount of capsule or differences in the apparent 

molecular weight or relative expression of a selection of well-characterised protein 

virulence factors that correlated with a virulence phenotype. However, in preliminary 

genomic comparisons the chromosomal toxin-antitoxin (TA) system of the PPI-1 
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variable region (PezAT) was identified in only highly virulent serotype 1 isolates, but 

absent from intermediately virulent and non-invasive serotype 1 isolates.  

Therefore, the broad objectives of this study where to determine the clonal 

relatedness of isolates representing all three virulence phenotypes, characterise the 

potential role of the PPI-1 variable region in IPD and identify additional variable 

regions of the pneumococcal genome that were associated with heightened virulence. 

Interestingly, it was shown that the highly virulent strain 1861 was a one-locus 

variant of the sequence type 217 clone of lineage B, responsible for severe IPD in parts 

of Africa. Therefore, the highly virulent nature of strain 1861 (and strain 4496) in mice 

is likely to also be reflected in humans. In contrast, the non-invasive and intermediately 

virulent strains were of lineage A, which includes the most frequently detected clones in 

Europe and the United States. In addition, different organisations of the PPI-1 variable 

region correlated with certain lineages of serotype 1. For example, the lineage A isolates 

lacked pezAT and instead contained a transcriptionally active immunity system against 

the bacteriocin, mersacidin. Interestingly, following a survey of a variety of S. 

pneumoniae strains representing a broad array of serotypes, the mersacidin immunity 

system was identified as the most common feature of the PPI-1 variable region, and is 

also present in the pandemic carriage Spanish23F ST81 clone. In contrast, the highly 

virulent isolates of lineages B and C encoded pezAT and a number of genes predicted to 

encode enzymes that catalyse the rate-limiting steps of pathways involved in the 

degradation and biosynthesis of some amino acids and the biosynthesis and conversion 

of UDP-sugars. Interestingly, key components of this region exhibited preferential 

expression in the lungs and blood when compared to the nasopharynx of infected mice. 

Subsequently, it was shown using replacement mutants of the PPI-1 variable region in a 

D39 background that the region from the highly virulent strains promotes greater 

competitive fitness within the blood, lungs and nasopharyngeal tissue, compared to the 
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equivalent region from the intermediately virulent and non-invasive strains in co-

infected mice. Whilst the mechanism by which the PPI-1 variable region contributes to 

survival in vivo is not clear, a possibility is that centralised regulation of a number of 

metabolic pathways may enhance the survival of the pneumococcus in the lungs and 

blood. 

Whilst the PPI-1 variable region was important for the competitive fitness of 

D39 during disease, it was not clear whether this region was solely responsible for the 

differences observed in invasive potential between the highly virulent, intermediately 

virulent and non-invasive serotype 1 isolates. Therefore, comparative genomic 

hybridisation (CGH) and next generation genome sequencing were used to identify 

additional regions of the genome that are associated with the highly virulent isolates. It 

was found that genes homologous to the platelet-binding protein B (PblB) and a 

Streptococcus mitis lysogenic phage endolysin were present in the genome of only the 

highly virulent strains, and not in either the intermediately virulent and non-invasive 

strains. In addition, regions encoding a putative ABC transporter and enzymes predicted 

to be involved in the degradation of sialic acid, ZmpD, and a 64-kb Tn5253-like 

conjugative transposon that included a TA system that is highly homologous to pezAT, 

were found in only the highly virulent strains and not in the intermediately virulent or 

non-invasive isolates. Subsequent in vivo gene expression comparisons revealed that the 

phage-associated endolysin exhibited significantly greater expression in the lungs and 

blood of infected mice than the nasopharynx, which highlighted a potential mechanism 

for increased surface display of PblB in the lungs and blood. Whilst yet to be proven 

experimentally, it is thought that greater surface display of PblB could contribute to the 

rapid invasion of the blood that is characteristic of the highly virulent serotype 1 strains. 

In addition to PblB, greater expression of the sialic acid-associated ABC transporter was 

observed in the blood when compared to the lungs and nasopharynx of infected mice. 
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Therefore, whilst the role of the region remains to be determined, it might be possible 

that the region enables the utilisation of host-derived sialic acids as an energy source in 

the blood, thus promoting survival and growth.  

However, a significant roadblock encountered in this study was the inability to 

genetically manipulate the highly virulent serotype 1 isolates. In order to confirm the 

importance of genes such as that in the PPI-1 variable region and pblB in virulence, 

mutagenesis of these regions was attempted. However, despite numerous attempts to 

optimise the transformation protocol, it is possible that some defect in the competence 

system that is linked to the over-expression of comW might be responsible for the 

inability to transform strains 1861 and 4496.  

In this study a number of genomic regions were identified that via putative roles 

in metabolism, sugar acquisition and degradation and adherence to human platelets and 

their patterns of expression in vivo promote the invasion and survival of the 

pneumococcus in the blood and lungs. Such findings broaden the understanding of the 

progression to IPD from asymptomatic carriage and highlight strain-specific differences 

that could make some strains more virulent than others. 
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Chapter 1 – Introduction 
 

1.1 Significance of Streptococcus pneumoniae 

Streptococcus pneumoniae (the pneumococcus) is a leading cause of pneumonia, 

otitis media (OM) and invasive disease (IPD) such as bacteraemia and meningitis, and 

is responsible for more deaths worldwide than any other single pathogen (Forrest et al., 

2000). Recent estimates have indicated that in the year 2000 approximately 14.5 million 

episodes of serious pneumococcal disease occurred in children <5 years of age, with 

approximately 826,000 fatalities (O’Brien et al., 2009). In fact, 11% of all deaths in 

children <5 were estimated to be due to the pneumococcus (O’Brien et al., 2009). 

Furthermore, in 2000 there were approximately 13.8 million cases of pneumococcal 

pneumonia, 103,000 cases of meningitis and 540,000 cases of other pneumococcal 

diseases, such as primary bacteraemia, in children <5 years. Case fatality rates of 5%, 

59%, and 45% were recorded for pneumonia, meningitis and other severe 

pneumococcal diseases, such as primary bacteraemia, respectively (O’Brien et al., 

2009). Of the total number of deaths, 61% occurred within 10 African and Asian 

countries and the case fatality rates were particularly high in Africa (Figure 1.1). 

The ability of the pneumococcus to behave as both a primary and an 

opportunistic pathogen (Sjostrom et al., 2006) has often led to the underestimation of 

the total burden of pneumococcal disease. A significant example of opportunistic 

pneumococcal disease occurred during the ‘Spanish Flu’ pandemic of 1918 – 1919, 

which has been attributed with approximately 50 million deaths. A recent retrospective 

study of both histological and bacteriological evidence found that the vast majority of 

deaths attributed to the influenza pandemic were actually due to secondary bacterial 

pneumonia, of which the pneumococcus was the predominant species (Morens et al., 

2008). In particular, it was shown that in the majority of cases the viral infection was 
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resolving at the time of death and had been replaced by extensive pulmonary 

inflammation characteristic of bacterial, rather than viral, infection. Such findings 

highlight the continued need to develop both preventative and treatment strategies 

against respiratory pathogens, such as the pneumococcus, especially given the current 

fears of a new influenza pandemic.  

In addition to the mortality of IPD and pneumonia, morbidity due to OM has 

both a significant social and economic impact on developed and developing countries 

(Rodgers et al., 2009). OM has been reported to be the most common reason for 

children to go to the doctor, with an estimated economic cost of $3 billion annually in 

the US (Rodgers et al., 2009). The social impact of OM is highlighted by the dire 

situation that exists in children in remote indigenous communities of Australia (Section 

1.1.1). 

1.1.1 Pneumococcal disease in indigenous Australians 

In terms of the burden of pneumococcal disease, indigenous Australians are 

amongst the worst affected in the world (Greenwood, 1999; Forrest et al., 2000). The 

burden of disease in remote indigenous communities is significantly greater than that of 

non-indigenous Australians. For example, the notification rate of IPD within the non-

indigenous population in 2006 was approximately 21 cases per 100,000 children <2, 

which is significantly lower than the notification rate of 73 per 100,000 amongst 

indigenous children <2 (Roche et al., 2008). The same report shows that across all age 

groups the incidence of IPD is 4.3 times greater in the indigenous than the non-

indigenous population. The incidence of serious OM, such as tympanic membrane 

perforation (TMP) and chronic suppurative otitis media (CSOM) is also very high in 

children of remote indigenous communities. The incidence of TMP in children <5 has 

been shown to be 24% and the incidence of CSOM between 15% and 24% (Morris et 

al., 2005; Rothstein et al., 2007). Given that the World Health Organisation (WHO) 
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considers a CSOM prevalence of greater than 4% to be a “massive health problem” 

(Coates, 2002), it is clear that the situation is indeed serious amongst indigenous 

children, particularly when recent surveys have shown that the 7-valent pneumococcal 

conjugate vaccine (PCV7) (Section 1.4.2) is completely ineffective at offering 

protection against pneumococcal OM in these communities (MacKenzie et al., 2009). 

 

1.2 Pneumococcal infection 

S. pneumoniae is a gram positive, encapsulated, diplococcus, most commonly 

found colonising the nasopharynx of healthy children <5 years of age.  The 

pneumococcus is almost exclusively a human pathogen. However, a number of animal 

models have been used for research on pneumococcal pathogenesis, which include 

mice, chinchillas, rabbits and rats (reviewed in Siber et al. [2008]).  

1.2.1 Asymptomatic carriage and transmission 

Whilst the pneumococcus is a very significant cause of human mortality and 

morbidity (Section 1.1), the bacterium is more likely to be found being carried 

asymptomatically in the nasopharynx (Gray et al., 1980). The carriage rate of S. 

pneumoniae is highest in children <5 years of age, and in a Finnish study has been 

found to start within the first year of life at a rate of approximately 13% carriage in 

those <6 months of age, before increasing to 43% carriage in children >19 months of 

age (Syrjanen et al., 2001). However, as reviewed by Bogaert et al. (2004), the carriage 

rate can vary considerably between regions and can be as high as 90% in some settings. 

The rate of carriage is influenced by environmental and socioeconomic factors, which 

include family size (particularly the number of older siblings), income, recent antibiotic 

usage, smoking (including passive smoking) and crowding (reviewed in Bogaert et al. 

[2004]). The effect of crowding is particularly clear in child care centres, where the 
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relative risk of pneumococcal infection is 1.6 when compared to children at home 

(Bogaert et al., 2001). Similarly, a survey of pneumococcal carriage over a year in a 

French orphanage showed a carriage rate of 82% in children <24 months of age 

(Raymond et al., 2000). In the same study serotyping and molecular typing by pulsed-

field gel electrophoresis (PFGE) showed that children were colonised by a limited 

number of clones, which suggested considerable horizontal transmission. Long-term 

carriage has also been shown to promote low-level serotype-specific immunity, which is 

thought to provide short-term protection from reinfection by the same serotype (Musher 

et al., 1998; Simell et al., 2001). 

1.2.2 Pneumococcal disease 

Pneumococcal disease is usually thought to be caused by a strain of the 

bacterium that has only recently commenced nasopharyngeal colonisation of the 

infected person (Gray et al., 1980). The mechanism by which the pneumococcus 

progresses from asymptomatic carriage to disease is not clear. However, whilst 

progression to IPD is often thought to be primarily due to host factors (Alanee et al., 

2007; Chen et al., 2009), the situation is further complicated by differences in the ability 

of different serotypes and genotypes to cause disease (Section 1.5.2). Therefore, it is 

likely that factors of both the host and the infecting bacterium are important in 

determining whether or not disease will occur.  

Those most at risk from pneumococcal disease include children <5 years, the 

elderly >65 years, immunocompromised individuals and people with chronic underlying 

illness (Butler et al., 2004). In addition, people with a defective innate immune system, 

particularly regarding complement and immunoglobulin production are especially 

susceptible to pneumococcal disease (Bruyn et al., 1992), which highlights the immune 

defences required for protection against pneumococcal disease. However, the 

association of certain serotypes, such as serotypes 1 and 7F, with disease in people 
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usually without any underlying condition (Sjostrom et al., 2006), shows that it is not 

only the immunocompromised that suffer from pneumococcal disease. In addition, the 

increased susceptibility to pneumococcal disease following infection by respiratory 

viruses, such as influenza, has also been shown to contribute to the incidence of 

pneumococcal disease (reviewed in McCullers [2006]; Morens et al., 2008).  

 

1.3 Molecular mechanisms of pneumococcal carriage and 

disease 

In order for the pneumococcus to migrate and survive in a new niche and cause 

disease, the bacterium must navigate through and evade a number of host defences, 

which range from physical barriers to molecular and cellular defences. In addition, the 

pneumococcus must adapt to a new nutrient environment, which may differ from the 

nasopharynx in terms of changes in the availability of certain sugars, amino acids and 

metal ions. Unsurprisingly, the pneumococcus has developed a complex array of 

molecular mechanisms required for survival in the host. These mechanisms include an 

array of specific factors with roles in survival in vivo that are at least partially 

understood. However, a number of poorly understood broader regulatory networks and 

adaptations, which include pneumococcal phase variation and biofilm formation, appear 

to also have important roles in survival in the host. 

1.3.1 The contribution of virulence factors to pneumococcal survival 

in vivo 

The pneumococcus has been shown to encode a broad array of factors that are 

required for virulence in animal models of infection and this has recently been reviewed 

in Mitchell and Mitchell (2010). Pneumococcal virulence factors are involved in such 

roles as adherence to host cells and transcellular migration across epithelial and 



Chapter 1- Introduction  Page | 7  

endothelial surfaces, interference with the host’s immune response, transport and 

sequestration of nutrients and intra- and interspecies competition. Many of the key 

factors described below are represented in Figure 1.2. 

1.3.1.1 Adherence and transcellular migration across epithelial 

surfaces 

Pneumococcal infection commences following successful adherence by the 

bacterium to the nasopharyngeal surface of a new host. It has been shown with the 

TIGR4 strain in neonatal rats that the numbers of pneumococci that colonise the 

nasopharynx appear to reach a steady state that is independent of the initial challenge 

dose (Margolis et al., 2010). In resting nasopharyngeal tissue the pneumococcus binds 

to host cell surface carbohydrates, such as N-acetyl-glucosamine (Andersson et al., 

1983). A number of pneumococcal surface molecules have been shown to mediate 

interactions with host epithelial surfaces, such as phosphorylcholine (ChoP) moieties on 

lipoteichoic acid (LTA) (Cundell et al., 1995a). In addition, non-specific 

physiochemical interactions between components of the bacterial cell wall and host cell 

surfaces have been suggested to contribute to pneumococcal adherence (Swiatlo et al., 

2002). It has also been suggested that the substrate-binding component of the psa locus 

pneumococcal surface adhesion A (PsaA) contributes to adherence. (Berry & Paton, 

1996; Romero-Steiner et al., 2003; McAllister et al., 2004; Romero-Steiner et al., 

2006). However, whilst it is thought that the role of PsaA in adherence is indirect and is 

dependent on the protein’s role in manganese transport (Section 1.3.1.3), it has recently 

been reported that PsaA directly mediates adherence by binding E-cadherin on 

nasopharyngeal cells (Anderton et al., 2007). 

The activity of pneumococcal neuraminidases has been shown to assist in the 

establishment of colonisation through a number of processes. Neuraminidase A (NanA), 

cleaves the sialic acid residues of host glycoproteins, glycolipids and oligosaccharides, 
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Figure 1.2 Virulence factors of Streptococcus pneumoniae (van der Poll & Opal 2009)
A schematic representation of key pneumococcal virulence factors, most of which are
described and discussed in the Introduction. Abbreviations that are not included in the text
are; Cps (polysaccharide capsule), Hyl (hylauronate lyase), StrA (sortase), Eno (enolase) and
PiuA (pneumococcal iron uptake).
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which is thought to increase the accessibility of N-acetyl-glucosamine receptors on the 

surface of host epithelial cells (Tong et al., 1999; Linder et al., 1994; Linder et al., 

1992; Andersson et al., 1983). The neuraminidase activity of various viruses may also 

help contribute to increased adherence of the pneumococcus (McCullers et al., 2001). 

NanA-mediated desialyation of carbohydrates lining the eustachian tube has been linked 

to the development of OM (Linder et al., 1994; Linder et al., 1992). NanA has also been 

shown to promote brain endothelial invasion (Uchiyama et al., 2009). In addition, 

NanA’s association with meningitis, pneumonia and OM could be facilitated by its role 

in biofilm formation (Parker et al., 2009). Interestingly, a second neuraminidase, NanB, 

has been shown to exhibit optimum activity at pH 4.5, compared to pH 6.5 – 7.0 for 

NanA, which suggests that the two enzymes exist to allow independent neuraminidase 

activity in different in vivo environments (Berry et al., 1996).  

In addition to NanA activity, a number of other pneumococcal surface 

glycosidases have been identified, which modify both N-linked and O-linked glycans 

(Muramatsu et al., 2001; Umemoto et al., 1977; Zahner & Hakenbeck., 2000). The 

activities of N-glycosidases, NanA, β-galactosidases (BgaA) and β-N-

acetylglucosaminidase (StrH) have recently been shown to act sequentially to 

deglycosylate N-linked glycans (King et al., 2006) and promote resistance to 

opsonophagocytic killing by human neutrophils (Dalia et al., 2010). The activities of 

glycosidases targeting O-linked glycans have recently been shown to increase the ability 

of the pneumococcus to colonise the upper respiratory tract (Marion et al., 2009).  

Though not completely understood, an important marker of the progression from 

asymptomatic carriage to disease is the local production of inflammatory mediators, 

such as tumour necrosis factor (TNF) α and interleukin 1 (IL-1), which also exist in the 

presence of viral infections. These may contribute to the commencement of secondary 

bacterial infections (reviewed in McCullers [2006]). However, the behaviour of the 
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pneumococcus as a primary pathogen in other cases indicates that the processes 

involved in both carriage and disease are complex and closely linked (Margolis & 

Levin, 2007; Sjostrom et al., 2006; Briles et al., 2005).  

The production of inflammatory cytokines stimulates changes in the type and 

number of receptors on the surface of epithelial and endothelial cells and promotes an 

increase in the affinity of pneumococcal cell-wall ChoP for platelet-activating factor 

receptor (rPAF) (Cundell et al, 1995a). Binding to rPAF triggers transcellular migration 

of the pneumococcus through the epithelium and vascular endothelium, which can lead 

to entry into the bloodstream, and if followed by survival and replication can lead to 

bacteraemia. The interaction between rPAF and ChoP has also been shown to contribute 

to passage of the pneumococcus across the blood-brain barrier (Ring et al., 1998).  

A number of other protein factors of the pneumococcus have also been shown to 

directly mediate interactions with the host. Pneumococcal surface protein C (PspC) has 

been shown to exhibit increased affinity for immobilised sialic acid and lacto-N-

neotetraose on cytokine-activated human cells, which promotes attachment (Rosenow et 

al., 1997). In addition, PspC also binds to the polymeric immunoglobulin receptor and 

the secretory component of IgA, which increases migration through mucosal barriers 

(Zhang et al., 2000; Hammerschmidt et al., 1997). IgA1 protease, the pneumococcal pili 

and the pneumococcal serine rich protein (PsrP) have also been shown to contribute to 

adherence (Kilian et al., 1979; Wani et al., 1996; Barocchi et al., 2006; Bagnoli et al., 

2008; Obert et al., 2006). However, the pili and PsrP are present in only a selection of 

strains, which indicates that they are not required by all strains and will be discussed in 

Section 1.5.3.2. The pneumococcal adherence and virulence factor A (PavA) has been 

shown to be required for full virulence in sepsis and meningitis models of infection and 

has been shown to bind to fibronectin and mediate attachment to endothelial cells 

(Holmes et al., 2001). In addition, the glycolytic enzymes, glycerolaldehyde-3-
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phosphate dehydrogenase (GAPDH) and enolase, have been shown to mediate binding 

to human plasminogen, which may facilitate transmigration of pneumococci through the 

basement membrane (Bergmann et al., 2004; Bergmann et al., 2005). 

Although not specifically required for attachment to host cells, pneumococcal 

hyaluronate lyase (HylA) has been shown to facilitate invasion of host tissues in other 

species through the enzyme’s ability to degrade hyaluronan, which is a major 

component of the extracellular matrix (Berry et al., 1994; reviewed in Jedrzejas et al. 

[2004]). 

1.3.1.2 Interference with the host’s immune response 

An important feature for any pathogen is the ability to evade and influence the 

host’s immune system in such a way that promotes survival within the required niches 

of the host. As reviewed in Kadioglu & Andrew (2004), a feature of the immune 

response against the pneumococcus during disease is potent inflammation involving 

activation of complement, and phagocytosis by activated resident macrophages and 

recruited neutrophils. As a consequence, many virulence factors of the pneumococcus 

target complement and evasion of phagocytosis. The most important virulence factor for 

avoidance of the host’s immune system is the polysaccharide capsule, which is required 

for both colonisation and systemic infection (Avery & Dubos, 1931; Magee et al., 

2001), and will be specifically discussed in Section 1.3.1.5.  

A number of surface proteins, such as PspC and the pneumococcal histidine 

triad proteins (Pht) (although the latter has been challenged [Melin et al., 2010]), have 

been shown to bind the complement regulator, factor H, which inhibits complement 

deposition and activation of the alternative pathway (Dave et al., 2001; Ogunniyi et al., 

2009). Also targeting the alternative complement pathway is the pneumococcal surface 

protein A (PspA), which has been shown to block C3b deposition, thus also inhibiting 

complement activation (Tu et al., 1999; Ren et al., 2004a; Ren et al., 2004b). 
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Furthermore, the ability of PspA to bind human lactoferrin has been shown to reduce 

complement activation and inhibit the bactericidal activity of the iron-depleted form of 

the protein (Shaper et al., 2004). The importance of PspA to pneumococcal infection is 

highlighted by a reduction in colonisation and infection of the lungs and blood 

following challenge with PspA-deficient mutants (McDaniel et al., 1987; Ogunniyi et 

al., 2007).  

An important immunomodulatory virulence factor of the pneumococcus is the 

pore-forming toxin, pneumolysin (Ply). Mutants lacking Ply have been shown to be 

attenuated in both intranasal and systemic murine models of infection (Berry et al., 

1989a). More specifically, Ply-deficient mutants have been characterised by reduced 

induction of pulmonary inflammation due to delayed cell recruitment into the lungs, 

particularly affecting neutrophil responses and the distribution of B and T lymphocytes 

in and around inflamed bronchioles (Canvin et al., 1995; Kadioglu et al., 2000). 

In contrast to the complement inhibitory properties of PspC and PspA, Ply has 

also been shown to activate the classical complement pathway in an antibody-

independent fashion, leading to serum complement depletion (Paton et al., 1984; 

Alcantara et al., 2001). Ply has also been shown to be a potent stimulator of 

inflammation (Johnson et al., 1981; Berry et al., 1989a; Houldsworth et al., 1994; Berry 

et al., 1995; Braun et al., 1999; Cockeran et al., 2001), which has been linked to a 

number of properties, including the ability of Ply to bind toll-like receptor 4 (TLR-4) 

(Malley et al., 2003). In addition, Ply has been shown to induce apoptosis in murine 

dendritic cells (DCs) (Colino & Snapper, 2003), respiratory cells (Srivastava et al., 

2005; Schmeck, et al., 2004) and neuronal cells (Bermpohl et al., 2005; Braun et al., 

2002; Mitchell et al., 2004), due to its cytolytic properties. The cytolytic activity of Ply 

is characterised by the oligmerisation of approximately 50 toxin monomers, which 

forms a 30 nm pore in the target cell membrane (Morgan et al., 1995). The mutagenesis 
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of distinct regions within Ply responsible for complement activation and cytolytic 

activity has shown that these activities are independent of each other and contribute 

separately to pathogenesis (Mitchell et al., 1991; Berry et al., 1995). Ply has also 

recently been shown to trigger caspase-dependent apoptosis of human DCs, which 

dampens the production of inflammatory cytokines, such as IL-12 and IL-1β (Littmann 

et al., 2009). Interestingly, cytolytic activity-deficient Ply strains (Kirkham et al., 2006; 

Lock et al., 1996) were shown to trigger a more proinflammatory cytokine response 

from human DCs than the full active toxin (Littmann et al., 2009). Ply release following 

autolysin-mediated autolysis (see below), has been shown to be a potent activator of 

production of reactive oxygen species in human neutrophils, which is released into an 

intracellular compartment of the targeted immune cell rather than excreted (Martner et 

al., 2008). In addition, the toxin’s cytolytic activity impairs mucous-mediated clearance 

by the inhibition of ciliary beating in the respiratory tract, which is augmented by the 

activity of HylA (Steinfort et al., 1989; Feldman et al., 1990; Feldman et al., 2007).  

The major pneumococcal autolysin (N-acetylmuramoyl-L-alanine amidase; 

LytA), is required for full virulence in mice, as LytA-deficient mutants are rapidly 

cleared from the lungs and rarely translocate into the blood (Berry & Paton, 2000; 

Canvin et al., 1995; Berry et al., 1989b). LytA has been shown to promote 

inflammation due to the release of cytoplasmic proteins, such as Ply, and by triggering 

the release of proinflammatory components of the bacterial cell wall during autolysis 

(Boulnois et al., 1991; Tuomanen et al., 1985; Chetty & Kreger, 1981). However, Ply 

release has more recently been shown to not be completely dependent on LytA activity 

in some strains (Balachandran et al., 2001). The remnants of pneumococci that had 

undergone LytA-mediated autolysis have also been shown to inhibit phagocytosis and 

indirectly protect unlysed pneumococci from phagocytosis (Martner et al., 2009). In the 

same study the anti-phagocytic properties of lysed bacteria included the suppression of 
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pro-phagocytic cytokines, such as TNF, interferon  (IFN- ) and IL-12, which were 

produced in the presence of LytA-deficient mutants. The impact on cytokine production 

was shown to be specific as the production of IL-6, IL-8 and IL-10 was unaffected. 

In addition to promoting colonisation by exposing host surface receptors, NanA-

dependent desialation of pneumococcus-bound immune system components of the 

respiratory tract, such as lactoferrin, secretory component and IgA2, has been shown to 

increase in vivo survival (King et al., 2004). In addition to NanA and NanB, some 

strains encode a third neuraminidase, NanC, whose presence has been suggested to 

correlate with meningitis-causing strains rather than asymptomatic carriage (Pettigrew 

et al., 2006). 

Resistance of the pneumococcus to the innate immune response has also been 

shown to require the regulation of specific metabolic genes, such as those acted upon by 

the MerR-like regulator (NmlRsp), which is important in resistance to nitric oxide stress 

associated with phagocytosis and pulmonary inflammation. As such, NmlRsp has been 

shown to be required for full pneumococcal systemic virulence in a murine model of 

infection (Stroeher et al., 2007). 

1.3.1.3 Transport and sequestration of nutrients in the host 

For a bacterium such as the pneumococcus to survive in diverse in vivo niches, it 

is important for it to be able to adapt to changes in nutrient availability between 

different environments. Given that the pneumococcus lacks an electron transport chain, 

the bacterium is particularly reliant on carbohydrates for energy, which is highlighted 

by the vast array of sugar transport systems and pathways for carbohydrate metabolism 

encoded within the genome (Tettelin et al., 2001; Hoskins et al., 2001). The catabolite 

control protein A (CcpA) has been shown to regulate the hierarchical utilisation of some 

sugars in order to promote optimal growth in a process called carbon catabolite 

repression (CCR) (Iyer et al., 2005). CcpA has been shown to be required for wild-type 
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equivalent systemic virulence (Giammarinaro & Paton, 2002). In addition, CcpA-

deficient mutants have been shown to exhibit attenuated virulence in a pneumonia 

model of infection and have a reduced capacity to colonise the nasopharynx (Iyer et al., 

2005). The ability of the pneumococcus to take advantage of complex structural host-

derived sugars has been suggested by the NanA-mediated degradation of mucin 

(Yesilkaya et al., 2008). Minimal medium supplemented with mucin was shown to 

allow growth at a rate equivalent to that of a nutrient-rich broth, which was thought to 

be at least in part facilitated by NanA (Yesilkaya et al., 2008).  

In addition, the stringent response has recently been characterised in the 

pneumococcus and has been shown to be regulated by a RelA/SpoT homologue (Relsp). 

Relsp regulates the production of the alarmone, (p)ppGpp, which mediates a global 

response to nutrient limitation and other stresses (Kazmierczak et al., 2009). The 

importance of Relsp to virulence was highlighted by the severe attenuation of Relsp-

deficient mutants in vivo. Interestingly, the same study showed that Ply was up-

regulated during the stringent response in a Relsp-dependent manner (Kazmierczak et 

al., 2009).  

A number of transporters have also been implicated in obtaining limited 

nutrients including metals. For example the pia locus of the pneumococcal 

pathogenicity island 1 (PPI-1) has been shown to encode an important iron acquisition 

ABC transporter (Brown et al., 2002), and is required for full pulmonary and systemic 

virulence in murine models of infection (Brown et al., 2001). In addition, an ABC 

transporter required for full virulence is encoded by the psa locus, which includes the 

substrate-binding protein PsaA. PsaA has been shown to be important for manganese 

transport as PsaA-deficient mutants only grow in media supplemented with manganese 

(Dintilhac et al., 1997). Whilst PsaA has been shown to be important for colonisation 

(Section 1.3.1.1), PsaA-deficient mutants have also been shown to have massively 
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reduced virulence, which has been suggested to be due to impaired growth in a 

manganese-poor environment, reduced adherence and hypersensitivity to oxidative 

stress (Berry & Paton, 1996; Dintilhac et al., 1997; Tseng et al., 2002; McAllister et al., 

2004).  

1.3.1.4 Intra- and interspecies competition in vivo 

The pneumococcus encounters much competition from commensal bacteria for 

space and nutrients within the human nasopharynx. Interspecies competition has been 

found to occur between the pneumococcus and commensals, such as other -haemolytic 

streptocococci, leading to a balanced coexistence (Ghaffar et al., 1999). The 

competition also extends to other species capable of causing disease such as 

Haemophilus influenzae, Moraxella catarrhalis, Staphylococcus aureus and Neisseria 

meningitidis (reviewed in Bogaert et al. [2004]). Pyruvate oxidase (SpxB)-mediated 

production of hydrogen peroxide by the pneumococcus has been shown to inhibit the 

growth of H. influenzae, M. catarrhalis, S. aureus and N. meningitidis in vitro, which 

can be reversed by the introduction of catalase into the culture medium (Pericone et al., 

2000; McLeod & Gordon 1922). However, the extent to which interspecies competition 

is successful varies considerably between different strains (Margolis et al., 2010; 

Lysenko et al., 2005). In addition to its role in virulence described above, NanA has 

also been proposed to mediate interspecies competition by cleaving the terminal sialic 

acid residues of lipooligosaccharide of H. influenzae and N. meningitidis (Shakhnovich 

et al., 2002). However, co-colonisation of H. influenzae with the pneumococcus 

generally led to rapid clearance of the pneumococcus in a murine model of infection 

(Lysenko et al., 2005). The production of bacteriocins by the pneumococcus, such as 

that encoded within the blp locus, has also been implicated in both intra- and 

interspecies competition, by targeting strains that lack the specific immunity system to 

these bacteriocins (Dawid et al., 2007).  



Chapter 1- Introduction  Page | 17  

1.3.1.5 Polysaccharide capsule of the pneumococcus 

The polysaccharide capsule has often been considered to be the most important 

virulence factor of the pneumococcus, as strains lacking the capsule are avirulent in 

animal models (Avery & Dubos, 1931; Watson et al., 1990) and exhibit a significantly 

reduced capacity to colonise the nasopharynx (Magee et al., 2001). The capsule is 

important for avoidance of the host’s immune defences, which is achieved by a number 

of different mechanisms. At least 90 immunologically distinct capsular serotypes have 

been identified, which promote avoidance of the host’s immune system by providing 

population-wide antigenic variability to limit immune recognition at the species level 

(Henrichsen, 1995). The capsule also interferes with mucous-mediated clearance by 

electrostatic repulsion due to the net negative charge of most serotypes (Nelson et al., 

2007) and promotes avoidance of the host’s immune system by significantly reducing 

opsonophagocytosis (Magee et al., 2001; Hardy et al., 2001; Brown, 1985; Winkelstein, 

1984). The capsule provides an inert barrier surrounding the vulnerable cell wall, which 

contains numerous surface molecules, such as LTA and peptidoglycan that readily 

activate the alternative complement pathway (reviewed in Kenzel & Henneke [2006]; 

Guan & Mariuzza, 2007). Reduced trapping by neutrophil extracellular traps (NETs) 

adds to the repertoire of protective functions provided by the capsule (Wartha et al., 

2007). 

As will be discussed in Section 1.5, variation exists between serotypes in 

prevalence (Hausdorff et al., 2000a; Hausdorff et al., 2000b; Hausdorff et al., 2005), 

invasive potential (Brueggemann et al., 2003; Brueggemann et al., 2004; Hanage et al., 

2005; Sandgren et al., 2004; Austrian et al., 1981), age distribution (Hausdorff et al., 

2005), tendency to cause outbreaks (Hausdorff et al., 2005; Gleich et al., 2000) and 

degree of association with antimicrobial resistance (McCormick et al., 2003). Increased 

production of capsule at the surface of the pneumococcus in vitro has been shown to 
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increase virulence in vivo (MacLeod et al., 1950). Specifically, increased encapsulation 

has been shown to significantly reduce opsonophagocytosis, which is a feature of 

opaque-phase pneumococci (Kim et al., 1999) (Section 1.3.2). Additional factors such 

as metabolic cost (number of carbons or number of high energy molecules consumed 

per repeat unit), degree of encapsulation (Weinberger et al., 2009) and deposition of 

complement (Hyams et al., 2010) have been shown to differ between serotypes 

following comparisons between a number of isogenic capsule-swap mutants in various 

in vitro and in vivo assays. Differences relating to encapsulation and metabolic cost 

were shown in most cases to be associated with greater persistence in nasopharyngeal 

colonisation in both mice and humans (Weinberger et al., 2009). By contrast, Hyams et 

al., 2010 showed that when the thickness of the capsule layer was kept constant, 

serotypes 4 and 7F were found to have been bound by less complement than serotype 

6A and 23F, which was inversely correlated with neutrophil-mediated killing in vitro 

and increased virulence in vivo. Therefore, differences between serotypes in such 

characteristics as IPD-potential and carriage prevalence appear to have a capsule-

dependent component. However, there is also evidence that the serotype of the capsule 

does not alone determine the IPD-potential or carriage prevalence of a given strain. For 

example, a study where the serotype 3 capsule locus was used to replace the wild-type 

locus of a serotype 2, 5 and 6B strain, showed vastly different effects on virulence 

(Kelly et al., 1994). The serotype 3 capsule had no effect on the serotype 2 strain’s 

virulence, eliminated the virulence of the serotype 5 strain and resulted in a 100-fold 

reduction of the LD50 of the serotype 6B strain (Kelly et al., 1994). Such a wide variety 

of outcomes following replacement of different wild-type capsule loci with the serotype 

3 capsule locus highlights the importance of both the serotype and background genotype 

in IPD potential.  
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In summary, the pneumococcus possesses a vast array of factors that are 

required for virulence by promoting survival in vivo through a variety of different 

mechanisms. Whilst the above discussion of virulence factors and their roles in vivo is 

by no means exhaustive, understanding the range of mechanisms that promote IPD is 

important when attempting to identify new factors that predispose some strains to cause 

IPD, whilst others are carried asymptomatically.  

1.3.2 Pneumococcal phase variation 

Weiser et al., 1994 first identified pneumococcal phase variation by showing 

that under oblique, transmitted light on a transparent medium, three different opacity 

phenotypes of pneumococci could be observed. These included a transparent, 

semitransparent (an intermediate phase) and opaque phenotype. The frequency of 

switching between opaque and transparent phases during in vitro exponential growth 

has been shown to be highly variable between  different isolates, varying from 10-3 to 

10-6 per generation (Weiser et al., 1994). The importance of phase variation in 

pneumococcal pathogenesis has been highlighted by studies showing selection for the 

transparent phenotype during nasopharyngeal colonisation (Weiser et al., 1994; Weiser 

et al., 1996) and for adherence to lung epithelium following cytokine stimulation 

(Cundell et al., 1995b). By contrast, cytokine stimulation was shown to have no effect 

on adherence by opaque-phase pneumococci. Whilst adherence to cytokine-activated 

lung epithelial cells has been shown to be greatest in the transparent phase, prolonged 

presence of pneumococci in the lungs of infected mice has been shown to select for the 

opaque phase with one study showing that 90% of pneumococci recovered at 21 days 

post-challenge were of the opaque phase (Briles et al., 2003).  

Molecular comparisons between opaque and transparent variants have 

uncovered a range of differences relating to encapsulation, cell wall composition and 

protein expression. Opaque-phase variants have been shown to exhibit 1.2- to 5.6-fold 
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greater encapsulation than those of the transparent phase, which is thought to contribute 

to the greater systemic virulence of opaque-phase pneumococci (Kim & Weiser, 1998). 

This increased encapsulation has been shown to play a role in increased resistance to 

complement-mediated phagocytosis by reducing complement deposition (Hyams, et al., 

2010; Kim et al., 1999) and is likely to also have a role in reduced mucous-mediated 

clearance (Nelson et al., 2007). Opaque-phase variants are also characterised by 

increased PspA expression, contributing to increased inhibition of complement (Kim & 

Weiser, 1998; Tu et al., 1999; Ren et al., 2004a; Ren et al., 2004b). By contrast, 

transparent-phase pneumococci are characterised by reduced encapsulation and 

increased expression of proteins such as PspC, SpxB, LytA and NanA (Weiser et al., 

1996; Rosenow et al., 1997; Overweg et al., 2000; King et al., 2004). In particular, 

greater NanA-dependent desialation of bacterial clearance components of the 

respiratory tract (Section 1.3.1.2) has been observed in association with transparent-

phase pneumococci (King et al., 2004). Opaque-phase variants have been shown to 

possess reduced membrane fluidity when compared to those of the transparent phase, 

most likely due to differences in the proportions of various fatty acids within the 

membrane (Aricha et al., 2004). Of particular significance is the increased presence of 

ChoP in the cell wall of transparent-phase variants, which has been suggested to 

contribute to increased adherence to the nasopharyngeal epithelium and cytokine-

activated lung epithelial surfaces (Kim & Weiser, 1998; Cundell et al., 1995b). 

Transcytosis across the blood-brain barrier has also been shown to be greater in 

transparent-phase pneumococci through a process at least partly dependent on rPAF 

(Ring et al., 1998). A role for pneumococcal phase variation in long term colonisation 

has been proposed following the identification of subpopulations of transparent- and 

opaque-phase pneumococci at the surface and within the tissue of the nasopharynx, 

respectively (Briles et al., 2005). These observations support the idea that progression to 
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systemic disease might be an accidental side-effect due to an overzealous bacterium or a 

break down in the host defences. The features of the opaque phase that promote survival 

in the deeper nasopharyngeal tissue might overlap with the requirements for survival in 

the blood. 

The mechanism behind the regulation of pneumococcal phase variation has yet 

to be determined. However, the presence of an A-C box element in the genome has been 

shown to increase the rate of phase switching by 103 fold in some strains (Saluja & 

Weiser, 1995). Mathematical modelling has been used for N. meningitidis to propose 

that an increased rate of phase switching within specified ‘contingency loci’ (reviewed 

in Moxon et al. [2006]) could increase the ability of the bacterium to colonise diverse 

host environments and inadvertently increase the invasive potential of a given strain 

(Meyers et al., 2003). Such an idea would suggest that randomly arriving at a pattern of 

gene expression that promotes survival in the blood would promote invasion, which is 

supported by work in H. influenzae that suggests that blood-derived bacteria originate 

from a single cell invading and surviving in the blood, rather than as a cooperative 

process mediated by multiple cells (Moxon et al., 1978; Margolis & Levin, 2006). In 

such a model it is suggested that invasion and subsequent survival and proliferation in 

the blood is a result of short-sighted within-host evolution. However, the precise 

dynamics of invasion of the blood have yet to be established for the pneumococcus. 

Clearly much work remains to be done in order to fully understand phase variation in 

the pneumococcus. 

An alternative pneumococcal phase variation phenomenon has been observed in 

strains of serotypes 3, 8 and 37, which has been associated with the initial attachment 

stage of biofilm formation (Waite et al., 2001; Waite et al., 2003). This variation occurs 

between encapsulated and unencapsulated variants, is apparently independent of opacity 

variation and appears to be restricted to serotypes where a mucoid phenotype exists 
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(Waite et al., 2001; Waite et al., 2003). Interestingly, the unencapsulated phenotype has 

been observed during the early stages of adherence and invasion of the lung epithelium 

(Hammerschmidt et al., 2005). Capsule phase variation has been shown to be caused by 

the random gain or loss of tandem duplications within the capsule locus (Domenech et 

al., 2009; McEllistrem et al., 2007; Waite et al., 2003). 

1.3.3 Physiological states of the pneumococcus 

The pneumococcus has recently been observed to exist in two physiological 

states, which in vitro exist as planktonic growth, such as in liquid culture, or a sessile 

state, such as on agar or in a submerged biofilm (Oggioni et al., 2006). These different 

physiological states exhibit distinct patterns of gene expression that are similar both in 

vivo and in vitro and are associated with different types of disease. The sessile state is 

usually associated with colonisation of the nasopharynx, pneumonia, OM and 

meningitis (Hall-Stoodley et al., 2006; Oggioni et al., 2006). In contrast, pneumococci 

in the blood during bacteraemia are in the planktonic state (Oggioni et al., 2006).  

Biofilm formation occurs in a number of stages, commencing with the 

attachment of planktonic cells to the relevant surface, such as the nasopharynx, followed 

by the formation of cellular aggregates and finally the formation of a mature biofilm 

(Allegrucci et al., 2006). The extracellular matrix of a mature biofilm is thought to 

consist largely of polysaccharide and excreted DNA (Hall-Stoodley et al., 2006; Donlan 

et al., 2004). In addition, a competence-associated mechanism of programmed-cell 

death has been shown to be involved in the formation of the biofilm structure, by 

targeting cells based on their spatial location within the forming biofilm. In this system 

of microbial fratricide, non-competent cells undergo LytA- and CbpD-dependent 

autolysis, whilst competent cells remain immune (Havarstein et al., 2006). In addition, 

the switch between sessile and planktonic states, though not fully understood, has been 

suggested to be linked to genetic competence (Oggioni et al., 2006). The expression of 
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genes required for genetic competence has been shown to be much greater in the sessile 

state than in the planktonic state.  

The importance of biofilm formation is highlighted by increased resistance to 

environmental stresses, such as oxidative stress (Bortoni et al., 2009) and increased 

resistance to antibiotics (Hall-Stoodley et al., 2008). Furthermore, pneumococcal 

biofilms are more resistant to phagocytosis, which is thought to be facilitated by a 

greater resistance against NETs (reviewed in Urban et al. [2006]). However, an 

association between invasive potential and a tendency to undergo early biofilm 

formation was not identified in a selection of invasive and non-invasive serotype 6A 

and 6B isolates (Lizcano et al., 2010). Clearly a more comprehensive comparison of the 

kinetics of biofilm formation between different strains is required to assess the role of 

biofilm formation in invasive potential.  

1.3.4 Genetic competence in S. pneumoniae 

A biologically and historically important feature of the pneumococcus is its 

ability to undergo natural genetic transformation. Natural transformation contributes to 

the spread of antibiotic resistance (Section 1.4.1), the horizontal acquisition of virulence 

genes (Section 1.5.3.2) and vaccine escape through serotype-switching (Section 1.4.2). 

Natural transformation of the pneumococcus is achieved through a tightly regulated 

process leading to the development of a genetically competent state. Competence 

commences and ends abruptly with a window of approximately 30 mins during the early 

exponential phase of in vitro growth (reviewed in Johnsborg & Havarstein [2009]). 

Figure 1.3 summarises what is currently understood of the regulation of 

competence. Initially, competence regulation occurs through the quorum sensing 

activities of competence stimulating peptide (CSP), which is encoded by comC and 

exported by a specific transporter encoded by comAB (Havarstein et al., 1995). At a 

particular culture density, the concentration of extracellular CSP reaches a threshold  
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which activates a two-component system, encoded by comD and comE (Tomasz & 

Hotchkiss, 1964; Pestova et al., 1996; Havarstein et al., 1996). The basal expression of 

comCDE is at least partially regulated by CiaRH and StkP, which respond to unknown 

environmental signals and control global patterns of gene expression (Guenzi et al., 

1994; Giammarinaro et al., 1999; Mascher et al., 2003; Halfmann et al., 2007). 

However, potential environmental stimuli might include high phosphate concentrations, 

bovine serum albumin, CaCl2, alkaline pH and DNA-damaging agents, such as 

mitomycin C, which have been shown to stimulate competence induction under certain 

conditions (reviewed by Claverys & Harvestein [2002]; Prudhomme et al., 2006). 

Activation of the response regulator encoded by comE triggers the transcription of early 

competence genes, which include those encoding ComX and ComW, the latter of which 

is thought to protect ComX from proteolytic degradation (Lee & Morrison, 1999; 

Peterson et al., 2004; Luo et al., 2004; Sung & Morrison, 2005). ComX has been shown 

to activate the expression of late competence genes, which include those required for the 

processing and uptake of DNA from the environment and genes required for 

recombination of the acquired DNA into the chromosome (Peterson et al., 2004). In 

addition, genes such as cbpD, which are involved in the autolysis of non-competent 

sister cells and closely-related streptococcal species, are expressed and are thought to 

facilitate the acquisition of DNA from the environment (reviewed in Claverys & 

Harvestein [2007]). Presumably the acquisition of DNA from lysed non-competent cells 

is followed by selection for the optimum complement of old and newly acquired genetic 

material. Protection of competent cells is thought to be mediated by the expression of 

the early competence gene comM, which encodes an immunity protein (Havarstein et 

al., 2006). 

However, despite what is known of competence, it is still not entirely clear how 

the competent state is abruptly switched ‘on’ or ‘off’ (reviewed in Johnsborg & 



Chapter 1- Introduction  Page | 26  

Harvastein [2009]). In addition, it is not clear why a large number of clinical isolates 

have been found to be non-transformable at least in vitro (Pozzi et al., 1996). 

 

1.4 Treatment and prevention of pneumococcal disease 

and its effect on epidemiology  

1.4.1 Treatment with antibiotics 

Since the 1940s penicillin has been the treatment of choice for pneumococcal 

pneumonia. However, since the first penicillin-resistant isolate was detected in the mid 

1970s, the detection of resistant isolates has rapidly increased (reviewed in Watson et 

al. [1993]). Resistance to penicillin has come about through the modification of the 

penicillin-binding proteins to a point where they can continue to produce peptidoglycan 

in the presence of the antibiotic (reviewed in van der Poll & Opal [2009]). Of the IPD 

isolates tested for penicillin resistance in Australia in 2006, 10.6% had reduced 

susceptibility to penicillin and 2.4% of isolates were completely resistant (Roche et al., 

2008). In addition, reduced susceptibility to ceftriaxone was reported in 2.9% of IPD 

isolates tested in 2006 and 0.9% were completely resistant (Roche et al., 2008). 

The prevalence of penicillin resistant pneumococci varies widely between 

regions. A recent study has shown that the rate of resistance was approximately 74% in 

South Africa, 63% in East Asia, 54% in the Middle East, 25.7% in Southern Europe, 

6% in Northern Europe and 25% in Australia in isolates from pneumococcal 

community-acquired pneumonia (Felmingham et al., 2007). Resistance to antimicrobial 

agents, such as macrolides, fluoroquinolones, vancomycin and trimethoprim has 

increasingly been detected globally (reviewed in van der Poll & Opal [2009]). 

The genetic transformability of the pneumococcus (Section 1.3.4) has largely 

been thought to mediate the spread of antibiotic resistance (Reichmann et al., 1997), 
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though certain antibiotic resistance genes, such as those for chloramphenicol (cml) and 

tetracycline (tet), have been found associated with integrative conjugative elements 

(ICEs), such as Tn916 and Tn5252 (Croucher et al., 2009; Ding et al., 2009).   

The expansion of some S. pneumoniae clones in terms of the global distribution 

and number of isolates as a proportion of the total, has been linked to the presence of 

antibiotic resistance, such as in the pandemic carriage Spanish23F clone with the 

sequence type (ST) 81, which is resistant to penicillin, tet and cml, and frequently 

associated with fluoroquinolone resistance (reviewed in Croucher et al. [2009]). STs are 

determined following multi-locus sequence typing (MLST), which is performed to 

assess the genetic relatedness of the tested strains in a manner that is dependent on 

genetic drift over time within the genome (Section 1.5.1). Another widely distributed 

clone is the serotype 9V Spanish9V ST156 clone, which has been associated with 

resistance to penicillin and trimethoprim-sulfametoxazole (Zemlickova et al., 2006). 

Interestingly, the success of the Spanish9V clone has been suggested to be due to the rlrA 

locus, which encodes a pilus-like structure (Sjostrom et al., 2007; Barocchi et al., 2006). 

However, in this case it appears that rlrA has facilitated the spread of antibiotic 

resistance rather than selection for resistance to the antibiotic itself. 

In summary, continued work is required to ensure effective antibiotics remain as 

treatment options for pneumococcal disease. In addition, preventative treatment 

strategies such as vaccination are particularly important to reduce the reliance on current 

antibiotics and those in development, and are also required in the parts of the world 

where access to effective antibiotics is limited. 

1.4.2 Vaccination targeting the capsule 

As discussed in Section 1.3.1.5, unencapsulated strains of pneumococci are 

largely avirulent. Therefore, the first generation of pneumococcal vaccines was 

designed to target the capsule. The first such vaccines were the 14- and then 23-valent 



Chapter 1- Introduction  Page | 28  

purified polysaccharide vaccine. In particular, the 23-valent polysaccharide vaccine, 

Pneumovax® (PPSV23), was designed to include polysaccharide of the 23 serotypes 

most commonly associated with IPD (1, 2, 3, 4, 5, 6B, 7F, 8, 9N, 9V, 10A, 11A, 12F, 

14, 15B, 17F, 18C, 19A, 19F, 20, 22F, 23F and 33F). However, whilst purified 

polysaccharide antigens can elicit some protection in adults, they are poorly 

immunogenic in infants, due to an inability to stimulate a T cell-dependent immune 

response (Mond et al., 1995). In addition, whilst PPSV23 affords short-term protection 

in the elderly against IPD, the vaccine is less effective against pneumonia, which is the 

primary cause of pneumococcus-associated disease in the elderly (Mangtani et al., 

2003). In order to provide protection in infants, PCV7 was developed and has been 

licensed in the United States since 1999. PCV7 consists of the polysaccharide of the 7 

serotypes most commonly associated with IPD (4, 6B, 9V, 14, 18C, 19F and 23F) in the 

United States, conjugated to a protein carrier (CRM197), which functions to promote a 

T cell-dependent response against the included serotypes (Ahmad & Chapni, 1999). 

Prior to the introduction of PCV7, the 7 serotypes included in PCV7 represented 80 – 

90% of disease-causing serotypes in the United States, Canada and Australia, 70 – 75% 

in Europe and Africa, 65% in Latin America and 50% in Asia, which highlighted 

geographic variability in the distribution of serotypes (Hausdorff et al., 2000a). Whilst 

PCV7 affords good protection against IPD caused by the included serotypes in young 

children, protection was not much better than for PPSV23 in the elderly and so PPSV23 

remains the recommended vaccine for the elderly in most countries (reviewed in Siber 

et al., 2008).  

Since the introduction of PCV7 in Australia for high risk groups, such as 

indigenous children in 2001, and for universal vaccination in 2004, the incidence of IPD 

has reduced by 89.6% in children <2 years and by 82% in children 2 – 14 years, to 

2006, as shown in Figure 1.4.a (Roche et al., 2008). Similarly in the United States the  
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Figure 1.4 Notification rates of IPD caused by total, PCV7 and non-PCV7 serotypes in
indigenous and non-indigenous children in Australia (Roche et al., 2006)
(a) The rate of total IPD in Australia in the indicated years per 100,000 people in each age
group. Universal PCV7 vaccination of children <5 years commenced in 2004.
(b) The rate of IPD in each indicated year per 100,000 in indigenous and non-indigenous
children <2 years due to either PCV7 included serotypes (7vPCV) or PCV7 non-included
serotypes (Non-7vPCV).

  
                          NOTE:   
   This figure is included on page 29  
 of the print copy of the thesis held in  
   the University of Adelaide Library.
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incidence of IPD decreased by 76% in children <5 between the introduction of the 

vaccine in 1999 and 2007 (Pilishvili et al., 2010). However, the incidence of IPD due to 

non-PCV7 serotypes has increased by 45% in the United States, with the non-PCV7 

serotype, serotype 19A, currently responsible for 42% of all cases, which is a 324% 

increase compared to pre-vaccination (Pilishvili et al., 2010). An increase in IPD caused 

by non-PCV7 serotypes has been observed in a number of studies (Steenhoff et al., 

2006; Hsu et al., 2010; Giele et al., 2009), which also found a significant increase in the 

contribution of serotype 19A as a proportion of all IPD.  

In contrast, such an increase in the prevalence of non-PCV7 serotypes was not 

yet apparent in the most recent Australian national survey (2006), as the rate of IPD due 

to non-PCV7 remained stable in both indigenous and non-indigenous children (Figure 

1.4.b; Roche et al., 2008). However, a more recent report from Western Australia 

detected an increase in the contribution of serotype 19A to IPD, particularly in non-

indigenous children (Giele et al., 2009). Of concern for the long-term effectiveness of 

PCV7 in Australia was the significant contribution of non-PCV7 serotypes to IPD in 

indigenous communities (Figure 1.4.b), which was approximately 69.8 cases per 

100,000 compared to 13.5 per 100,000 in non-indigenous children.  

In the Finnish trials of PCV7, cases of acute OM due to PCV7-included 

serotypes were reduced by 51% in children that had received 4 doses of PCV7 

compared to non-vaccinated children. However, the incidence of acute OM due to non-

PCV7 serotypes increased by 33% in children that were vaccinated compared to those 

who were not vaccinated (Eskola et al., 2001). Following introduction of the vaccine in 

the United States an increase was also observed in the incidence of acute OM due to 

non-PCV7 serotypes, which increased by 20 % between 1999 and 2002 (McEllistrem et 

al., 2005).  
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In response to concerns over the increased rate of IPD and OM due to non-

vaccine serotypes, 10- and 13-valent conjugate vaccines have been recently licensed in 

Europe and the US, which include Synflorix® (PCV10) and Prevnar13TM (PCV13). The 

serotypes included in PCV10 in addition to those of PCV7 are 1, 5 and 7F and the 

serotypes included in PCV13, in addition to those of PCV7, are 1, 3, 5, 6A, 7F and 19A. 

Whilst the increased valency of these vaccines could afford protection against emerging 

dominant serotypes, the problem of serotype specificity will probably remain a long-

term concern, requiring repeated reformulation. 

In addition to the problem of serotype-specificity, conjugate vaccines are 

expensive to manufacture (Butler et al., 2004). Currently the three required doses of 

PCV7 cost almost $300 ($A) per child, which is well above what is feasible for many 

developing countries, where the burden of pneumococcal disease is greatest (Section 

1.1).  

Given the limitations and cost of conjugate vaccines, alternatives such as 

protein-based vaccines are currently nearing clinical trials. Formulations include 

virulence factors such as PdB (Ply toxoid), PspC and PspA (Ogunniyi et al., 2007) and 

the more recently identified surface proteins PscB and StkP (Giefing et al., 2008). 

Protein-based vaccines should theoretically provide species-wide protection due to the 

serotype-independent nature of the selected surface proteins.  
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1.5 The contribution of serotype and genomic diversity 

to invasive disease potential 

1.5.1 Multi-locus sequence typing for the genotyping of S. 

pneumoniae  

MLST was developed as a serotype-independent method for comparing the 

genetic relatedness of different strains of S. pneumoniae by sequencing defined regions 

within seven housekeeping genes, as described in Section 2.10 (Enright & Spratt, 1998). 

By comparing the sequence of these genes with a central database 

(http://www.mlst.net), individual genes are given an allele number that is used to 

generate an allelic profile and determine the ST. MLST measures the amount of genetic 

drift in the sequenced genes in order to predict the relative time that has passed since the 

STs had separated from a single clone.  

1.5.2 Association between serotype, genotype and invasive disease 

As discussed in Section 1.3.1.5, the different structures of the polysaccharide 

capsule of different serotypes have been shown to at least partly contribute to variation 

in resistance to complement deposition and opsonophagocytic killing by neutrophils 

(Hyams et al., 2010; Weinberger et al., 2009). Serotypes 1, 7F 14, 18C, 9V and 4 have 

generally been found to be associated with high or at least medium invasive potential 

and are not commonly recovered from healthy carriers (Brueggemann et al., 2003; 

Hanage et al., 2005; Sandgren et al., 2004). In particular, serotypes 1 and 7F have been 

suggested to behave as primary pathogens, as they are readily isolated from people not 

suffering from an underlying illness (Sjostrom et al., 2006). In contrast, serotypes 3, 6A, 

6B, 8, 19F and 23F are thought of as having a lower invasive potential, as they are more 

commonly recovered from healthy carriers (Brueggemann et al., 2003; Hanage et al., 

2005; Sandgren et al., 2004). In addition, serotypes of low invasive potential are most 
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commonly found to cause disease in people with underlying illness and so behave as 

opportunistic pathogens (Sjostrom et al., 2006). Interestingly, it has been suggested that 

the disease caused by serotypes that behave as primary pathogens tends to be less severe 

in both mice and humans, as defined by case fatality rate and acute physiology and 

chronic health evaluation II scores, compared with that of serotypes that behave as 

opportunitistic pathogens (Sjostrom et al., 2006). This may be due to the lack of 

underlying illness contributing to disease severity.  

In addition to the role of serotype, the role of genotype in invasive potential has 

also been shown to be significant, and in fact the considerable overlap between 

genotype and serotype might actually be responsible for much of the association 

between serotype and invasive potential (reviewed in Henriques-Normark et al. [2008]). 

The role of genotype is highlighted by differences in invasive potential between strains 

of the same serotype. For example, in one study, serotype 14 ST307 was recovered from 

only healthy carriers, whereas serotype 14 ST230, was recovered from people suffering 

from disease (Sandgren et al., 2004). In addition, closely-related clones of serotype 6B, 

STs 188 and 176, have been found to be associated with IPD in Sweden, the United 

Kingdom and Denmark, whereas less closely-related clones of the same serotype were 

found to be predominantly carried (Sandgren et al., 2004). Similarly, strong associations 

with IPD have been identified for STs 482, 191, 124, 138 and 156, with ST156 

associated with both serotypes 9V and 14. In contrast, STs 485 and 62 were found to be 

associated mainly with healthy carriers (Hanage et al., 2005). 

The role of bacterial factors as predictors of IPD potential and associated 

morbidity and mortality is controversial. Alanee et al. (2007) identified the serotype of 

isolates from 796 cases of IPD in 10 countries and found no correlation between 

serotype and IPD, or between serotype and disease severity allowing for underlying 

illness. Whilst there is some merit to the author’s counterclaims of associations between 
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underlying illness, disease severity and serotype that were claimed by Sjostrom et al. 

(2006), the lack of data collected for asymptomatic carriage by Alanee et al. (2007), 

makes the prediction of invasive potential impossible in this study. However, it is also 

worth noting that in the study by Sandgren et al. (2004), carriage isolates were taken 

from children at day-care centres, whereas the majority of disease isolates (257 of 273) 

were from hospitalised adults. Therefore, it is not possible to differentiate between the 

impact of serotype in predicting invasive potential compared to the impact of age on the 

prevalence of a particular serotype in disease. Nevertheless, the findings of Sandgren et 

al. (2004) generally correlated with that found by Brueggemann et al. (2003) and 

Hanage et al. (2005), where both carriage and invasive isolates were only collected 

from children <5 years and <2 years respectively.  

Whilst there is some controversy regarding the role of bacterial factors in 

predicting the invasive potential of pneumococcal isolates, there is compelling evidence 

that differences do exist between both serotypes and genotypes in their capacity to cause 

disease.  

1.5.2.1 Serotype one 

An important serotype of the pneumococcus is serotype 1, due to its high 

association with IPD, whilst rarely being isolated from healthy carriers (Brueggemann 

et al., 2003; Sandgren et al., 2004). 

Serotype 1 strains have recently been found in a number of studies to be 

amongst the leading causes of pneumococcal pulmonary empyema, peritonitis and 

severe meningitis (Hernandez-Bou et al., 2009; Goldbart et al., 2009; Lagos et al., 

2008; Yaro et al., 2006) and have a higher ratio of hospitalisation versus ambulatory 

care when compared to other serotypes (Alpern et al., 2001).   

Serotype 1 is ranked amongst the most commonly isolated pneumococcal 

serotypes in a number of continents including Europe, Asia, South America, Africa and 
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in indigenous communities of Australia (Hausdorff et al., 2000a; Hausdorff et al., 

2000b; Hanna et al., 2008). Despite the importance of serotype 1 disease in many parts 

of the world, PCV7 does not include serotype 1 (Section 1.4.2). However, serotype 1 is 

now included in the recently licensed PCV10 and PCV13 (CDC, 2010). The lack of 

inclusion of serotype 1 in PCV7 has seen an increase in serotype 1-associated disease in 

some jurisdictions (Byington et al., 2010; Sa-Leao et al., 2009; Kirkham et al., 2006).  

In addition, serotype 1 strains are often associated with outbreaks of IPD 

(Hausdorf et al., 2000; Dagan et al., 2000; Yaro et al., 2006; Leimkugel et al., 2005; 

Gratten et al., 1993). A particularly severe outbreak of meningitis occurred between 

2000 and 2003 in the Kassena-Nankana District of northern Ghana, which featured a 

case-fatality rate of approximately 44.4%. This was found to have been caused 

predominantly by serotype 1 ST217 and the single-locus variants ST303 and ST612 

(Leimkugel et al., 2005). Clonal expansion of the contribution of ST306 to serotype 1-

associated disease in Scotland has been proposed to be associated with the presence of a 

non-haemolytic allele of Ply (Kirkham et al., 2006; Jefferies et al., 2007).  

Given the association of serotype 1 with outbreaks of IPD and very low carriage, 

it is not surprising that the geographic distribution of serotype 1 clones has been shown 

to be quite defined (Brueggemann & Spratt, 2003). Three lineages of serotype 1 clones 

were established based on STs sharing at least four of seven alleles (Figure 1.5). 

Interestingly, the lineages reflected geographic isolation, where lineage A STs were 

predominantly from developed regions, such as the US and Western Europe, lineage B 

STs were from Africa and the small number of lineage C STs were of South American 

origin. As discussed above, Sandgren et al. (2005) suggested that whilst serotype 1 

strains were often associated with disease in patients without underlying illness, the 

disease was not severe, which was corroborated in mice. However, both Sandgren et al. 

(2005) and Sjostrom et al. (2006) only considered STs of lineage A, such as ST306 and  
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ST228, whereas STs of lineage B, such as ST217, ST303 and ST618 have been 

associated with severe cases of IPD and have been described as hypervirulent, with 

case-fatality rates of almost 50% (Yaro et al., 2006; Leimkugel et al., 2005; Antonio et  

al., 2008). Therefore, whilst host-associated differences between Europe and Africa 

cannot be ruled out, it might be possible that isolates of lineage B are inherently more 

invasive than those of lineage A.  

An interesting recent finding has been the increasing detection of serotype 1 

carriage (Smith-Vaughan et al., 2009; Nunes et al., 2008). Nunes et al. (2008) detected 

an increase in carriage of serotype 1 from 0% in 2001 and 2002 to 0.4% in 2003 and 

3.1% in 2006, which paralleled the introduction and increase in the use of PCV7 in 

Portugal. The carried clones were primarily ST306 and the double-locus variant ST228. 

In the Northern Territory of Australia, intermittent carriage of ST304 of serotype 1 was 

detected between 1992 and 2005, which was followed by clusters of serotype 1 carriage 

of ST227 in 2002 and 2003 (Smith-Vaughan et al., 2009). In the latter study, the 

detection of serotype 1 carriage was not correlated with an increase in serotype 1-

associated disease, indicating that the increased carriage did not lead to increased 

disease. The cluster of serotype 1 carriage was observed following the introduction of 

PCV7 in these communities. The relationship between the introduction of PCV7 and the 

detection of serotype 1 carriage in both studies, suggests that serotype replacement has 

occurred in these regions, as discussed in Section 1.4.2.  

As was discussed above, serotype 1 strains have been suggested to behave as 

primary pathogens due to the ability to cause disease in people without underlying 

illness (Sjostrom et al., 2006), which suggests that many serotype 1 isolates possess an 

inherent capacity for causing IPD. Hence, the study of serotype 1 isolates provides a 

good model for understanding the progression from colonisation of the nasopharynx to 

IPD, without the added complexity that comes with opportunistic and secondary 
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infections. Therefore, having both non-invasive and invasive serotype 1 isolates would 

provide a clear basis for the identification of serotype-independent properties that might 

contribute to differences in invasive potential.  

1.5.3 Contribution of genomic diversity to invasive potential 

Genomic diversity can occur via three different ways; gene gain, gene loss and 

gene change (reviewed in Pallen & Wren [2007]). Such changes can range from large 

scale acquisition or loss of genomic islands, to allelic differences between genes and 

single nucleotide polymorphisms (SNPs) within both coding and non-coding sequence. 

Such diversity has been reported between different pneumococcal isolates (Tettelin et 

al., 2001; Bruckner et al., 2004; Silva et al., 2006; Obert et al., 2006; Iannelli et al., 

2002). The ubiquitous presence of transposases, site-specific recombinases/integrases 

and insertion sequences, highlights the importance of horizontal genetic transfer 

between strains of the pneumococcus and other closely related species (Tettelin et al., 

2001; Hoskins et al., 2001). An important driver of genetic diversity in the 

pneumococcus is its capacity to undergo natural transformation (Section 1.3.4). 

Furthermore, ICEs and bacteriophages have also been found to be important drivers of 

horizontal genetic exchange (Croucher et al., 2009; Romero et al., 2009a; Romero et al, 

2009b). Rapid emergence of uniformity has been suggested to occur amongst isolates 

associated with higher invasive potential (Pallen & Wren, 2007), which is supported by 

evidence in the pneumococcus that highlights greater clonal relatedness amongst 

serotypes associated with a high invasive potential, such as serotypes 1 and 7F 

(Dagerhamn et al., 2008; Sandgren et al., 2005; Sandgren et al., 2004). This 

phenomenon is particularly pronounced during outbreaks where large groups of people 

can be infected by single or closely-related clones, such as STs 217, 303 and 618 in 

meningitis outbreaks in Ghana (Leimkugel et al., 2005). 
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Genome projects undertaken to date have shown that the pneumococcal genome 

can be divided into core- and non-core (accessory) regions (Tettelin et al., 2001; 

Bruckner, et al., 2004; Silva et al., 2006; Obert et al., 2006). The core genome contains 

regions that are presumably required for the viability of an individual cell and are 

present in all isolates of S. pneumoniae. By contrast, the accessory regions (ARs) appear 

to form a large hypothetical pool of genetic potential, which can provide genetic 

variability and adaptability. It has been predicted that approximately 50% of the 

pneumococcal supragenome represents the core genome, which suggests that the 

equivalent of half a genome worth of AR sequence exists, and is similar to other 

naturally transformable species such as H. influenzae (Hiller et al., 2007). To date 41 

ARs have been identified, using the TIGR4, R6 and G54 genomes as a reference 

(Blomberg et al., 2009). The putative association of some of these regions with 

virulence will be discussed in Section 1.5.3.2. 

1.5.3.1 Small-scale genetic variability in the pneumococcus 

Whilst the focus of the work of this thesis is on the genetic variability of 

relatively large regions of the genome, allelic variation of individual virulence factors 

and SNPs play a role in the genetic variability of the pneumococcus (reviewed in 

Mitchell & Mitchell [2010]).  

Allelic variation has been observed in a number of virulence factors, which 

includes PspC, NanA, PspA and Ply (Iannelli et al., 2002; King et al., 2005; 

Hollingshead et al., 2000; Jefferies et al., 2007; Kirkham et al., 2006; Lock et al., 

1996). For surface proteins, such as PspC, NanA and PspA, variation has been proposed 

to be driven by the need to avoid immunological detection (Iannelli et al., 2002; King et 

al., 2005; Hollingshead et al., 2000). The purpose for allelic variation in Ply is not clear. 

However, differences in the inflammatory response to non-haemolytic Ply (Littmann et 
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al., 2009), may indicate a potential Ply-mediated mechanism for differential modulation 

of the immune system. 

1.5.3.2 Accessory regions of the pneumococcal genome associated 

with invasive potential 

As mentioned above, the most recent report has identified 41 ARs, using the 

genomes of TIGR4, R6 and G54 as references (Blomberg et al., 2009). Of the 41 ARs 

identified, 24 contained genes previously identified by signature-tagged mutagenesis as 

being associated with virulence (Hava et al., 2002; Lau et al., 2001; Polissi et al., 1998). 

A number of ARs have also been identified with links to increased invasive potential 

(Silva et al., 2006, Obert et al., 2006; Blomberg et al., 2009). ARs associated with 

virulence have been found to encode genes of a variety of putative functions. A 

particularly important AR encodes the capsule locus, the contents of which vary 

between serotypes and has been studied extensively (Coffey et al., 1998; Nesin et al., 

1998). Horizontal genetic transfer between the capsule loci of different serotypes has 

been shown to result in serotype-switching, which can promote immune evasion, as 

described in Sections 1.3.1.5 and 1.4.2. In addition, an AR encoding the PPI-1 has been 

found to be associated with the pia locus (Section 1.3.1.3), and the PezAT chromosomal 

toxin-antitoxin (TA) system (encoded by pezAT), which is required for full systemic 

virulence in TIGR4 (Brown et al., 2001; Brown et al., 2004). 

A number of ARs have been suggested to be important for adherence to human 

epithelial cells and for full virulence in mice, such as the pilus encoded by the rlrA islet 

(Barocchi et al., 2006) and PsrP (Obert et al., 2006). The pilus-like structure encoded by 

the rlrA islet has been shown to be involved in adherence to the lung epithelium, 

nasopharyngeal colonisation and is a stimulator of inflammation in vivo (Barocchi et al., 

2006). However, the rlrA islet appears to be a clonal property and has not been shown 

to be preferentially associated with invasive isolates (Basset et al., 2007). Interestingly, 
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rlrA is highly represented amongst some PCV7-included serotypes (4, 6B, 9V 14) and is 

also strongly associated with pneumococci non-susceptible to penicillin (Sjostrom et al., 

2007; Basset et al., 2007; Moschioni et al., 2008; Aguiar et al., 2008). PsrP has been 

shown to contribute to adherence to lung epithelium by binding to keratin on lung cells 

(Shivshankar et al., 2009), and has been claimed to be present in a large proportion of 

cases of IPD caused by some serotypes, including 89% of IPD due to serotype 1, 88% 

caused by serotype 15B/C, 85% caused by serotype 14, 79% caused by 10A and 72% 

caused by 19A in the United States (Orihuela, 2009). However, such claims were 

dependent on psrP being present in all isolates of a particular cluster of clones and there 

have been conflicting reports of the importance of the gene to virulence (Obert et al., 

2006; Blomberg et al., 2009). 

Four large zinc metalloproteinases have been described for the pneumococcus of 

which zmpC and zmpD are found to vary in their presence between strains (Chiavolini 

et al., 2003). ZmpC has been shown to cleave human matrix metalloproteinase 9, which 

might contribute to the development of invasive disease (Oggioni et al., 2003; Camilli 

et al., 2006). However, the function of ZmpD is currently unknown. In addition, ARs 

encoding genes, such as bacteriocins with roles in intra- and interspecies competition 

have also been identified (Section 1.3.1.4), as have ARs associated with putative 

functions in the transport and degradation of sugars, such as NanC and various PTS 

systems (Pettigrew et al., 2006; Obert et al., 2006). Furthermore, a significant number 

of ARs encode proteins of unknown function.  

As discussed above, ARs have generally been reported using the genomes of 

TIGR4, G54 and R6 as references in comparative genomic hybridisation (CGH). 

However, given that Hiller et al. (2007) predicted that the sequence of approximately 33 

genomes would be required to reflect the entire pneumococcal supragenome, many 

more ARs are likely to await discovery. 
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In addition, by concentrating on a small group of relatively closely-related 

strains of the same serotype with well-characterised virulence profiles in both humans 

and mice, true genetic predictors might be identified that could be extrapolated to 

include proteins of similar function across different isolates of the pneumococcus.  

 

1.6 Preliminary studies of invasive and non-invasive 

serotype 1 pneumococci 

As discussed in Section 1.5.2.1, asymptomatic carriage of serotype 1 strains of 

STs 304 and 227 was detected in a number of indigenous communities of the Northern 

Territory of Australia (Smith-Vaughan et al., 2009). In previous work (Harvey, 2006), 

four such non-invasive isolates were obtained from the Menzie’s School of Health 

Research (MSHR) in Darwin, comprising nasopharyngeal carriage isolates (strains 1 & 

4) and acute OM isolates (strains 2 & 3) that were not associated with IPD.  

In addition, serotype 1 blood-derived isolates of indigenous origin were obtained 

from the MSHR, including strains 1662, 2977, 3415 and 5482. Similarly blood-derived 

serotype 1 isolates of non-indigenous origin were obtained from the Women’s and 

Children’s Hospital (WCH) in Adelaide, including strains 4496 and 5173.  

1.6.1 Characterisation of serotype 1 isolates in murine models of 

infection 

Initially the virulence of the clinical isolates was compared in mice, using an 

intraperitoneal (i.p.) model of infection, which found that one strain of indigenous 

origin (1861) and one strain of non-indigenous origin (4496) were significantly more 

virulent than the next most virulent strain, strain 3415. This indicated that strains 1861 

and 4496 were highly virulent and as such strain 3415 was designated intermediately 

virulent (Figure 1.6). Strain 5482 was also chosen as an intermediately virulent strain  
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due to its status as an invasive isolate in humans. In addition, strains 1 and 4 were 

selected to represent the non-invasive isolates as they represented both ST304 and 

ST227 and were of nasopharyngeal origin. However, due to the significantly retarded 

growth of strain 4, strain 2 was included in some of this work of this study. An 

alternative intranasal (i.n.) virulence model (Section 2.13.2) also confirmed that strains 

1861 and 4496 were significantly more virulent than strains 1 and 4. In addition, regular 

assessment of bacteraemia detected pneumococci only in the blood of mice challenged 

with strains 1861 or 4496, which indicated that strains 1 and 4 were unable to invade the 

blood in this model of infection (data not shown). Therefore, it was clear that, as in the 

human situation, strains 1 and 4 were unable to enter the blood, which was in contrast to 

the high level of bacteraemia achieved by both strains 1861 and 4496.  

1.6.2 Examination of known virulence factors and relationship to 

invasive potential 

As discussed in Section 1.3.1.5, the amount of capsule has been shown to 

influence resistance to opsonphagocytosis. Therefore, the amount of capsule produced 

was compared using a uronic acid assay between the different serotype 1 isolates (1, 4, 

3415, 5482, 1861 and 4496). However, no significant differences were detected and as a 

result, the capsule was considered to be unlikely to be responsible for the differences in 

invasive potential observed between these serotype 1 isolates (Harvey, 2006). 

Subsequently, Western blot analysis was used to assess the relative expression 

and apparent molecular weight of the virulence factors NanA, CbpA, LytA, PsaA, 

PspA, PiaA and Ply (Section 1.3.1). However, whilst some differences were observed, 

there were no patterns that were consistent with virulence profile. Interestingly, Ply of 

strain 4496 was found to exhibit retarded electrophoretic mobility. Subsequently, 

specific haemolytic activity was found to be significantly reduced and sequencing 

revealed nucleotide changes in ply of 4496 that were similar to those found previously 
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(Lock et al., 1996; Kirkham et al., 2006). It was interesting that despite the lack of 

significant haemolytic activity, strain 4496 was highly virulent in mice.  

1.6.3 Chromosomal toxin-antitoxin system PezAT was found only in 

strains 1861 and 4496 

Following the analysis described in Section 1.6.2, preliminary CGH was carried 

out between the highly virulent strains (1861 & 4496) and the non-invasive strains (1 & 

4) in order to identify a genetic basis for the differences observed in invasive potential 

in both humans and mice.  

Of interest though, was a small locus of genes encoding pezAT, which was 

identified in only the highly virulent strains, had previously been associated with 

virulence and is located within a variable region of PPI-1 (Brown et al., 2004). Closer 

analysis of the PPI-1 variable region and surrounding sequence from the CGH data 

suggested that both the highly virulent and non-invasive strains possessed ORFs 

homologous to TIGR4 SP_1041 – SP_1046 at the 5’ end and SP_1067 at the 3’ end of 

PPI-1. However, only strains 1861 and 4496 possessed ORFs SP_1050 – SP_1053, 

which encodes pezAT. In addition, Southern hybridisation analysis revealed that the 

intermediately virulent strains lacked pezAT. Subsequent PCR analysis of the entire 

PPI-1 variable region in the tested strains suggested that in addition to pezAT the overall 

organisation of the region encompassing PPI-1 was different between the pezAT-

positive and pezAT-negative strains. 

Given the association of pezAT and the organisation of the PPI-1 variable region 

with heightened virulence in these serotype 1 strains, it was considered important to 

characterise the sequence of the region in both groups of strains in order to determine its 

contribution to virulence. This will form a large part of the present study as detailed in 

Section 1.7. 
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1.7 Aims 

As discussed in Section 1.5.2, it is not clear how differences in the genomic 

content of pneumococcal strains influence invasive potential in a serotype-independent 

manner. In particular serotype 1 isolates have historically been found to have a high 

invasive potential with only brief carriage preceding disease (Section 1.5.2.1). However, 

since the introduction of PCV7, an increase in the detection of serotype 1 isolates has 

occurred worldwide and in particular, asymptomatic carriage has been detected in some 

regions (Section 1.5.2.1). Therefore, preliminary genomic comparisons between non-

invasive and invasive serotype 1 isolates were performed in order to identify a genetic 

basis for differences in invasive potential. As a result, an association between the 

organisation of the PPI-1 variable region, and virulence was identified (Section 1.6.3). 

Therefore, the aims of this project were to characterise the role of the PPI-1 variable 

region in virulence and identify additional regions of variation between the genomes of 

serotype 1 isolates of differing invasive potential. The specific objectives of this study 

are as follows; 

 
1. Sequence and annotate the PPI-1 variable region in non-invasive, 

intermediately virulent and highly virulent serotype 1 clinical isolates. 

2. Compare the PPI-1 variable region of the serotype 1 isolates of this study 

with isolates of other serotypes from a collection of laboratory strains and 

publicly available genomes. 

3. Determine the transcriptomic structure of the PPI-1 variable region, by 

identifying co-transcripted genes. 

4. Compare the in vivo expression patterns of PPI-1 variable region genes of 

strains 1861 and 4496 between niches in a mouse model. 
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5. Assess the effect of mutagenesis of the PPI-1 variable region on virulence in 

a mouse model of infection. 

6. Identify additional genomic differences between non-invasive, 

intermediately virulent and highly virulent serotype 1 clinical isolates by 

CGH. 

7. Identify genomic differences between the highly virulent and non-invasive 

strains by sequencing the genomes of strain 1 and strain 1861, followed by 

verification by PCR in other non-invasive, intermediately virulent and highly 

virulent strains.  

8. Assess the niche-sensitive expression of key newly-identified genes from the 

genomic comparisons of aim 7. 

 



Chapter 2 – Materials and Methods  Page | 48  

Chapter 2 - Materials and Methods 
 

2.1 Bacterial strains and plasmids 

The bacterial strains and plasmids used in this study are listed in Table 2.1. 

Table 2.1 Strains and plasmids used in the work of this thesis 
Strain Description Reference/Source 
D39 Serotype 2 Avery et al., (1944) 

TIGR4 Serotype 4  Tim Mitchell, University 
of Glasgow, Scotland 
(Aaberge et al., 1981) 

1 Serotype 1 (ST304), nasopharyngeal isolate, 
avirulent in both i.p. and i.n. mouse models 

Amanda Leach, MSHR 

2 Serotype 1 (ST304), otitis media, avirulent in 
both i.p. and i.n. mouse models 

MSHR 

4 Serotype 1 (ST227), nasopharyngeal isolate, 
avirulent in both i.p. and i.n. mouse models 

MSHR 

3415 Serotype 1, blood isolate, virulent in i.p. mouse 
model 

MSHR 

5482 Serotype 1, blood isolate, virulent in i.p. mouse 
model 

MSHR 

1861 Serotype 1, blood isolate, highly virulent in 
both i.p. and i.n. mouse models 

MSHR 

4496 Serotype 1, blood isolate, highly virulent in 
both i.p. and i.n. mouse models 

Andrew Lawrence, 
WCH 

63 Serotype 18  Laboratory collectionb 

94 Serotype 18C  Laboratory collectionb 

160 Serotype 23F, ST81 Spanish23F pandemic 
carriage clone, resistant to Penicillin, cml & tet 

Tracey Coffey, 
University of Sussex, UK 

WCH211 Serotype 11 (ST3020)^, sinusitis isolate WCH 
3773 Serotype 15B (ST199)a, trachea isolate Michael Watson, Path 

West, Western 
Australia 

WU2 Serotype 3 (ST378)^ David Briles, University 
of Alabama, USA (Briles 
et al., 1981) 

4104 Serotype 19A (ST199)  Path West 
G54 Serotype 19F isolate Laboratory collectionb 

3518 Serotype 11A (ST62)a Path West 
2663 Serotype 11A (ST 3019)a Path West 

MSHR5 11 (ST62)^ nasopharyngeal isolate MSHR 
WCH43 Serotype 4 (ST205)a blood isolate WCH 
WCH16 Serotype 6A WCH 
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WCH206 Serotype 3 (ST180)^ otitis media isolate WCH 
73 Serotype 5 Laboratory collectionb 
49 Serotype 5 Laboratory collectionb 

171 Serotype 19A Laboratory collectionb 
71 Serotype 5 Laboratory collectionb 

141 Serotype 16 Laboratory collectionb 
MSHR17 Serotype 3 (ST458)^ otitis media isolate MSHR 
MSHR1 11A (ST3021)^ nasopharyngeal isolate MSHR 
EF3030 Serotype 19F University of Alabama 

164 Serotype 7C Laboratory collectionb 
140 Serotype 16 Laboratory collectionb 
153 Serotype 9V Laboratory collectionb 
163 Serotype 35F Laboratory collectionb 
67 Serotype 23 Laboratory collectionb 

D39:BS:c t TetR, SpeR D39 mutant with cpsC replaced with 
tetM (tetR) and aad9 (speR) with cps promoter 
inserted into bgaA 

Byrne, J. (unpublished) 

Rx1 –ply 
promoter 

Rx1 Pneumolysin promoter sequence replaced 
with cmlR 

Berry, A.M., 
(unpublished) 

D39 PezT ErmR partial PPI-1 variable region deletion 
mutant (nt 942,891 - 962,708 replaced with 
ermR)* 

This study 

D391861 SpeR D39 PPI-1 variable region replacement 
mutant with PPI-1 variable region of 1861 
(replaced D39 nt 945,320 - 962,708 #)*  

This study 

D39 PPI-1 CmlR D39 PPI-1 variable region deletion mutant 
(nt 939,867 - 962,708 replaced with cmlR)* 

This study 

D391 SpeR D39 PPI-1 variable region replacement 
mutant with PPI-1 variable region of strain 1 
(replaced D39 nt 939,867 - 962,708)* 

This study 

DP1617 ErmR, NovR, StrepR derivative of Rx1 Shoemaker et al., 1979 
pVA891 ErmR, CmlR, S. pneumoniae and E. coli OriR Macrina et al., 1983 

* D39 genome sequence, Genbank Accession number CP1000410 
# Indicates where coordinates are approximate 
^ MLST on these strains was carried out by L.J. McAllister 
a. MLST on these strains was carried out by R.M. Harvey in work not included in this thesis 
b. Laboratory collection of J.C. Paton, University of Adelaide, Adelaide, Australia 
MSHR – Menzie’s School of Health Research, Darwin, Australia 
WCH – Women’s and Children’s Hospital, North Adelaide, Australia 
Abbreviations: Chloramphenicol (cml), Tetracycline (tet), Spectinomycin (spe), 
Erythromycin (erm), Novobiocin (nov), Streptomycin (strep), Origin of replication (OriR) 
 

2.2 Growth Media 

S. pneumoniae strains were grown in THY (Todd-Hewitt broth [Oxoid, 

Hampshire, England] with 1% Bacto yeast extract), SB (Serum broth [10% (v/v] donor 

horse serum in nutrient broth [10 g/l peptone (Oxoid), 10 g/l Lab Lemco powder 
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(Oxoid) and 5 g/l NaCl]), BHI (Brain Heart Infusion broth [Oxoid], TSB (Tryptic soy 

broth [Bacto]) or on blood agar (BA) plates (39 g/l Columbia base agar [Oxoid], 5% 

[v/v] defibrinated horse blood).  

Overnight (O/N) cultures of S. pneumoniae were grown in either THY or BHI + 

0.5% choline chloride (w/v) at 37 C for >16 h. Plates were also grown + 5% CO2 for 

>16 h, but in 95% air/5% CO2. 

To identify colonies of opaque or transparent opacity phenotypes (Section 

1.3.2), S. pneumoniae were grown on THY plates (THY broth with 1.5% Bacto agar) 

supplemented with 6300 U of catalase (Roche Diagnostics, Mannheim, Germany) per 

plate. After incubation at 37 C in 95% air/5% CO2 for 24 h, the colony phenotype was 

determined using oblique transmitted light, as described by Weiser et al. (1994). 

For storage, S. pneumoniae from an appropriate O/N BA plate were grown in SB 

for approximately 1-3 h or were resuspended in THY + 15% (v/v) glycerol and stored at 

-80 C. 

 

 2.3 Chemicals, reagents and enzymes 

Most chemicals used were AnalaR grade and were purchased from Ajax 

Chemicals (NSW, Australia). Tris was purchased from Progen Industries (QLD, 

Australia). Sodium dodecyl sulphate (SDS) was purchased from Sigma Chemical 

Company (MD, USA). Deoxyribonucleoside triphosphates (dNTPs) were purchased 

from Roche Diagnostics Australia (NSW, Australia). Sodium deoxycholate (DOC) was 

purchased from BDH Biochemicals (Poole, England). Enzymes were purchased from 

Roche or New England Biolabs (NEB) (distributed in Australia by Genesearch, QLD, 

Australia), where indicated. 
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2.3.1 Antibiotics 

Erm and cml were purchased from Roche and gentamycin (gen) and spe were 

purchased from Sigma. 

2.3.2 Oligodeoxynucleotides 

The oligodeoxynucleotides (primers) used in this study were purchased from 

Sigma Genosys (NSW, Australia). Primers used for real-time RT-PCR were designed 

using the online primer designing software, OligoPerfectTM (Invitrogen, 

http:///www.invitrogen.com). The desired primer parameters used when designing 

primers for real-time RT-PCR are shown in Table 2.2. 

 

Table 2.2 Parameters for design of real-time RT-PCR primers using OligoPerfectTM 
Primer Sizes (bases) Product size (bases) 

Minimum Optimum Maximum Minimum Maximum 
18 20 27 140 160 

Primer melt temperature ( C) Experimental conditions 
Minimum Optimum Maximum [Salt]  [Primer] 

30 50 80 50 mM 200 nM 
Primer % GC   

Minimum Optimum Maximum   
30 50 80   

 

Primers used in this study are listed in Table 2.3. 

 

Table 2.3 Primers used in this study 
Code# Primer name Primer sequence Primer coordinates 

a RH1045F 5’- GTC CTA GCT CAG CGA GTA GAA G -3 939,290 – 939,311 a

3,771 – 3,792b & c 

aa RHx5* 5’- CCG TTG CCT TTG CCC ACC TG -3’ 8,728 – 8,747c 

ab RHy4 5’- CCG TTA CCA TTA ATA GCA TTC TGG -3’ 7,131 – 7,154c 

ac RH1051R* 5’- CTA CCT GAC TCC ACT CTC C -3’ 943,595 – 943,580 a

8,056 – 8,074b 

ad RH1052F 5’- GTT TTC TTA TGT TAG CAG AGG C -3’ 943,956 – 943,977 a

8,435 – 8,456b 

af RH1042F 5’- GGA AAG AGA TTT CAA ATT TAT CCC -3’ 935,778 – 935,801 a 

257 – 280b & c 
ag RH1045eryR*# 5’- ttg ttc atg taa tca ctC CTT CTC GCC ACC AGA AGT 

AGG -3’ 
938,501 – 938,480a 

2,961 – 2,983b 

2,960 – 2,982c 



Chapter 2 – Materials and Methods  Page | 52  

aj RHy5 5’- CTA ACC AAG TTG TTG GGG GAG -3’ 7,708 – 7,728c 

ak RHx6* 5’- GAA ATG CGA CAA CCT CAC CC -3’ 8,132 – 8,151c 

al RH1050R* 5’- CAT CAT CAA TGC TAA TTC CCT G -3’ 
 

942,732 – 942,711 a 

7,190 – 7,210b 

am RH1053for 5’- CTA AGC CTG AAT ATC GTG ATG TAG -3’ 944,955 – 944,978 a 

9,435 – 9,458b 

an RH1042F(2) 5’- GAG GTG ATG AAA ATG GCA ACC -3’ 936,410 – 936,430 

890 – 910b 

889 – 909c 

ao RH1041R* 5’- GGG ATA AAT TTC AAA TCT CTT TCC -3’ 
 

935,801 – 935,778 a 

257 – 280 b & c 

ap RH1048R* 5’- CCG CTC TGT AGC CAT TAA TC -3’ 
 

941,868 – 941,849 a 

6,328 – 6,347b 

aq RH1053R* 5’- GTC ACG ATT CTG TTT GTA GAA CC -3’ 
 

990,643 – 990,665a 

9,488 – 9,510b 

ar RH1044R* 5’- CAG CAT TCG GAT ACA TTC TGC C -3’ 
 

945,030 – 945,008 a 

2,157 – 2,177b 

2,156 – 2,176c 
as RH1045F(2) 5’- CCT ACT TCT GGT GGC GAG AAG GC -3’ 938,480 – 938,502 a 

2,961 – 2,983b 

2,960 – 2,982c 
at RH1053F(2) 5’- GTC AGA TGG AGT TAA CGG ATG G -3’ 944691 – 944712 a 

9,171 – 9,192b 

au RH1053R(2)* 5’- CTT GAA GGA ATC TTT TCC TCC CTC -3’ 
 

944,796 – 944,773 a 

9,253 – 9,276b 

av RHz1* 5’- GGC GCT CTA AAT TCT CTA TAT CAG -3’ 21,279 – 21,302b 

aw RHz2* 5’- GAT TCC TCT TAT CGT CAT ATT CTC -3’ 20,638 – 20,661b 

ax RHw1 5’- GGA CGG TAC ATG CAG TGG TG -3’ 9,815 – 9,834b 

ay RH1045gap 5’- GCG TAT TAA TCT CCA GTA TGT C -3’ 2,814 – 2,835b 

2,813 – 2,834c 

b RH1066R* 5’- CCA TGA GGA GAT CGT CTA GGC TT -3’ 
 

1,000,963 – 1,000,985a 

12,769 – 12,791c 

ba RHw2 5’- CTC AGT CTA CGC CAG AAA AG -3’ 10,603 – 10,622b 

bb RHz3* 5’- CAA CCA CTG ATA GAG ATG TTG G -3’ 20,164 – 20,185b 

bc RHw3 5’- GTT GTA CGA GTC CAG AAA TGA C -3’ 11,045 – 11,066b 

bd RHz4* 5’- GTC CTT ACA AGA TAA TAT CCA CTA G -3’ 19,456 – 19,480b 

be RHz5 5’- GAT AAT CAA AAG ATA AGT TTG GGT C -3’ 11,775 – 11,799b 

bf RHw4* 5’- GCA TGT TAA TCC CAA TCC TTT C -3’ 18,786 – 18,807b 

bg RHz6 5’- GAG CTT GTA TTA GAA ATT GCA GAG -3’ 12,384 – 12,407b 

bh RHw5* 5’- CCT CTT AGG CAC CAA CTT GG -3’ 18,019 – 18,038b 

bi RHz7 5’- CCC CAT TTT TCA ACT TTA AAG AG -3’ 13,177 – 13,199b 

bj RHw6* 5’- GAT TTG AAA CAT ATG ATA CAA CCG G -3’ 17,337 – 17,361b 

bk RHz8* 5’- CAC TGT GTG CCC TTT ATA ATT TCC -3’ 16,696 – 16,719b 

bl RHw7 5’- GGG TAT GGT ATA ATG ACT CGG G -3’ 13,900 – 13,921b 

bm RHz9* 5’- GAA CCA ATC ACC TCT CAA AAA ACC -3’ 16,033 – 16,056b 

bn RHw8 5’- CGT ATG TAA TGA TGG TTG GAT GAG -3’ 14,499 – 14,522b 

bo RHw9 5’- GTA ATC CAA GAA TCA AGG ATG GG -3’ 14,844 – 14,866b 

bp RHz10* 5’- GAG ATG AGG GAT TTA GTA TCT TTG -3’ 15,374 – 15,397b 

bq RHz11 5’- CCT GTA GCT TTC GAG AGT AG -3’ 15,598 – 15,617b 

br 1067F(2) 5’- CCA TTC TGG CGC TCG TAT -3’ 964,511 – 964,528 a 

23,672 – 23,689b 

13,686 – 13,704c 

c RH1067R* 5’- CGA ATA GAC CAC AAT CAA GCC C -3’ 
 

963,996 – 963,975 a 

23,136 – 23,157b 

13,151 – 13,172c 

cb RH1066gapF 5’- CTG GAC ATC ATT AAT CCC TTC C -3’ 21,688 – 21,709b 

ce RH1067gapF 5’- CGA AGG ATT GTA AGG TAA GAG -3’ 963,786 – 963,806 a 

22,947 – 22,967b 
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12,961 – 12,981c 

cd RH1(5)R* 5’- CCC CTG TAA ATC ACC ACC AAA G -3’ 4,519 – 4,498c 

ce RH1(8)F 5’- CTA AGT GTG ATG CCA AGT TTT G -3’ 13,588 – 13,609b 

6,105 – 6,126c 

cf RH1(10)F 5’- GTA ATG AAA GGT GGT AAG ATT GTT G -3’ 8,925 – 8,949c 

cg RH1(11)F 5’- GTC GAA ATC TGG AAG AAG CCT AC -3’ 9,910 – 9,932c 

ch RH1(12)F 5’- GCT TTT AGA GTG ACT GAA AGT C -3’ 10,576 – 10,597c 

ci RH7F 5’- GGA ATG CTA AGC CGG ATA CAC -3’ 6,186 – 6,206b 

cj RHrt18F 5’- GAT AAT ACA CGA CAA TTG GAA GAA C -3’ 7,924 – 7,948b 

ck RH11F 5’- CTA ACC GCA GAT GAG CTA AAA C -3’ 10,173 – 10,194b 

cl RH11R* 5’- GCA CAT CTC GAC TGA TCT GTT C -3’  10,347 – 10,326b 

cm RHrt12R* 5’- CGA CCT CCT GTC AAT TCC ATC -3’ 11,197–  11,177b 

cn RHrt13R* 5’- CTC TTG AAG ACT TTT TAA AGT TGG -3’ 12,314 – 12,291b 

co RHrt5F 5’- CCG GTT GCA TAG AGA AAA ACT G -3’ 12,903 – 12,924b 

cp RHrt6R* 5’- GCG GAT TGT CAC TCA GCT AGC -3’ 13,055 – 13,035b 

cq RHrt17R* 5’- GCC CTA TTA ATT TTA TAA TTA CAA TTC -3’ 15,746 – 15,720b 

cr RHrt15F 5’- GGA AAT ACC TCT AAT TTC AAT ATA G -3’ 16,570 – 15,594b 

cs RHrt16F 5’- CAA TCA GTA GAA TCA TTC TAT CTT AC -3’ 17,208 – 17,233b 

ct RHrt14F 5’- CAG ATA TCC AAG AAG AGT AGA AAT C -3’ 17,890 – 17,914b 

cu RHrt1R* 5’- CAC CAC CAA AGA AAT CAT CGC -3’ 4,507 – 4,487b 

cv RH1048F 5’- GAT TAA TGG CTA CAG AGC GG -3’ 6,328 – 6,347b 

cw RHrt3R* 5’- GGA TTG AGC ATT TTA TCT TCT CC -3’ 7,098 – 7,076b 

cx RHrt20R* 5’- GTG TGG ATG CTG AGA ACG AAA AC -3’ 7,590 – 7,568b 

cy RHrt21R* 5’- GTT TTA GCT CAT CTG CGG TTA G -3’ 10,194 – 10,173b 

cz RHrt22F 5’- GCT CAG CCA CTC AGT CGT G -3’ 10,449 – 10,467b 

d RH0972R* 5’- GGT CAA ATC GTG ATC TTC CCT C -3’ 
 

962,828 – 962,807 a 

21,964 – 21,985b 

11,984 – 12,005c 

da RHrt4R* 5’- CAA TCT CTA CTT TCG GAT TCC TC -3’ 13,331 – 13,309b 

db RHrt8R* 5’- GAT TAT AAA ATC AAC CTG ATT TAT AGC -3’ 14,061 – 14,035b  
dc RHrt23R* 5’- GGA TTA CCT CTT GCC AAG GAA C -3’ 14,850 – 14,829b 

dd RHrt24F 5’- GAG ATG AGG GAT TTA GTA TCT TTG -3’ 15,374 – 15,398b 

de RHrt15F 5’- GGA AAT ACC TCT AAT TTC AAT ATA G -3’ 16,570 – 16,594b 

df RHrt16F 5’- CAA TCA GTA GAA TCA TTC TAT CTT AC -3’ 17,208 –  17,233b 

dg RHrt25F 5’- GTG CCA AGA TAC GTG GAA ATG G -3’ 18,726 – 18,747b 

dh RHrt10F 5’- GAG GAA TAC ATT GAT ATC GAT AAC -3’ 19,341 – 19,364b 

di RHrt11F 5’- GTA GGA TGA TAT CTC GAA TCG G -3’ 20,093 – 20,114b 

dj RH1(9)R* 5’- GTA GTA TGG ACA AGC AGC AAC -3’ 6,952 – 6,973b 

dk RH6F^ 5’- ATA CAG AGC GAA TCC TGT GG -3’ 5,273 – 5,292 b 
dl RH6R*^ 5’- GAC GAC AAT CTG GAT CTG GT -3’ 5,419 – 5,400 b 

dm RH8F^ 5’- TCA GGG AAT TAG CAT TGA TGA -3’ 7,189 – 7,209 b 
dn RH8R*^ 5’- CAT ACG TTC AAT TCC ATC CA -3’ 7,336 – 7,317 b 
do RH10F^ 5’- AAA GTT GTA GCC ATG CTT GA -3’ 8,947 – 8,966 b 
dp RH10R*^ 5’- TGA CGT TGA GCT TTC ACA TC -3’ 9,101 – 9,028 b 
dq RH15F^ 5’- TTA AGT TGG CAA ATG ACT CAG -3’ 13,379 – 13,399 b 
dr RH15R*^ 5’- CAA ATA TCC CGA TTT GAA CG -3’ 13,523 – 13,504b 
ds RH16F^ 5’- CGG AAC CAA CAA AAT TCA AG -3’ 14,375 – 14,394 b 
du RH16R*^ 5’- CAT CCA ACC ATC ATT ACA TAC G -3’ 14,520 – 14,499 b 
dv RH19F^ 5’- TTG TTA TTA CTT CAA ACG AAC ACC -3’ 16,295 – 16,318 b 
dw RH19R*^ 5’- AAC TGT CCT CCA TTT TTC ACA -3’ 16,436 – 16,416 b  
dx RH22F^ 5’- AAA GCA TTG GAA GAA TGT CG -3’ 19,524 – 19,543 b 
dy RH22R*^ 5’- AAT ATC TCC CCC TCC AAA TC -3’ 19,670 – 19,651 b  
dz RH23F^ 5’- CAG ATA GTT TCA AGC GGA AAA -3’ 20,249 – 20,269 b 
ea RH23R* 5’- GCC CTG AAA AAG CAC TCA TA -3’ 20,404 – 20,385 b  
eb RH5eryR*a 5’- ttg ttc atg taa tca ctc ctt cCA TTA AGC TAC CAT CCG 

CTT TTC -3’ 
 942,892 – 942,870a  

7,372 – 7,349b 

ec RH7eryFb 5’- cgg gag gaa ata att cta tga gGT TCA AAA TGT CCA GTT 21,865 – 21,888b 
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TGG ACA -3’ 962,708 – 962,730a 

ed RH3cmlREagI*c 5’- gag atc cgg ccg ATG AAG ATT TTC TAG AGA ATT TTC -3’ 939,832 – 939,809a 
4,313 – 4,290b 

ee RH7cml(a)xhoId 5’- ata tat ctc gag GTT CAA AAT GTC CAG TTT GGA CA -3’ 962,730 – 962,708a 
21,865 – 21,887b 

ef RH4 5’- GGG ATT ATC CCA GGC GGT AC -3’ 938,711 – 938,730a 
3,192 – 3,211b 

eg RHspec1861aR*c 5’- tac agt cgg ccg CCA TCA CTA GCA TCA AAA TTG GG -3’ 13,743 – 13,721b 
eh RHspec1861aFd 5’- tgc ata ctc gag GTT GGT GGT TAA ATC ACT TAG GTG -3’ 13,758 – 13,781b 

ei RHspec1R(2)*
c 5’- gta tat cgg ccg CGT GTG CTA AAC CTG TTA CTG -3’ 6,338 – 6,318c 

ej RHspec1Fd 5’- gac tat ctc gag GGT GTT ATG GAG CTC CGG GC -3’ 6,510 – 6,529c 

ek RH9F(1) 5’- GGG AAA AGT ATA TGG TTT TGT TG -3’ 9,320 – 9,342c 

el RH8F(1) 5’- CAG GTG GGC AAA GGC AAC GG -3’ 8,720 – 8,739c 

ef RH8R(1)* 5’- CAA CAA TCT TAC CAC CTT TCA TT -3’ 8,949 – 8,927c 

eg RH6R(1)* 5’- CGT TTT GAA CGT GGG GAG TC -3’ 6,031 – 6,012c 

eh RH11F(1) 5’- GAT ATT TCG GCA CCA TAC TCA G -3’ 10,816 – 10,837c 

ei RH1051F CGAACAGTTGATGTTCCAAAGA 7,723 – 7,744b 

ej RH24F 5’- CAA GTG GGC TAT ATG GAA CC -3’ 20,807 – 20,827b 

ek RH24R* 5’- CCA AAT ACT CTG CCA AGA AAC TC -3’ 21,098 – 21,076b 

g RH1068R(2)* 5’- CCT GAT AAT CTT CCT GCG TTG -3’ 
 

965,317 – 965,301 a 

24,462 – 24,468b 

14,476 – 14,482c  

J RH1052R* 5’- CAA TAT GCA ATT TAT CTG CTG CAC -3’ 
 

944150 – 944127 a 

8,606 – 8,629b 

k RH1046F(2) 5’- GAT GCC TGC AAG GTT CCT GAC TG -3’ 939,875 – 939,897 a 

4,354 – 4,376b 

n RHx1* 5’- CAG TTC CCA TAC CAC CTA ATT G -3’ 11,077 – 11,098c 

o RHy1 5’- CGA TGC TTG GCG TTT GGA TGT G -3’ 4,968 – 4,989b 

4,969 – 4,990c 

p RHx2* 5’- GCC TTC CCA ATA ACG TAT AAG C -3’ 10,328 – 10,349c 
q RH1067eryF# 5’- cgg gag gaa ata att cta TGA GCG CCT TGC AGT 

TGG TTC -3’ 
964,028 – 964,048 a

 

23,190 – 23,209b 

13,204 – 13,223c 

s RH1046F(4) 5’- GGC CTG AGT CGG AGT ATG CC -3’ 939,525 – 939,544 a 

4,006 – 4,025b 

4,005 – 4,024c 

t RH1041F 5’- GAG AGA TTA TCG ATG GTT ATA TTG G -3’ 935,522 – 935,546a 

1 – 25 b & c 

u RH1046R* 5’- GGC ATA CTC CGA CTC AGG CC -3’ 
 

4,006 – 4,025b 

4,005 – 4,024c 
v RHx3 5’- GTC TAC ATT CGA GAA ACG TCT T -3’ 12,162 – 12,183b 

5,835 – 5,856c 

w RHy2 5’- CAT GAA AGT CAT GCT GGA TGC GG -3’ 4,695 – 4,714b 

4,696 – 4,715c 

y RHy3* 5’- GAA GGT CCC AAA ACT AAT CCT ATC -3’ 9,467 – 9,490c 

z RHx4 5’- GGT GTT ATG GAG CTC CGG GC -3’ 6,510 – 6,529c 

- RH16SF(3)
^ 5’- CAT GCA AGT AGA ACG CTG AA -3’ - 

- RH16SR(3)
^

 5’- TGT CAT GCA ACA TCC ACT CT -3’ - 
- J293ae 5’- gat cat cgg ccg GGT TCG CGG GAA GTC TAC TAA 

G -3’ 
- 

- J254a*f 5’- tgc ata ctc gag TTA TAC CTT CTT CAA TCT GTT 
ATT TAA ATA GTT TAT AGT TA -3’ 

- 

- J214 5’- GAA GGA GTG ATT ACA TGA ACA A -3’ 5,103 – 5,125d 

- J215* 5’- CTC ATA GAA TTA TTT CCT CCC G -3’ 4,384 – 4,363d 

- RHcatFe^ 5’- tat aat cgg ccg CAA CAG CGT GAC CGA AAA TTG -
3’ 

- 

- RHcatR*f^
 5’- tat aat ctc gag GGG TTC CGA GGC TCA ACG TC -3’ - 

- RHrtcomDF^ 5’- GGT TCG TAT CAT GAG CGT TT -3’ 2,041,784 – 2,041,803a 
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- RHrtcomDR*^ 5’- CCT GAA GGA GTC ATC GTC AT -3’ 2,041,654 – 2,041,673a 

- RHrtcomXF^ 5’- AAG GCA TGC TCT GCT TAC AT -3’ 14,351 – 14,370a  
& 

1,803,041 – 1,803,060a 

- RHrtcomXR*^ 5’- TCT ACG CTT CTG ACT TTC CTG -3’ 14,473 – 14,493a  
& 1,802,918 – 

1,802,938a 

- RHrtcomWF^ 5’- GGT GAT AAT TTT GAC TGG GAA C -3’ 22,240 – 22,261a 

- RHrtcomWR*^ 5’- AAC CCC GAT TCA TTA CCA T -3’ 22,373 – 22,388a 

- RHrtcglAF^ 5’- TCA GTT GCA GTT GAA CGA AG -3’ 1,842,485 – 1,842,504a 

- RHrtcglAR*^ 5’- CTG TCG CAC CTG TCA AAC TA -3’ 1,842,353 – 1,842,372a 

- RHrtcoiAF^ 5’- AGT CCC TTG CCT CAG AAA GT -3’ 879,521 – 879,540a 

- RHrtcoiAR*^ 5’- GCC CAT GTT TTG ACT GAA AT -3’ 879,654 – 879,673a 

- 3* 5’- TGA CAG TTG AGA GAA TCT TT -3’ Whatmore et al., 
(1999) 

- 4 5’- CTT TTC TAT TTA TTT GAC CT -3’ Whatmore et al., 
(1999) 

- 5 5’- CTT TTC TAT TTA TTT GAC CT -3’ Whatmore et al., 
(1999) 

MLST aroE-up 5’- GCC TTT GAG GCG ACA GC -3’ Enright & Spratt, 1998 
MLST aroE-dn 5’- TGC AGT TCA (G/A)AA ACA T(A/T)T TCT AA -3 Enright & Spratt, 1998 
 MLST gdh-up 5’- ATG GAC AAA CCA GC(G/A/T/C) AG(C/T) TT -3 Enright & Spratt, 1998 
MLST gdh-dn 5’- GCT TGA GGT CCC AT(G/A) CT(G/A/T/C) CC -3 Enright & Spratt, 1998 
MLST gki-up 5’- GGC ATT GGA ATG GGA TCA CC -3 Enright & Spratt, 1998 
MLST gki-dn 5’- TCT CCC GCA GCT GAC AC -3 Enright & Spratt, 1998 
MLST recP-up 5’- GCC AAC TCA GGT CAT CCA GG -3 Enright & Spratt, 1998 
MLST recP-dn 5’- TGC AAC CGT AGC ATT GTA AC -3 Enright & Spratt, 1998 
MLST spi-up 5’- TTA TTC CTC CTG ATT CTG TC -3 Enright & Spratt, 1998 
MLST spi-dn 5’- GTG ATT GGC CAG AAG CGG AA -3 Enright & Spratt, 1998 
MLST xpt-up 5’- TTA TTA GAA GAG CGC ATC CT -3 Enright & Spratt, 1998 
MLST xpt-dn 5’- AGA TCT GCC TCC TTA AAT AC -3 Enright & Spratt, 1998 
MLST ddl-up 5’- TGC (C/T)CA AGT TCC TTA TGT GG -3 Enright & Spratt, 1998 
MLST ddl-dn 5’- CAC TGG GT(G/A) AAA CC(A/T) GGC AT -3 Enright & Spratt, 1998 

- RHrtcomDF^ 5’- GGT TCG TAT CAT GAG CGT TT -3’ 2,041,784 – 2,041,803i 

- RHrtcomDR^ 5’- CCT GAA GGA GTC ATC GTC AT -3’ 2,041,654 – 2,041,673i 
- RHrtcomXF^ 5’- AAG GCA TGC TCT GCT TAC AT -3’ 14,351 – 14,370i 

& 
1,803,041 – 1,803,060i 

- RHrtcomXR^ 5’- TCT ACG CTT CTG ACT TTC CTG -3’ 14,473 – 14,493i 
&  

1,802,918 – 1,802,938i 
- RHrtcomWF^ 5’- GGT GAT AAT TTT GAC TGG GAA C -3’ 22,240 – 22,261i 
- RHrtcomWR^ 5’- AAC CCC GAT TCA TTA CCA T -3’ 22,373 – 22,388i 
- RHrtcglAF^ 5’- TCA GTT GCA GTT GAA CGA AG -3’ 1,842,485 – 1,842,504i 
- RHrtcglAR^ 5’- CTG TCG CAC CTG TCA AAC TA -3’ 1,842,353 – 1,842,372i 
- RHrtcoiAF^ 5’- AGT CCC TTG CCT CAG AAA GT -3’ 879,521 – 879,540i 
- RHrtcoiAR^ 5’- GCC CAT GTT TTG ACT GAA AT -3’ 879,654 – 879,673i 
- RH06Fa 5’- GGT CCT GGT CGT GAA CAA AC -3’ 24,086 – 24,105j 

24,093 – 24,112k 

- RH06R* 5’- GCT AAA CTC CCT GTA TCA AGC G -3’ 58,233 – 58,212j 

- RH06R(3)* 5’- GCC TCT CTC AAA GCC TCC CTC -3’ 59,883 – 59,863k 

- RHrtPblBF^ 5’- GAA CGT TCA CAA CAG GAG GT -3’ 51,879 – 51,898j 

- RHrtPblBR*^ 5’- TCA TTT ACT AGG GCG ACA GG -3’ 52,020 – 52,001k 

- RH152F 5’- CAT GTA CAC CTG ATA TGA TGC G -3’ 528,307 – 528,328j 

528,333 – 528,354k 

- RH152Ra* 5’- GGT TCC TGC TCA CTT GTA TTA G -3’ 531,406 – 531,385j 

531,434 – 531,413k 
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- RH208/09F 5’- GAA GAT AGG GGA GCG GAA GAG -3’ 625,104 – 625,124j 

625,146 – 625,166k 

- RH208/09R* 5’- GGC AAA GGT ATA TCT CTC CCC -3’ 639,242 – 639,622j 

629,967 – 629,947k 

- RH224/5F 5’- GAG GAA GAG GAC ATA GAA AAT GG -3’ 628,775 - 628,797j 

682,818 – 682,840k 

- RH224/5R* 5’- GCC CTC TGT ACC GGC TGG G -3’ 685,213 – 685,195j 

685,255 – 685,237k 

- RH344F 5’- GTT GAA CCC GCA ATT CAG CCT G -3’ 1,053,577 – 1,053,598j 

1,053,650 – 1,053,671k 

- RH344R* 5’- GAC ATG TGA CCA GGA AAC CAT TG -3’ 1,117,411 – 1,117,389j 

1,117,485 – 1,117,463k 

- RHrtzmpDF^ 5’- GAA CCG GAA GTT CAT GAG AA -3’ 1,059,407 – 1,059,426j 

- RHrtzmpDR*^ 5’- CAC ATA CGG AAA GCA TTG TG -3’ 1,063,677 – 1,063,658k 

- RHumuCF 5’- CAT CGA TTG CGG ACT GGA GCC T -3’ Henderson-Begg et al., 
2009 

- RHumuCR* 5’- CGC TTT GTG TTA TGA GTC GTG C -3’ Henderson-Begg et al., 
2009 

- RHint5252F 5’- TTA AGC CAA TGC AGA AAT GC -3’ Henderson-Begg et al., 
2009 

- RHint5252R* 5’- CCA TGC AAT GGA AAA ACC TC -3’ Henderson-Begg et al., 
2009 

- RHint916F 5’- GCG TGA TTG TAT CTC ACT -3’ Henderson-Begg et al., 
2009 

- RHint916R* 5’- GAC GCT CCT GTT GCT TCT -3’ Henderson-Begg et al., 
2009 

- RH383F 5’- CAA CAC GTC CAT AAT GAG CTG TAC -3’ 1,252,783 – 1,252,806j 

1,252,850 – 1,252,873k 

- RH383R* 5’- CAG AGC GTT ATT ATA AGC TCC CC -3’ 1,278,553 – 1,278,531j 

1,278,617 – 1,278,595k 

- RH386Fa 5’- GGG ACT GTA TAT GAA CGA ACG C -3’ 1,260,270 – 1,260,291j 

1,260,337 – 1,260,358k 

- RH386F(2) 5’- YGA ATC CTG TGG AAC TAC TCC -3’ 1,257,753 – 1,257,773j 

1,257,820 – 1,257,840k 

- RH386R(2)* 5’- GCC ATA TAG CAT TGT CCA TAA CG -3’ 1,272,092 – 1,272,070j 

1,272,137 – 1,272,159k 

- RH386F(3) 5’- GAA GGA GRT GAT AAA GTC CAT C -3’ 1,272,256 – 1,272,277j 

1,272,323 – 1,272,344k 

- RH386R(3)* 5’- GGG GCA GTA TGG GAC TAC ATT TGG -3’ 
5’- GGG GAA GTA TGG GTC TAC ATT TGG -3’ 

1,068,657 – 1,068,680k 

- RH430F 5’- CTC TAT TAC CTC TTA TTA TAC CAC -3’ 1,506,959 – 1,506,982j 

1,507,033 – 1,507,056k 
- RH430R* 5’- CAA TAC AGA ACT AAA TCC TTC GG -3’ 1,508,581 – 1,508,560j 

1,507,656 – 1,508,634k 

- RH434Fa 5’- GTT AAG AAG TAT CGT ACG ACT TGG -3’ 1,509,535 – 1,509,558j 

1,509,610 – 1,509,632k 

- RH434Ra* 5’- GGT GTC ATG ATG TTG GTC TTT AC -3’ 1,517,257 – 1,517,235j 

1,517,332 – 1,517,310k 

- RH467F 5’- GAT ACA TGG TCA ATA CCT CTA C -3’ 1,653,619 – 1,653,640j 

1,653,702 – 1,653,723k 

- RH467R* 5’- CCA CTC CGT GAT ACC ATC C -3’ 1,656,637 – 1,656,619j 

1,656,718 – 1,656,700k 

- RH469F 5’- GCG CAT AAC CTG AAA CAT ATG C -3’ 1,659,021 – 1,659,042j  
1,659,102 – 1,659,123k 

- RH469R* 5’- CTT GTT AGC AGA GCT GGA AAA G -3’ 1,660,672 – 1,660,651j 

1,660,751 – 1,660,730k 

- RH513F 5’- GAA GAA TTA CCT CAT CCA ACT TG -3’ 1,957,613 – 1,957,635j 

1,957,707 – 1,957,729k 
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- RH513R* 5’- GTC TTG TTC GTA GGA CTC GCC -3’ 1,959,167 – 1,959,147j 

1,959,260 – 1,959,240k 

- RHPspAF 5’- CCC GTA AGT CAG TCT AAA G -3’ 153,339 – 153,356j 

153,356 - 153,370k 

- RHPspAR* 5’- CCA TGA ATC GTT GTA TTG GAG CC -3’ 154,559 – 154,537j 

154,581 – 154,559k 

- RHPrtAF 5’- CTT CAA AGG ATA CTG AAG AAA AG -3’ 593,541 – 593,563j 

593,578 – 593,600k 

- RHPrtAR* 5’- CAG AAT AGA TTT TAC CAG ATT CC -3’ 598,121 – 598,099j 

598,159 – 598,137k 

- RH316F 5’- GTG TTG ACC TTA ACG TAG GTT AAG -3’ 931,379 – 931,102j
 

931,441 – 931,464k 

- RH316R* 5’- GGG CTC CAA AAT CAA GCA GAT AC -3’ 931,925 – 931,903j 

931,970 – 931,949k 

- RHseqhylAF(2) 5’- GAG CAA GTG TTC AAG TTG GT -3’ 305,949 – 305,965j 

305,975 – 305,994k 

- RHhylAF 5’- GTC GGA TGG AAG ATA TTG TTG AAG -3’ 304,294 – 304,317j 

304,320 – 304,343k 

- RHhylAR* 5’- CCG AAG ATA TTT AGC CTT CTT CG -3’ 307,754 – 307,731j 

307,747 – 307,769k 

- RHPhtD(a)F 5’- CCT TAT GAT GCC ATC ATC AGT G -3’ 922,342 – 922,363j 

922,403 – 922,424k 

- RHPhtD(a)R* 5’- GGT AAT GGT CAT AAT GAG GTA TG -3’ 923,986 – 923,964j 

924,047 – 924,025k 

- RHPhtD(b)F 5’- CCG TCT TCT GTT GTG TAC TTG C -3’ 1,137,802 – 1,137,827j 

1,137,874 – 1,137,895k 

- RHPhtD(b)R* 5’- CTC ATG CGG ATA ATG TCC GTA C -3’ 1,139,038 – 1,139,017j 

1,139,110 – 1,139,089k 

- RHrt0083F^ 5’- TGG CTC AGG CTA TAT GCT TT -3’ 58,480 – 58,499j 

- RHrt0083R*^ 5’- TCA TGG CAC CTT CTA CAT CA -3’ 58,622 – 58,603j 

- RHrt0747F*^ 5’- TCC AGT CAG GAA TCT CCA TC -3’ 682,959 – 682,940j 

- RHrt0747R^ 5’- AAA GAG TTG AGG CAA GAC GA -3’ 682,817 – 682,836j 

- RHrt1340F*^ 5’- GTT GAC CTA GAT GCG GAA AA -3’ 1,252,969 – 1,252,950j 

- RHrt1340R^ 5’- CAC GAA CCA CAC TTT CAT TG -3’ 1,252,813 – 1,252,832j 

- RHrt1353F*^ 5’- CGT CCA GAA TAT CCA GGT GT -3’ 1,263,338 – 1,263,319j 

- RHrt1353R^ 5’- TTC CTT CGA TTG CGT AGA TT -3’ 1,263,077 – 1,263,096j 

* Reverse complementary to target 
# Only PPI-1 primers were designated a code 
^ Primers designed with parameters in Table 2.2 
Lowercase type indicates non-homologous sequence to target 
Underlined type indicates e. EagI site; f. XhoI site; g. anneals to J214; h. anneals to J215 
Coordinates derived from a. TIGR4 Genbank accession number AAGY00000000; b. strain 1861 (PCR 
t – g); c. strain 1 (PCR t – g); d. pVA891 (Macrina et al., 1983); i. D39 Genbank accession number 
CP1000410; j. strain 1861 consensus sequence (Section 5.3); k. strain 1 consensus sequence 
(Section 5.3) 

 

2.4 Serotyping of pneumococcal strains 

Serotyping of clinical isolates was performed by the MSHR, Darwin, Australia 

and the WCH, North Adelaide, Australia. 
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2.5 Optochin sensitivity 

In order to distinguish between S. pneumoniae and other bacterial species with 

similar colony morphology, colonies were tested for optochin sensitivity (an intrinsic 

characteristic of S. pneumoniae) by plating on BA in the presence of a 5 g optochin 

disc (Oxoid) and incubating at 37 C in 95% air/5% CO2 for >16 h. A zone of growth 

inhibition surrounding the optochin disc confirmed S. pneumoniae.  

 

2.6 Bioinformatic software 

2.6.1 Sequence analysis 

Genomic sequence reads were analysed using SeqMan Pro from Lasergene® 

version 8 (DNASTAR Inc.). Prediction of open reading frames (ORF) and searches for 

direct and inverted repeats were performed using DNAMAN version 4.15 (Lynnon 

BioSoft, Quebec, Canada). Homology profiles of large regions of sequence were 

undertaken using the Artemis Comparison Tool (ACT) version 8 (Genome Research 

Limited, http://www.sanger.ac.uk/Software/ACT/v8). Comparison files for ACT were 

generated using Double ACT version 2 (Health Protection Agency, http://www.hpa-

bioinfotools.org.uk/pise/double_act.html). ClustalW alignments were performed using 

the alignment tool at http://align.genome.jp/. Promoter prediction searches were 

performed using the tool at http://www.fruitfly.org/seq_tools/promoter.html. Rho-

independent transcription terminators were predicted using the tool at 

http://www.softberry.com.  

2.6.2 Search engines 

The sequence search engines of the online databases at the National Center for 

Biotechnology Information (NCBI) (http://blast.ncbi.nlm.nih.gov/Blast.cgi) and the 
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Kyoto Encyclopaedia for Genes and Genomes (KEGG) (http://www.genome.jp/kegg) 

were used to identify homologous nucleotide or amino acid sequences of predicted 

ORFs and motifs. In addition, the HHpred search engine 

(http://toolkit.tuebingen.mpg.de/hhpred) was used to confirm the results of sequence 

searches performed on the NCBI and KEGG databases and for proteins for which a 

known ortholog was not present in either the KEGG or NCBI databases. The HHpred 

search engine performs Hidden Markov Model (HMM) comparisons between the query 

sequence and databases of protein structures. HMMs contain information on the 

conservation of each residue position, which increases the sensitivity of the searches 

when compared to sequence-only search engines. 

 

2.7 Preparation of frozen stock cultures for in vitro 

growth measurements 

Frozen stock cultures were made by growing the relevant strain in 10 ml THY to 

A600 0.5 – 0.6. The precise culture density to which strains were grown was kept 

consistent within experiments. Cultures at the desired density were placed on ice and 

then concentrated at 3,200  g for 20 mins at 4 C and resuspended in 1/10th of the 

starting volume with THY + 15% glycerol, which were kept at -80 C in 100 l aliquots 

until required. A600 readings were taken using 1 ml aliquots of the relevant culture in 1.5 

ml disposable cuvettes (PLASTIBRAND®) and the OD600 DiluPhotometer™ (Implen, 

Munich, Germany).  
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2.8 Transformation of S. pneumoniae  

2.8.1 Preparation of competent cells 

Pneumococci were grown in complete-CAT (cCAT) medium (10 g/l Bacto 

Casamino acids [Difco], 5 g/l Bacto Tryptone, 5 g/l NaCl, 10 g/l Bacto yeast extract, 

4% [v/v] 0.4 M K2HPO4, 0.002% [w/v] glucose, 150 mg/l glutamine) to an A600 of 0.5 – 

0.6, then diluted to an A600 of 0.02 in CTM medium (cCAT supplemented with 0.2% 

[w/v] bovine serum albumin [BSA], 1% [v/v] 0.01 M CaCl2) and grown to an A600 of 

0.2. Cells were subsequently pelleted at 3,200  g for 20 min, resuspended in 1/10th 

volume CTM pH 7.8 + 15% [v/v] glycerol, and stored at -80 C in 50 l aliquots. 

2.8.2 Transformation of S. pneumoniae 

500 l of CTM-pH 7.8 and CSP-1 to a final concentration of 100ng/ml 

(Havarstein et al., 1995) (obtained from Chirontech, Victoria, Australia) were added to 

a 50 l aliquot of competent pneumococci. The cells were subsequently incubated for 5 

– 20 mins (optimised for each batch of competent cells) at 37 C, before addition of 

approximately 1 ng donor DNA. Subsequently the transformation mix was incubated 

for 30 min at 32 C before incubating further at 37 C for 2 – 4 h. After incubation, cells 

were plated onto BA supplemented with the appropriate antibiotic, and incubated for 

>16 h at 37 C in 95% air/5% CO2. 

2.8.3 Electrotransformation of S. pneumoniae 

The method for the electrotransformation of S. pneumoniae was based on the 

protocol described by Lefrancois and Sicard (1997). Strains were grown in cCAT to 

OD600 0.6 – 0.8, and then were washed and resuspended in 1/10th starting volume of 

electroporation medium (0.5 M Sucrose; 7 mM potassium phosphate, pH 7.5; 1 mM 

magnesium chloride), whilst on ice. Electroporation was carried out at 1.25 kV and 25 
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F, following the addition of the relevant DNA. Immediately following electroporation, 

pre-warmed SB was added to the mixture of cells, which were then incubated for 2 h at 

37 C. Subsequently, cells were spun down and resuspended in 100 l SB before 

spreading onto BA supplemented with the relevant antibiotic. 

 

2.9 DNA isolation and manipulation 

2.9.1 Agarose gel electrophoresis 

DNA was electrophoresed through horizontal agarose gels (0.6-2.5% [w/v] 

agarose dissolved in Tris Borate and EDTA (TBE) buffer [44.5 mM Tris, 44.5 mM 

boric acid, 1.25 mM EDTA, pH 8.4]) immersed in TBE buffer at 180 V. Prior to 

loading DNA samples, a 1/10th volume of loading buffer was added (15% [w/v] Ficoll, 

0.1% [w/v] bromophenol blue, 100 ng/ml Rnase A). Gel staining was undertaken with 3 

 GelRedTM (Biotium) + 0.1 M NaCl in MilliQ (MQ) H2O for ~ 30 min at room 

temperature (RT), as described in the manufacturer’s instructions. DNA bands were 

visualised by transillumination with short wavelength UV using the Gel Doc XR system 

(Bio-Rad, NSW, Australia). Approximate sizes of visualised fragments were calculated 

by comparison of their mobility with that of DNA size markers. The markers used in 

this study included EcoR1-Digested Bacillus subtilis bacteriophage SPP-1 DNA 

(Geneworks, SA, Australia) with fragment sizes of 8.56, 7.43, 6.11, 4.90, 3.64, 2.80, 

1.95, 1.88, 1.52, 1.41, 1.16, 0.99, 0.71, 0.49, 0.36 and 0.08 kb and 1 kb-plus ladder 

(Invitrogen, Vic, Australia) with fragment sizes of 12, 11, 10, 9, 8, 7, 6, 5, 4, 3, 2, 1.65, 

1, 0.85, 0.65, 0.5, 0.4, 0.3, 0.2 and 0.1 kb. Also used was HindIII restricted 

bacteriophage lambda DNA (Geneworks) with fragment sizes 23.1, 9.41, 6.55, 4.31, 

2.32, 2.02, 0.56 and 0.12 kb.  
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2.9.2 S. pneumoniae chromosomal DNA isolation for applications 

other than CGH and next generation sequencing 

S. pneumoniae chromosomal DNA was isolated using the Wizard Genomic 

DNA purification kit (Promega, WI, USA), according to the manufacturer’s instructions 

with the following modifications; cells were lysed by re-suspension in 200 l 50 mM 

EDTA, 0.1% (v/v) DOC. Following the removal of supernatant after protein 

precipitation, DNA was precipitated using 2.5  supernatant volume of 100% ice-cold 

ethanol. DNA was spooled using a Pasteur pipette, washed in 70% (w/v) ethanol and 

resuspended in 1  Tris EDTA (TE). 

2.9.3 S. pneumoniae chromosomal DNA isolation for CGH and next 

generation sequencing 

20 ml O/N cultures of S. pneumoniae were split into two, centrifuged at 3,200  

g for 20 min at RT and pellets were resuspended in 4 ml buffer (0.1 M sodium citrate, 

0.14 M sodium chloride, pH 7.8). DNA-containing buffer was extracted with Tris-HCl 

equilibrated Phenol (pH 7.5), until any white interface material between the aqueous 

and phenol phases had been completely removed. Each extraction included adding an 

equal volume of phenol to buffer, mixing gently for 1-2 min and separating the aqueous 

and phenol phases by centrifugation at 1,620  g for 5 min at RT. Following the phenol 

extractions, contaminating phenol was removed from the aqueous phase by extracting 

twice with an equal volume of chloroform. DNA was precipitated in 2  volume 100% 

ice cold ethanol and 1/10th volume 3 M sodium acetate. Precipitated DNA was spooled 

using a Pasteur pipette, washed in 70% (w/v) ethanol and resuspended in ~500 l 1  

TE per initial starting 20 ml culture. 
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2.9.4 Restriction endonuclease digestion of DNA 

Restriction endonuclease digestion of DNA was carried out at a DNA 

concentration determined by its subsequent use and with 1-2 U of the relevant 

restriction enzyme, in the appropriate buffer according to the manufacturer’s 

instructions (NEB). Reactions took place at the manufacturer’s suggested temperature 

for 1-16 h. Restriction digests were analysed by agarose gel electrophoresis, as 

described in Section 2.9.1. 

2.9.5 DNA Ligation 

DNA ligation reactions were performed using T4 DNA ligase (Roche 

Diagnostics). Each reaction contained approximately 3 U of T4 DNA ligase, 10  T4 

DNA ligase buffer and 500 ng of each ligation substrate and was incubated at RT O/N 

to complete the reaction.  

2.9.6 Polymerase chain reaction 

PCR reactions were performed using either G-STORM GS482 (Gene 

Technologies, UK), PCRSprint (Hybaid) or Mastercycler (Eppendorf, NSW, Australia) 

thermal cyclers, in a final volume of either 25 l or 50 l. Standard reactions were 

carried out using Taq DNA polymerase (Roche diagnostics), as described by the 

manufacturer’s instructions, with the exception that the buffer was used at 1.6  

concentration. The Expand™ Long Template PCR System and Expand™ High Fidelity 

PCR System (Roche Diagnostics) were used where either amplification of long 

templates or high-fidelity amplification was required. Long-range PCRs included 3% 

(v/v) DMSO. Typical reaction conditions comprised 25 cycles of denaturation at 94 C 

(92 C for long templates >10 kb) for 30 s, annealing at 55 C for 30 s and extension at 

68 C for various lengths of time (approximately 1 min for each kb of expected PCR 

product). 
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2.9.7 PCR product purification 

PCR products were purified using the MinElute® PCR purification kit as 

described in the manufacturer’s instructions (Qiagen, Vic, Australia). When DNA was 

to be used for transformation or sequencing reactions, it was eluted in MQ H2O. 

2.9.8 DNA sequencing 

DNA sequencing was performed using the thermal cyclers described in Section 

2.9.6. Reactions were performed in 20 l volumes, consisting of ~25 ng template DNA, 

10 M oligonucleotide primer, 3 1 BIG DYE terminator buffer and 1 l BIG DYE 

terminator mix (version 4). The sequencing reaction consisted of 25 cycles at 96 C for 

30s, 55 C for 15s and 60 C for 4 min, followed by holding at 4 C. The reaction product 

was purified by adding 1 l glycogen, 20 l MQ H2O, and 60 l 100% isopropanol. 

DNA was precipitated at RT for 15 – 180 min, and then centrifuged at 16,000  g for 30 

min at 4 C. Pelleted DNA was washed with 250 l of 75% isopropanol and centrifuged 

for 20 min as before. The supernatant was removed and the pellet dried at 65 C for 10 

min. Sequencing reactions were run by SA Pathology, Adelaide, using an Applied 

Biosystems 3730 model automated sequencer. 

2.9.9 Next generation sequencing 

The genomes of S. pneumoniae strains were sequenced by Geneworks, 

Adelaide, using the Illumina® Genome Sequence Analyzer II as 35-bp reads from 

chromosomal DNA, which was prepared as described in Section 2.9.3. Generated 

sequence was assembled by Geneworks using SeqMan NGen™ version 1.2 

(DNASTAR Inc.). Sequence data obtained from Geneworks was analysed using the 

software described in Section 2.6.1 and by methods which are described in more detail 

in Chapter 5. 
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2.10 Multi-locus sequencing typing of S. pneumoniae 

strains 

STs for S. pneumoniae strains were determined as per the instructions at 

http:///www.mlst.net by amplifying and sequencing defined regions of seven 

housekeeping genes; shikimate dehydrogenase (aorE), glucose-6-phosphate 

dehydrogenase (gdh), glucose kinase (gki), transketolase (recP), signal peptidase I (spi), 

xanthine phosphoribosyltransferase (xpt) and D-alanine-D-alanine dehydrogenase (ddl) 

(Enright & Spratt, 1998). Primers used for amplification and sequencing of the seven 

target genes are shown in Table 2.3. The nucleotide sequence derived from each gene 

was subsequently compared to the S. pneumoniae database, where each gene was 

designated a number that corresponds to a previously identified identical sequence. The 

allele numbers for all seven genes together form the allelic profile, which was compared 

to the database for determination of the ST. Where either a unique allele was sequenced 

or a new allelic profile was identified, the relevant information was submitted to the 

database curator for designation with a unique ST number. 

  

2.11 Comparative genomic hybridisation 

2.11.1 Generation of microarray probes 

Approximately 20 g of genomic DNA was isolated (Section 2.9.3), digested 

with Sau3a (Section 2.9.4) and purified (Section 2.9.7). Labelling of genomic DNA was 

performed using the Genisphere Array 900 DNA™ DNA labelling kit (Genisphere, 

P.A., USA), as described in the manufacturer’s instructions. 

Extension products were purified as described in Section 2.9.7 and eluted in 20 

l MQ H2O. Eluted samples were dried and resuspended in 4.5 l MQ H2O containing 
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either suspended Alexa Fluor® 555 Reactive Dye (Invitrogen) or Alexa Fluor® 647 

Reactive Dye (Invitrogen). The labelling reaction was allowed to proceed for at least 1 h 

at RT and then quenched with 4.5 l 4 M hydroxylamine for 15 min. Both samples were 

then mixed, purified (Section 2.9.7) and eluted with 20 l of MQ H2O. 

2.11.2 Hybridisation to microarray slides 

Microarray slides were obtained from the Bacterial Microarray Group at St. 

George’s Hospital, University of London, and consisted of PCR products for each of the 

identified ORFs of the S. pneumoniae TIGR4 genome, supplemented with additional 

PCR products of ORFs identified in the sequence of S. pneumoniae R6.  

The microarray slide was blocked with blocking solution (1 % [w/v] BSA, 0.1 % 

[v/v] SDS and 3.5  SSC [20  SSC contains 0.15 M NaCl, 0.15 M sodium citrate]), at 

65 C for 30 min. Following blocking, the slide was washed twice with MQ H2O and 

twice with isopropanol. The slide was dried using nitrogen gas. 

The hybridisation mix (20 l probe, 3.4 l 20  SSC and 0.6 l 10% [v/v] SDS) 

was heated at 95 C for 5 min, dispensed on the slide and covered with a cover slip. The 

slide was incubated at 65 C O/N in a humidified chamber. The following day the slides 

were washed for 15 min in 2  SSC + 0.03% (v/v) SDS at 65 C, then for 15 min in 1  

SSC at RT and finally for 15 min in 0.2  SSC at RT. The slides were dried using 

nitrogen gas and scanned using a GenePix 4000B scanner (Molecular Devices CA, 

USA). Images were acquired using Gene Pix Pro 6.0 (Axon). 
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2.12 RNA Isolation, Manipulation and Analysis 

2.12.1 Acid-phenol RNA extractions 

RNA was isolated from bacterial cell pellets with acid-

phenol:chloroform:isoamyl alcohol (25:24:1; pH 4.5, Ambion, Austin, TX., USA) as 

described previously (Ogunniyi et al., 2002). Cells were pelleted by centrifugation at 

15,500  g for 20 min at 4 C and after removing the supernatant, the pellet was 

resuspended in 400 l pre-warmed acid-phenol and incubated at 65 C for 5 min before 

adding 400 l pre-warmed NAES (50 mM sodium acetate, 10mM EDTA, 1% [w/v] 

SDS, pH 5.1, treated with diethyl pyrocarbonate [DEPC]), mixing and incubating at 

65 C for a further 5 min. Subsequently, a 1 min incubation on ice was carried out, 

followed by centrifugation at 15,500  g for 2 min at 4 C. The supernatant was then 

removed and washed with 400 l of pre-warmed acid phenol to commence the second 

round of extraction. 2-3 rounds of extraction were performed until any white interface 

material between the aqueous and organic phases had been completely removed. 

Following the extractions, RNA was precipitated by adding 2 volumes of 100% ethanol 

and 1/10th volume 0.05% (w/v) DEPC-treated 3 M sodium acetate to the remaining 

aqueous phase, in the presence of 40 ng/ l glycogen (Roche) (in vivo samples only) and 

incubated at -80 C for >2 h. Following precipitation, the RNA was pelleted by 

centrifugation at 15,500  g for 30 min at 4 C, the supernatant removed, the pellet 

washed in 70% (w/v) ethanol by pipetting up and down and then repelleted by 

centrifugation at 15,500  g for 20 min at 4 C. Subsequently, the supernatant was 

removed and residual ethanol in the pellet was removed by drying in a SpeedVac for 5 

min. The dried pellet was then resuspended in 18 l nuclease-free water (Roche). Prior 

to DNase treatment, resuspended RNA was heated at 95 C for 3 min to denature any 

RNA:DNA complexes that could otherwise escape DNase treatment. Contaminating 
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DNA was degraded by treatment with 10 U RNase-free DNase (Roche) at 37 C for 1 h 

in the presence of 1 U/ l RNasin ribonuclease inhibitor (Promega Life Sciences, WI., 

USA). Successful removal of DNA contamination was assessed by one-step RT-PCR 

using the Access RT-PCR system kit (Promega), which was carried out as described in 

Section 2.12.5, using primers RH16sF(3) and RH16sR(3) (Table 2.3). Successful 

treatment was determined by the absence of amplification in reactions lacking the 

reverse transcriptase enzyme. 

2.12.2 Enrichment for prokaryotic RNA 

Extracted in vivo RNA samples (Section 2.12.1) were initially purified by using 

the RNeasyTM minikit (Qiagen). Prokaryotic RNA derived from the lungs of infected 

mice was enriched using the MICROBEnrichTM kit (Ambion), as described in the 

manufacturer’s instructions. 

2.12.3 RNA amplification 

Following RNA extraction (blood- or nasal wash-derived RNA) or prokaryotic 

RNA enrichment (lung-derived RNA), samples were purified using the RNeasyTM mini 

kit (Qiagen). RNA was then amplified in a linear fashion using the SenseAmpTM RNA 

amplification kit (Genisphere, Hatfield, PA., USA), according to the manufacturer’s 

instructions. In most cases a second round of amplification was required and this was 

undertaken in accordance with the manufacturer’s instructions. Amplified RNA was 

stored at -80 C until required. 

2.12.4 Generation of cDNA 

The generation of cDNA from RNA was performed by adding equal weight of 

random primers (Invitrogen) to RNA, followed by incubation at 65 C for 5 min and 

incubation on ice for 1 min. The mix was made up to a total volume of 14 l with MQ 
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H2O before adding 4 l first strand buffer, 1 l 0.1 M DTT and 1 l Superscript® III 

(200 U) and incubating at RT for 5 mins. Reverse transcription was undertaken by 

incubating the mix at 50 C for 1 h. Reverse transcription was performed in a thermal 

cycler to reduce condensation on the tube lids. Following reverse transcription, cDNA 

was purified using the MinElute® PCR purification kit as described in Section 2.9.7, 

with an additional wash with 80 % ethanol (w/v) following the PE buffer wash.  

2.12.5 Reverse transcription polymerase chain reaction (RT-PCR) 

RT-PCR for the purpose of detecting DNA contamination of samples was 

carried out using the Access RT-PCR System (Promega) according to the 

manufacturer’s instructions. A standard 12 l RT-PCR reaction contained DEPC-treated 

water, 0.2 mM of each dNTP, 1 M of each primer, 1mM MgSO4, AMV/Tfl reaction 

buffer, 0.1 U// l AMV Reverse Transcriptase, 0.1 U// l Tfl DNA polymerase, 0.25 l 

RQ1 DNase stop solution and 0.25 l of the relevant template. A control reaction was 

run in tandem, lacking reverse transcriptase and thus amplification would only be 

possible if DNA contamination was present.  

RT-PCR was carried out initially with a reverse transcription cycle at 48 C for 

45 min, followed by 25 cycles of amplification comprising denaturation at 95 C for 30s, 

annealing at 55 C for 30 s and extension at 68 C for 20s.  

2.12.6 Real-time RT-PCR 

Real-time RT-PCR was performed using the Superscript™ III Plantinum® 

SYBR® Green One-Step qRT-PCRkit (Invitrogen), with specifically designed primers 

(Section 2.3.2).  

Real-time RT-PCR was carried out using a LightCycler® 480 II (Roche). The 

cycling program used for real-time RT-PCR was 50 C for 15 min, 95 C for 5 min 

followed by 40 cycles of 95 C for 15 s, 55 C for 30 s and 72 C for 15 s. The acquisition 
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of fluorescence was undertaken at the 72 C step of each cycle. The cycling phase was 

followed by 40 C for 1 min. Melt curves were generated by 95 C for 5 s, 65 C for 1 s, 

which was increased at a rate of 0.11 C/s to 97 C. The acquisition of fluorescence was 

carried out continuously during the gradual temperature increase phase. 

2.12.7 Real-time RT-PCR analysis 

The relative amount of target mRNA present in different RNA samples was 

calculated using the comparative cycle threshold (2 Ct) method (Livak & Schmittgen, 

2001). The amount of target mRNA in one sample was compared with the amount of 

the same target mRNA in another sample, relative to the internal control, 16S rRNA. 

Alternatively, the amount of target mRNA relative to the amount of 16S rRNA was also 

calculated in some instances.  

The standard deviations (SD) were determined as ((SDsample)2 + (SD16S)2), 

and this was applied to the formulas: SD+ =2 Ct-SD –2 Ct and SD– = 2 Ct+SD. 

2.13 Challenge of mice 

2.13.1 Growth of challenge strain 

Strains of S. pneumoniae to be used for challenge studies were inoculated from 

an O/N BA plate into sterile SB and grown to A600 0.16. At this density, the 

concentration of bacteria is approximately 108 CFU per ml. Bacteria were then diluted 

to the appropriate concentration with sterile SB such that 50 l aliquots used for i.n. 

administration contained the required challenge dose. The actual dose delivered was 

determined retrospectively by plating serial dilutions of the challenge inocula following 

mouse challenge.  
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2.13.2 Intranasal challenge 

Mice were anaesthetised by i.p. injection of Nembutal (pentobarbitone sodium; 

Rhône Mérieux, QLD, Australia), at a dose of 66 g per 1 g of body-weight. Following 

anaesthesia, the appropriate dose (~107 CFU) of S. pneumoniae was administered in a 

50 l volume by pipetting onto the nares and allowing the animal to inhale the culture 

deep into the lungs. After challenge, mice were monitored regularly for signs of disease 

and survival time was recorded. 

2.13.3 Quantitation of S. pneumoniae in mouse tissues 

Following i.n. challenge, mice were euthanased by CO2 asphyxiation at the 

relevant time points post-challenge. After exposure of the trachea, the nasopharynx was 

washed with 1 ml 0.5% (w/v) trypsin, 0.02% (v/v) EDTA, in sterile phosphate buffered 

saline (PBS), by insertion of a 26-gauge needle sheathed in tubing into the tracheal end 

of the upper respiratory tract. The solution was allowed to drip in to the nasopharynx 

slowly and collected from the nose. 40 l of the collected samples was taken for the 

enumeration of pneumococci. Additionally, the upper palate and nasopharynx were 

excised and placed into 2 ml sterile PBS to ensure all pneumococci from the 

nasopharynx were recovered. 1 ml blood was taken from the aorta and dispensed into a 

heparinised tube. 40 l blood was immediately added to 160 l sterile PBS for 

quantitation of bacteraemia. Both lungs were excised following extensive perfusion 

with sterile PBS + 0.02% EDTA and placed into 2 ml sterile PBS + 0.02% EDTA. The 

nasopharyngeal tissue and lungs were homogenised using ceramic beads in the 

Precellys®24 tissue homogeniser (Bertin Technologies, France), before 40 l was taken 

for enumeration of pneumococci in each niche. 40 l of each sample was diluted in 160 

l sterile PBS, and eight serial five-fold dilutions were performed. 25 l of each dilution 

was spotted, in duplicate, onto BA supplemented with and without gen (RNA analysis 
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only). Plates were incubated at 37 C in 95% air/5% CO2 for >16 h and colonies were 

counted and recorded. Plates lacking gen were used to assess contamination of the 

collected samples, which would determine whether the relevant sample was suitable for 

later RNA analysis. 

2.13.4 Preprartion of infected mouse tissues for extraction of 

prokaryotic RNA 

Following the quantitation of S. pneumoniae CFU in Section 2.13.3, samples 

were prepared for the extraction of prokaryotic RNA. The nasal wash samples 

underwent centrifugation at 15,500  g for 5 min at 4 C, and all but the last 40 l of 

supernatant was removed before storing at -80 C. Subsequently, red blood cells, and 

lung tissue was separated from the remainder of their respective samples by differential 

centrifugation at 850  g, for 6 min at 4 C. Subsequently, pneumococci were separated 

from the remaining blood and lung-derived samples and stored as pellets at -80 C 

following centrifugation at 15,500  g for 5 min at 4 C. RNA extraction was performed 

on these samples as described in Section 2.12.1. 

2.13.5 Calculation of competitive index in vivo 

The competitive index (CI) is a measure of the competitive fitness of one strain 

versus another and is expressed as ratio (CI = 1 indicates a ratio of 1:1). The CI is 

calculated as follows; CI = output ratio (OR) / input ratio (IR). The IR is determined by 

calculating the ratio of the two challenge strains in the incoculum using antibiotic 

selection that is specific for one of the two strains. The OR is calculated in the same 

manner as for the IR, but from pneumococci recovered from the infected mouse tissues, 

as described in Section 2.13.3. 
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Chapter 3 – Characterisation of Pneumococcal 
Pathogenicity Island-1 Sequence in a Selection of 

Serotype 1 Clinical Isolates 

 

3.1 Introduction 

Serotype 1 isolates have been historically associated with a high invasive 

potential as they are rarely isolated from the nasopharynx of healthy carriers (Section 

1.5.2.1). However, the recent detection of clusters of serotype 1 carriage in the Northern 

Territory of Australia (Smith-Vaughan et al., 2009) provided a rare opportunity to 

perform genomic comparisons between strains of the same serotype with differing 

invasive potential. In a previous study that performed such genomic comparisons, 

homologs of the TIGR4 ORFs SP_1050 – SP_1053, which includes the PezAT 

chromosomal TA system (SP_1050 and SP_1051), were identified by CGH in highly 

virulent serotype 1 strains (1861 and 4496), but were absent from intermediately 

virulent and non-invasive serotype 1 strains (Harvey, 2006). PezAT is located within the 

PPI-1, downstream of the pneumococcal iron transport (pit/pia) locus (Brown et al., 

2001). PPI-1 was defined in TIGR4 by a sudden drop in G+C content between sequence 

flanking the island and sequence immediately within the island, dropping from 40.1% to 

31.5% at the 5’ end and increasing from 28.8% to 39.4% at the 3’ end, suggesting that 

this region was acquired through horizontal genetic transfer (Brown et al., 2001). The 

sequence between the PPI-1 ORFs homologous to SP_1045 and SP_1067 (ftsW) of 

TIGR4, has been shown to exhibit considerable variation between different strains 

(Brown et al., 2004; Croucher et al., 2009). When the variability of the 3’ half of PPI-1 

was first recognised, four differing genetic organisations were observed in four different 

serotypes; serotype 4 (TIGR4, ST205), serotype 17 (strain 142), serotype 2 (R6 – rough 
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derivative of D39) and serotype 19F (G54) (Figure 3.1). Strain 142 had the shortest 

version of the region, virtually lacking any sequence between the homologs of SP_1046 

(nplT) and SP_1064.  A 7-bp direct repeat was identified in TIGR4 flanking the 11.3-kb 

sequence and was present only in this strain, suggesting that the region may have been 

inserted into its current location by homologous recombination. One copy of the 7-bp 

sequence was found in strain 142 at the equivalent insertion site of the TIGR4-specific 

sequence. Further comparisons with R6 and G54 revealed that between the homologs of 

SP_1054 and SP_1067, R6 was shown to contain 18 ORFs within 20.5 kb of sequence. 

Between the same TIGR4 homologs in G54, 15 ORFs were present, with eight of these 

absent in the equivalent region of R6. Of the four versions of the region shown in Figure 

3.1, G54 and strain 142 lacked pezAT. Brown et al. (2004) also screened a number of 

strains representing a variety of serotypes for pezAT by PCR and Southern hybridisation 

analysis, finding that 30% of strains screened appeared to lack the system. Of particular 

note was the serotype 1 isolate, strain 40, included in the screen, which lacked pezAT in 

contrast to the highly virulent strains 1861 and 4496 that were pezAT positive. PCR data 

for strain 40 also showed that the homologs of TIGR4 ORFS SP_1052, SP_1056, 

SP_1061, SP_1063 and SP_1064 were absent. Figure 3.2 shows a sequence alignment 

from Croucher et al. (2009), of PPI-1 in strains D39 (serotype 2), TIGR4, 3-BS71 

(serotype 3, ST180), G54 and ATCC 700669 (serotype 23F). In agreement with Brown 

et al. (2004), the alignment showed that the 5’ half of PPI-1 was much more conserved 

between strains than the 3’ half, which exhibited extensive sequence variability. This 

variability appeared to be particularly prominent between the cluster of Tn5252-related 

ORFs (SP_1054 to SP_1056) and ftsW. The region of variability contained an 

alternative set of genes in each of the six aligned strains. The region containing pezAT 

appeared to be an additional pocket of variability, given its absence from 18-BS74 and 

G54.  The region of Tn5252-related ORFs represented a third region of variability 
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within the 3’ half of PPI-1 and displayed varying degrees of degeneration between 

strains due to recombination. Brown et al. (2004) and Croucher et al. (2009) also 

identified Tn5252-related sequence immediately upstream of ftsW in all strains with the 

exception of G54 (Figure 3.2). As Tn5252-related sequence was found to flank the 

primary region of hypervariable sequence, the authors hypothesised that this flanking 

sequence could have contributed to the sort of recombination required for the variability 

of this region Croucher et al. (2009). To date, PPI-1 comparisons have yet to identify 

differences between strains of the same serotype. Brown et al. (2004) included a 

selection of serotype 3 isolates representing all major STs within their screen for the 

presence of pezAT. However, all clones were found to possess pezAT, leading the 

authors to conclude that acquiring pezAT is a relatively stable event. Given that previous 

genetic comparisons between strains of this study have showed differences in the 

presence of pezAT and in the remaining content of the PPI-1 variable region, it was 

important to determine the ST of the tested strains in order to identify whether a 

correlation between ST and the organisation of PPI-1 existed. 

 

3.2 Genetic relatedness of serotype one strains 1, 2, 

3415, 5482, 1861 & 4496 

3.2.1 ST of strains 1861 and 4496 

As discussed in Section 1.5.2.1, Brueggemann et al. (2003) showed that 

serotype 1 strains could be divided into three lineages, where all strains within each 

lineage shared at least four alleles of seven MLST genes. Interestingly, the content of 

PPI-1 in the serotype 1 strains of this study could be divided into two groups by CGH 

and Southern blotting (Section 1.6.3). Therefore, it was important to assess the extent to 

which PPI-1 sequence correlated with genetic relatedness by determining the ST of each 
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strain. Of the seven serotype 1 strains used in this study, the MSHR determined the ST 

of strains 1, 2 and 4. Strains 1 and 2 were ST304 and strain 4 was ST227 (Section 

1.6.1). For strains 3415 and 5482, the MSHR sequenced six of seven MLST genes and 

assumed that they were ST227. For the purposes of this study, we confirmed that strains 

3415 and 5482, along with strains 1, 2 and 4 were of lineage A (Figure 3.3). Since 

MLST had not previously been carried out on strains 1861 and 4496, STs were 

determined for these strains, as described in Section 2.10. Table 3.1 shows the results of 

the MLST. The novel ST, ST3079 was assigned to strain 1861 as it possessed the new 

ddl allele, 276. Strain 4496 was also assigned a new ST, ST3018, as its allelic profile 

had not previously been identified.  

   
Table 3.1 Allelic profiles of strains 1861 and 4496 

 aroE gdh gki recP spi xpt ddl ST 
1861 10 18 4 1 7 19 276* 3079# 
4496 10 31 4 16 6 4 94 3018# 

  Alleles for each gene of each strain were determined as described in Section 2.10 
* Novel allele assigned number after submission as described in Section 2.10 

  #  Novel ST assigned after submission as described in Section 2.10 

 

3.2.2 Relatedness of strains 1861 and 4496 to other serotype 1 

strains 

By comparing the allelic profiles of strains 1861 and 4496 with that of the STs 

in Brueggemann et al. (2003), the relatedness of each strain was determined (Figure 

3.3). ST3079 was found to be most closely related to ST217 and ST613 of lineage B 

(Section 1.5.2.1), as their allelic profiles differed by only 1 of 7 alleles (ddl). ClustalW 

alignment (Section 2.6.1) of ddl alleles 1 (ST613), 9 (ST217) and 276 (ST3079) 

revealed ST3079 to be most closely related to ST217, as the ddl sequence of allele 276 

differed by only 1 bp from allele 9 compared to 4 bp from allele 1. By contrast, ST3018 

was most closely related to ST615 of lineage C, as their allelic profiles differed by only 

1 of 7 alleles. Therefore, strain 1861 was found to be of lineage B, whereas strain 4496  



Chapter 3 – Characterisation of PPI-1 sequence Page | 79  

Fi
gu

re
 3

.3
 P

la
ce

m
en

t 
of

 s
er

ot
yp

e 
1 

is
ol

at
es

 in
to

 li
ne

ag
es

 d
et

er
m

in
ed

 b
y 

Br
ue

gg
em

an
n

et
 a

l.,
 2

00
3

D
en

do
gr

am
m

od
ifi

ed
fr

om
Br

ue
gg

e
m

an
n

et
al

.,
20

03
.A

lin
ka

ge
di

st
an

ce
of

0.
14

or
0.

29
in

di
ca

te
s

id
en

tic
al

al
le

le
s

at
6

of
7

or
5

of
7

lo
ci

,r
es

pe
ct

iv
el

y.
Th

e
ST

s
or

cl
os

el
y

re
la

te
d

ST
s

of
th

e
no

n-
in

va
si

ve
st

ra
in

s
(b

lu
e)

,i
n

te
rm

ed
ia

te
ly

vi
ru

le
nt

st
ra

in
s

(g
re

en
)a

nd
hi

gh
ly

vi
ru

le
nt

st
ra

in
s

(r
ed

)
ar

e
in

di
ca

te
d

ab
ov

e.

1 
&

 2

4,
 3

41
5,

 5
48

2

18
61

 (S
T3

07
9)

44
96

 (S
T3

01
8)

 
4

ST
30

6 
(1

2,
 8

, 1
3,

 5
, 1

6,
 4

, 2
0)

ST
61

7 
(1

2,
 6

4,
 1

3,
 5

, 1
6,

 4
, 2

0)

ST
22

8 
(1

2,
 8

, 1
, 5

, 1
7,

 4
, 2

0)

ST
22

7 
(1

2,
 5

, 1
3,

 5
, 1

7,
 4

, 2
0)

ST
30

4 
(1

3,
 8

, 1
3,

 5
, 1

7,
 4

, 8
)

ST
30

5 
(1

3,
 8

, 1
3,

 5
, 1

7,
 4

, 2
8)

ST
21

7 
(1

0,
 1

8,
 4

, 1
, 7

, 1
9,

 9
)

ST
30

3 
(1

0,
 5

, 4
, 1

, 7
, 1

9,
 9

)

ST
61

4 
(1

0,
 1

8,
 4

, 1
, 3

, 1
9,

 9
)

ST
61

2 
(1

0,
 1

8,
 4

, 1
, 7

, 1
9,

 3
1)

ST
61

3 
(1

0,
 1

8,
 4

, 1
, 7

, 1
9,

 1
)

ST
61

8 
(1

3,
 8

, 4
, 1

, 7
, 1

9,
 1

)

ST
61

5 
(1

0,
 3

1,
 4

, 1
, 6

, 4
, 9

4)

ST
61

1 
(1

0,
 9

, 4
, 1

, 6
, 4

, 9
4)

ST
61

6 
(1

0,
 3

1,
 4

, 1
, 6

, 4
, 9

4)

ST
30

0 
(1

0,
 3

1,
 4

, 3
4,

 6
, 4

, 5
)

1
0.

9
0.

8
0.

7
0.

6
0.

5
0.

4
0.

3
0.

2
0.

1
0

Li
nk

ag
e 

D
is

ta
nc

e

   



Chapter 3 – Characterisation of PPI-1 sequence Page | 80  

was of lineage C, indicating that the two highly virulent strains were of distinct genetic 

backgrounds as they shared only two of seven alleles, despite their similar virulence 

profiles (Figure 3.3). MLST data showed that the two alternative versions of PPI-1 

content, predicted previously (Section 1.6.3), could be grouped into the lineage A 

strains and the lineage B and C strains. Therefore, divergence of the content of PPI-1 

possibly occurred between the division of the lineage A strains from those of lineages B 

and C, and the division of the lineages B and C from each other. 

 

3.3 Sequence and annotation of PPI-1 in strains 1, 2, 4, 

3415, 5482, 1861 and 4496 

3.3.1 Step-wise sequencing of the PPI-1 variable region  

The PPI-1 variable region was sequenced in the serotype 1 strains 1, 2, 4, 3415, 

5482, 1861 and 4496 using a selection of primers in Table 2.3. Primers ao, t, af, an, ar, 

ag, ay, as, u, a, s, w, p, v, z, ab, aj, ak, aa, y, o, n, d, b, c, cb, q, g and br were used to 

sequence the PPI-1 variable region in the lineage A strains. Primers ao, t, af, an, ar, ag, 

ay, as, u, a, k, w, ap, al, ac, ad, j, at, au, aq, am, ax, ba, bc, be, bg, bi, bl, bn, bo, bq, bm, 

bk, bj, bh, bf, bd, bb, aw, av, cb, d, c, cb, q, g and br were used to sequence the PPI-1 

variable region in strains 1861 and 4496. Sequencing was carried out from primer t to g, 

which included sequences flanking the PPI-1 variable region. When sequencing the 

region in the lineage A strains, primers were designed in ORFs homologous SP_1041 – 

SP_1046 and ORFs SP_1067 – SP_1068, which were known to be shared with TIGR4 

(Section 1.6.3). The same primers were used to commence sequencing in strains 1861 

and 4496, with additional primers designed in ORFs SP_1047 – SP_1053. PCR 

products were generated across regions of unknown sequence, using primers w and d in 

the first group of strains and primers am and d in the second group of strains. Step-wise 
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sequencing was undertaken initially using primers within regions of known sequence to 

progressively enable new primers to be designed within previously unknown sequence 

until complete coverage of the region was achieved. Individual sequence files were 

edited for sequencing errors using the chromatograms and ClustalW alignments 

between strains of similar sequence (Section 2.6.1). Sequence files were assembled 

using the sequence assembly tool in DNAMAN (Section 2.6.1).  

Following completion of the PPI-1 sequence between primers t and g, in all 

seven strains, the lineage A strains were found to share 99.94% sequence identity across 

14.5-kb of sequence, while strains 1861 and 4496 shared 99.73% sequence identity over 

24.5-kb of sequence. These alignments showed that a high degree of sequence identity 

exists between strains possessing the same organisation of PPI-1. 

3.3.2 Annotation of the PPI-1 variable region in the sequenced 

strains 

The translation overview feature of DNAMAN was used to identify ORFs in all 

six reading frames from the sequence generated in Section 3.3.1. ORFs encoding 

proteins of at least 80 amino acids from an ‘ATG’ start codon, were submitted to the 

BLASTp search engines of the NCBI and KEGG databases to identify previously 

annotated genes of similar sequence. ORFs that did not receive high-scoring hits or 

received hits to hypothetical proteins, were subsequently submitted to the HHpred 

search engine, which enables searches with greater sensitivity, as described in Section 

2.6.2. The conserved domain (CD) feature of the NCBI database was also used to 

identify putative functional domains within amino acid sequences. Transcriptional and 

functional analysis of the PPI-1 variable region including the transcriptional structure 

and analysis of in vivo expression profiles will be addressed in Chapter 4. 
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3.3.2.1 Strains 1, 2, 4, 3415 and 5482 

As expected from the high level of sequence conservation observed in the 

previous section, the translation overviews of each of the lineage A strains highlighted 

identical patterns of ORFs to that in Figure 3.4. Therefore, for the purposes of 

predicting and analysing proteins, the translation overview of strain 1 was assumed to 

be representative of the whole group. The translation overview identified 15 ORFs 

greater than 80 amino acids in length. 12 of these ORFs were located on the forward 

strand and 3 on the reverse strand. Following preliminary BLASTp searches, the 3 

ORFs on the reverse strand were removed from the list of predicted coding regions due 

to a lack of homology to other annotated genes and their relatively short length. 

Table 3.2 shows the final list of 12 predicted genes in the PPI-1 variable region, 

including putative functions predicted from a combination of BLASTp and HHpred 

analysis. ORF 1 could not be assigned a putative function as BLASTp and HHpred 

searches returned only hits with hypothetical proteins at a similar genomic position in 

other S. pneumoniae strains such as SP_1041 of TIGR4. ORF 2 returned hits with only 

hypothetical proteins following BLASTp analysis, and did not return any high-scoring 

hits following HHpred analysis. ORF 3 returned high-scoring hits to ADP-

ribosylglycohydrolase by both BLASTp and HHpred. The ADP-ribosylglycohydrolase 

of strains 3-BS71 (serotype 3, ST180) and CDC1873-00 (serotype 6A, ST376) 

possessed the greatest sequence identity to ORF 3. ADP-ribosylglycohydrolase is 

involved in post translational modification of proteins by ADP-ribosylation, which can 

be used to regulate the functions of target proteins (reviewed in Ludden [1994]). The 

most significant hit received from BLASTp searches for ORF 4 was the diacylglycerol 

kinase catalytic domain protein, also encoded by SPCG_1025 of CGSP14 (serotype 14, 

ST15). HHpred searches also returned a high-scoring hit for a diacylglycerol kinase 

(Dgk) of S. aureus. Dgk is important in lipid-metabolism, because it phosphorylates  
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diacylglycerol formed from the turnover of membrane phospholipids (reviewed in 

Sakane et al. [2007]). ORF 4 is homologous to SP_1045 in TIGR4, which flanks the 5’ 

end of the PPI-1 variable region (Section 3.1). ORF 5 received hits for a number of 

neopullulanases (EC 3.2.1.135), which are enzymes of the α-amylase family (Henrissat, 

1991). The highest-scoring hit for ORF 5 was for neopullulanase (nplT), SPD_0927 of 

D39 (serotype 2, ST545). Such enzymes have been shown to exhibit a unique substrate 

specificity for α-1,4 and α-1,6-glucosidic linkages (Takata et al., 1992). BLASTp 

searches showed that ORF 5 was unusual compared to genes of most similar sequence, 

due to the presence of a premature stop codon, leading to a truncated protein. 

Comparisons with neopullualnase of Bacillus stearothermophilus, which was the 

highest-ranked HHpred hit, showed that only the N-domain, residues 1 – 123, was 

complete in ORF 5, suggesting that the truncation had probably led to the loss of 

function of this gene in strain 1 (Hondoh et al., 2003). The highest-scoring hit returned 

for ORF 6 was for the putative chromosome segregation ATPase, SPD_0938 of D39. 

Multiple alternative hits of significant scores suggested that this chromosome 

segregation ATPase probably originated from the conjugative transposon, Tn5252. 

Given that ORF 6 appeared to be a small fragment of a Tn5252-related gene and that no 

other complete Tn5252 genes were identified in the near vicinity, it seemed unlikely 

that a functional conjugative transposon exists in the PPI-1 variable region of strain 1. 

ORFs 7 and 8 returned high-scoring hits that suggested the two ORFs were fragments of 

a single lantibiotic mersacidin transport system gene, SPJ_0998 of strain JJA (serotype 

14, ST66) and SPN23F_09810 of ATCC 700669 (serotype 23F, ST81). Upon analysis 

of ORFs 7 and 8 (Figure 3.4), it was observed that the gap between the two ORFs was 

devoid of stop codons other than the ORF 7 stop codon, which seemed unusual given 

the density of stop codons present throughout other non-coding sequences of the PPI-1 

variable region. Therefore, it was possible that either ORFs 7 and 8 are interrupted due 
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to a sequencing error, or that the interruption was real due to a natural point mutation. 

To test for a sequencing error, the original sequencing chromatograms obtained from 

primer bg in all five lineage A strains were analysed to check for an editing error. 

However, the chromatograms were unambiguous for the substitution of ‘C’ for ‘T’, at 

position 8,208 in the t – g sequence, leading to a premature stop codon. Therefore, 

either the point mutation was real, or an error had been introduced by the high-fidelity 

polymerase during the original PCR amplification. Although it was unlikely that the 

polymerase had made an identical error in all five strains, the region was re-amplified 

from strain 1 genomic DNA (Section 2.9.6), and re-sequenced using primers bg and v. 

This confirmed that the point mutation was real, and that the fragmentation was real. 

SPN23F_09810 and SPJ_0998 possess two CDs, the first was of the C39-like protease 

superfamily (5 – 130 a.a.) and the second of the P-loop NTPase superfamily 

characteristic of the ATP-binding component of ABC transporters (CD database, 

NCBI). Such conserved domains have previously been associated with a common 

bacteriocin-processing endopeptidase, and function by cleaving the double-glycine 

leader peptide from the relevant bacteriocin precursor molecule, before exporting it 

from the cell. Interestingly, the peptidase domain was completely intact within ORF 7 

and that if ORF 8 uses the alternative start codon ‘TTG’ (position 8,217) instead of the 

later ‘ATG’ codon, the P-loop NTPase superfamily CD was complete within ORF 8. 

Whilst it seemed unlikely that ORFs 7 and 8 could produce a functional protein, it 

seemed fortuitous that the premature stop codon of ORF 7 would neatly divide the 

original gene between the two functional domains. Therefore, it might be possible that 

the two separate ORFs could still allow the translation of a functional bacteriocin-

processing endopetidase as two separate peptides. High-scoring hits for ORF 9 included 

SPN23F_09830, which is a component of the lantibiotic mersacidin biosynthesis and 

transport system. ORF 9, like ORF8, was predicted to contain the P-loop NTPase 
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superfamily CD, which suggested that it was a component of another transporter. 

Highest-scoring hits returned for ORF 10 were for the hypothetical proteins 

SPN23F_09840 and SPJ_1001 and those returned for ORF11 were SPN23F_09850 and 

SPJ_1002. Other high-scoring hits suggested that these ORFs encode membrane-

spanning components of an ABC transporter. Therefore, ORFs 9 – 11, encode a 

complete ABC transporter, probably involved in immunity against the mersacidin 

lantibiotic (Draper et al., 2008). Finally, all significant hits received for ORF 12 were 

for the cell division protein, FtsW, homologous to SP_1067 in TIGR4, which flanks the 

3’ end of the variable region of PPI-1 (Section 3.1). 

3.3.2.2 1861 & 4496 

The translation overview in Figure 3.5 showed that the PPI-1 variable region in 

strains 1861 and 4496 was predicted to contain 27 ORFs encoding proteins greater than 

80 amino acids in length. Since both strains 1861 and 4496 possessed identical patterns 

of ORFs across all six reading frames, only strain 1861 was used for detailed analysis of 

the ORFs in this region. However, of the 27 ORFs in Figure 3.5, two were predicted to 

not encode a polypeptide as BLASTp searches failed to identify homology to a 

previously annotated gene. In addition, the sequence of these ORFs overlapped with 

longer ORFs that were predicted to encode previously identified products. Of the 

remaining 25 ORFs, listed in Table 3.3, ORFs 1 to 4, located upstream of the PPI-1 

variable region, were identical to that of the lineage A strains and were discussed in 

Section 3.3.2.1. ORFs 5 and 6 returned high-scoring hits for nplT, SPD_0927, in D39. 

ORF 5 aligned with the first 132 residues of SPD_0927 and ORF 6 aligned with 

residues 122 – 579 of the 579 amino acid SPD_0927 (Table 3.3). However, BLASTn 

searches returned high-scoring hits for the pseudogenes SP_1046 and SPP_1049 of 

TIGR4 and P1031 (serotype 1, ST303), respectively, suggesting that during the 

annotation of the TIGR4 and P1031 genomes, SP_1046 and SPP_1049 were predicted  
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to be non-functional. Pair-wise alignment of ORFs 5 and 6 with SPD_0927 identified a 

2-bp frame-shift deletion between positions 4,348 and 4,349 in strain 1861, which was 

also found to be present in P1031. As for ORFs 7 and 8 in Section 3.3.2.1, the 2-bp 

deletion responsible for the fragmentation of nplT was checked by re-sequencing and 

was found to be real. CD searches of ORFs 5 and 6 showed that the two functional CDs, 

the pullulan-degrading enzymes N-terminal domain and -amylase superfamily 

catalytic domain of SPD_0927, were each complete in ORFs 5 and 6 respectively of 

1861. When the structure of the Bacillus stearothermophilus neopullulanase was 

determined (Hondoh et al., 2003), the N-domain (Section 3.3.2.1) was found to be 

responsible for the specificity of neopullulanases, separating them from other members 

of the -amylase superfamily. Interestingly, Hondoh et al. (2003) showed that the N-

domain extended from residues 1 – 123, which closely matches the length of ORF 5 

(a.a. 1 – 132) in strain 1861, indicating that the entire N-domain is probably intact 

within ORF 5. On the other hand, ORF 6 appeared to possess the three remaining 

neopullulanase domains. Whilst initially it seemed that fragmentation into ORFs 5 and 6 

would lead to a non-functional protein, it was intriguing that the site of fragmentation is 

approximately between two domains. Given that theoretically all domains of 

neopullulanase remained uninterrupted, it is possible that the two final proteins encoded 

by ORFs 5 and 6 could together maintain similar function to that of nplT in D39. A 

putative function could not be determined for ORF 7 using both BLASTp and HHpred 

searches, as neither search engine returned hits to proteins of known function. However, 

high-scoring hits for ORFs 8 and 9 indicated that they encoded the pezAT TA system. It 

seemed probable that the pezAT system was functional in strain 1861 as alignments 

confirmed that the full-length system was present and that the systems’ promoter was 

intact, as described in Khoo et al. (2007). Homologs of ORF 10 where found to exist as 

two fragments in strains TIGR4 (SP_1052 and SP_1053), D39 (SPD_0932 and 
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SPD_0933) and JJA (SPJ_0989 and SPJ_0990), but as a single ORF in strains P1031 

(SPP_1055) and 70585 (Serotype 5, ST289 [SP70585_1130]). Hits returned for ORF 10 

from S. pneumoniae genomes were annotated as hypothetical proteins, with the 

exception of CGSP14 (SPCG_1031), which was annotated as a putative 

phosphoesterase. The highest-scoring hit received for ORF 10 was SPP_1055 from 

P1031, with which it shared 100% sequence identity across the full-length ORF. CD 

search results showed the presence of a Rad50 family catalytic domain, which is similar 

to the ATP-binding component of an ABC transporter, but is usually not associated with 

a membrane-spanning component (Hyde et al., 1990). HHpred searches suggested that 

ORF 10 encodes an ATP-binding protein, as it returned hits for short regions of high-

scoring homology to various ATP-binding proteins. Short regions of lower-scoring hits 

from HHpred searches were returned for metal-dependent phosphoesterases, which was 

in agreement with the annotation for the CGSP14 homolog.  However, due to combined 

alignment coverage representing only 50% of ORF 10, it was impossible to predict its 

function. ORFs 11 to 14 returned high-scoring hits for a number of Tn5252 transposase-

related ORFs. The highest-scoring hit returned for ORF 11 was the hypothetical protein, 

SPP_1056 of P1031, which showed 100% sequence identity across the full-length ORF. 

The D39 hit for ORF 11 was annotated as orf 10 protein of the conjugative transposon, 

Tn5252. The lengths of hits returned for ORF 11 were consistent, as most were 

approximately 119 amino acids in length, suggesting that the full-length gene is present 

in strain 1861. BLASTp searches of ORFs 12 and 13 returned high-scoring hits for 

Tn5252-related relaxase, but in contrast to ORF 11, were of inconsistent lengths. For 

example, a single ORF in strains 23-BS72 (serotype 23, ST37) and CDC3059-06 

(serotype 19A, ST199) was homologous to the combined sequence of ORFs 12 and 13 

in 1861, which was in contrast to D39 (SPD_0937 and SPD_0938) and 3-BS71 that 

were found to possess the two-ORF version, as found in strain 1861. Many high-scoring 
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hits returned for ORFs 12 and 13 were from Streptococcus suis, which in some cases 

returned higher scores than other pneumococcal strains, suggesting that horizontal 

transfer of Tn5252-related genes has probably occurred frequently between the two 

species. High-scoring hits returned from BLASTp searches identified ORFs 14 and 15 

as two fragments of a putative transcriptional regulator from the Rgg/GadR/MutR 

family. Following pair-wise alignment between the combined nucleotide sequence of 

ORFs 14 and 15 with the homologous G54 ORF, SPG_0976, a single ‘G’ insertion at 

position 13,112 (t – g PCR sequence, strain 1861) was identified as the cause of the 

frame-shift and fragmentation. The ‘G’ at position 13,112 was verified by re-

sequencing, and was found to be real. The insertion divided the gene into the 333-bp 

ORF 14 and the 522-bp ORF 15, probably rendering the encoded protein non-

functional. The fragmented version of this gene appeared to be quite unusual in S. 

pneumoniae, being present in only P1031 (SPP_1060), despite the full-length gene 

being present in most strains with completed genomes, with the exception of Hungary 

19A (serotype 19A, ST168), Taiwan 19F (serotype 19F, ST236) and TIGR4. It was 

interesting to note that an identical point mutation was identified in the 

Rgg/GadR/MutR family transcriptional regulator, ropB, of M1T1 Streptococcus 

pyogenes, which has been shown to be a positive regulator of the virulence-associated 

protease, SpeB (Hollands, et al., 2008). The point mutation was shown to be responsible 

for loss of SpeB expression, which could be rescued by replacing the truncated ropB 

with the full-length gene. Therefore, the products of ORFs 14 and 15 in strain 1861 are 

probably also non-functional. BLASTp searches of ORF 16 returned high-scoring hits 

for 3-hydroxyisobutyrate dehydrogenase (3HIBDH) of 11-BS70 and the NAD-binding 

domain of 6-phosphogluconate dehydrogenase of P1031 (SPP_1062) and G54 

(SPG_0977), suggesting some discrepancy between strains in the annotation of these 

ORFs in the KEGG and NCBI databases. However, the highest-scoring hits returned 
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from the HHpred search engine were primarily annotated as 3HIBDH, suggesting that 

this was the most likely enzyme encoded by ORF 16. 3HIBDH (EC 1.1.1.31) catalyses 

the rate-limiting step in the degradation of branched-chain amino acids (BCAAs), by 

catalysing the conversion of 3-hydroxyisobutyrate into methylmanoate (Robinson & 

Coon, 1957). Interestingly, the substrate of 3HIBDH has been suggested to be an ‘inter-

organ’ metabolite (Letto et al., 1986).  BLASTp searches of ORFs 17 to 20 returned hits 

for hypothetical proteins of strains 11-BS70 (serotype 11, ST62), MLV-016 (serotype 

11A, ST62) and P1031 without returning significant-scoring hits to any other ORFs in 

either the KEGG or NCBI databases. HHpred was unable to return high-scoring hits for 

ORF 17, but moderate scores were returned for hits to the nucleotide-binding domain of 

a nucleotidyl transferase in H. influenzae. ORF 18 returned high-scoring hits for 

prephenate dehydratase (PDT), following HHpred searches. PDT (EC 4.2.1.51) is 

known be an important regulatory enzyme in phenylalanine biosynthesis, converting 

prephenate to phenylpyruvate (Cotton & Gibson, 1965). HHpred searches were unable 

to attribute a putative function to either of ORFs 19 and 20. High-scoring hits returned 

from BLASTp and HHpred searches of ORF 21 were for UDP-glucose 4-epimerase 

(galE) (EC 5.1.3.2), SPP_1067 of P1031, which catalyses the interconversion of UDP-

glucose and UDP-galactose (Wilson & Hogness, 1969). ORF 22 returned high-scoring 

hits to biotin carboxylases, in particular the putative biotin carboxylase, SPP_1068 of 

P1031. Biotin carboxylase (EC 6.4.1.2) is an important metabolic enzyme, as it 

catalyses the first committed step in fatty acid biosynthesis (reviewed in Cronan 

[2002]). BLASTp and HHpred searches returned high-scoring hits for ORFs 23 and 24 

to a fragmented transporter of the major facilitator superfamily. In contrast, SPD_0950 

of D39 was encoded by sequence equivalent to both ORFs 23 and 24 of 1861. However, 

the same fragmented version of the transporter was also found in G54 (SPG_0984 and 

SPG_0985) and 11-BS70, and was annotated as a pseudogene in P1031 (SPP_1069). 
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Pair-wise alignment of ORFs 23 and 24 with SPD_0950, identified the single nucleotide 

substitution at position 20,455 to ‘T’, that was responsible for the introduction of a 

premature stop codon, leading to fragmentation of the gene. Whilst some hits suggested 

that ORFs 23 and 24 could encode the permease component of an ABC transporter, the 

lack of other ABC transporter components suggested that ORFs 23 and 24 were more 

likely to encode a transporter from the major facilitator superfamily (reviewed in Pao et 

al. [1998]). High-scoring HHpred hits suggested that ORFs 23 and 24 could have a role 

in either the import of lactose or glycerol-3-phosphate, due to homology with these 

transporters in E coli. A high-scoring hit was also returned for EMRD of E coli, the 

multidrug resistance efflux pump. It was unclear whether the fragmentation of the 

transporter into ORFs 23 and 24 would still allow a functional protein to be produced. 

ORF 25 returned high-scoring hits to the cell division protein, FtsW, a homolog of 

SP_1067 in TIGR4, which flanks the 3’ end of PPI-1.  

 

3.4 PPI-1 variable region sequence comparisons 

3.4.1 Comparison of PPI-1 between serotype 1 strains 

The ACT was utilised to characterise the extent and relative location of 

homologous and non-homologous regions across the PPI-1 variable region between 

strains possessing different versions of the island, as described in Section 2.6.1. The 

comparison was performed between strains 1 and 1861, which were representative of 

the two groups of strains sequenced in Section 3.3.1. Following alignment of t – g 

sequence between strains 1 and 1861 (Figure 3.6), 4 regions of homologous sequence, 

two regions of 1861 sequence absent from strain 1 and one region of sequence 

divergence were identified between the two strains, as summarised in Tables 3.4 and 

3.5. The position of the regions of homologous sequence, sequence divergence and 
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deletions relative to ORFs identified in Section 3.3.2, were determined with reference to 

the ORF positions in Tables 3.2 and 3.3. 

 
Table 3.4 Homologous regions identified in Figure 3.6 

Region Coordinates (1) Coordinates 
(1861) 

Length Identity 

1 1 – 5,060 1 – 5,060 5.1 kb 99% 
2 5,061 – 5,956 11,387 – 12,282 900 bp 95% 
3 5,957 – 6,268 13,440 – 13,753 300 bp 90% 
4 11,810 – 14,482 21,790 – 24,468 2.7 kb 98% 

The coordinates of homologous regions were determined using the ACT generated alignment in Figure 
3.6 
 

Table 3.5 Non-homologous regions identified in Figure 3.6 
Region Coordinates (1) Coordinates (1861) Length 

1 5,060 – 5,061 5,061 – 11,386 6.3 kb (1861) 
2 5,956 – 5,957 12,283 – 13,439 1.5 kb (1861) 
3 6,269 – 11,810 13,754 – 21,789 5.5 kb (1) 8 kb (1861) 

The coordinates of non-homologous regions were determined using the ACT generated alignment in 
Figure 3.6 

 

As discussed in Section 3.1, sequence flanking the PPI-1 variable region was 

expected to be shared between strains 1 and 1861, as shown in Figure 3.6 (homologous 

regions 1 and 4). Homologous region 1, which includes sequence upstream of the PPI-1 

variable region, encodes ORFs 1 and up to 748 bp into ORF 6 of 1861 and up to 300 bp 

downstream of the ORF 5 stop codon in strain 1 (Table 3.4). Homologous region 4 was 

located downstream of the PPI-1 variable region, which encodes FtsW, ORF 25 of 1861 

and ORF 12 of strain 1. Immediately downstream of homologous region 1, 6.3-kb of 

sequence (region 1 of non-homologous sequence [Figure 3.6]), was found to be present 

in only 1861, indicating that the region had either been deleted between position 5,060 

and 5,061 in strain 1 or had been inserted into this position in strain 1861. This region 

was found to encode the last 654 bp of ORF 6 and 532 bp of ORF 12 of strain 1861. It 

seemed most likely that the region had been lost from strain 1 as the deletion had 

resulted in truncation of nplT (ORF 5) and the loss of a number of ORFs from the 

region of the Tn5252-related sequence that were present in 1861. Homologous regions 2 

and 3 (Figure 3.6) are two small regions, both encoding ORF 6 in strain 1, which 
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extends from 151 bp before the end of region 2 to 202 bp into region 3. Given that ORF 

6 of strain 1 extended across two regions of homologous sequence, it was not surprising 

that this ORF was not present in 1861. Instead region 2 of the homologous sequence in 

1861 encoded the last 510 bp of ORF 12 and the first 151 bp of ORF 13 and region 3 

encoded the last 186 bp of ORF 15. 1.5 kb of sequence present in only 1861 (non-

homologous region 2) was identified between homologous regions 2 and 3 (Figure 3.6). 

Non-homologous region 2 includes ORFs 14 and up to 335 bp into ORF 15, which 

encode the fragmented putative Rgg/GadR/MutR family transcriptional regulator. 

Again, it seemed most likely that the putative transcriptional regulator had been lost 

from strain 1 between positions 5,956 and 5,957, rather than inserted into 1861, as the 

last 186 bp of ORF 15 sequence was retained in strain 1. Between regions 3 and 4 of 

homologous sequence was region 3 of non-homologous sequence, which was found to 

contain a large region of sequence divergence between the two strains; 5.5 kb in strain 1 

and 8 kb in strain 1861. In 1861 this region encoded ORFs 16 to 24 and in strain 1 the 

region encoded ORFs 7 to 11. The region of sequence divergence was found to encode a 

series of genes of seemingly unrelated functions, which indicated that the two regions 

were probably acquired from different sources. 

3.4.2 The PPI-1 variable region in a variety of S. pneumoniae strains 

and serotypes 

In order to further characterise the PPI-1 variable region, it was decided to 

compare the organisation of the region between a larger number of strains from 

serotypes other than serotype 1. As discussed in Section 3.1, the region has previously 

been analysed in a number of strains including TIGR4, D39, ATCC 700669, and G54 

(Brown et al., 2004; Croucher et al., 2009). Since a larger number of S. pneumoniae 

genomes are now publicly available, it was possible to perform detailed sequence 

comparisons in silico between the serotype 1 strains sequenced in Section 3.3.1 and a 
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selection of other strains. The PPI-1 variable region of a number of strains was aligned 

with PPI-1 of strains 1 and 1861, and selection of those representing strains that were 

highly homologous, moderately homologous and largely non-homologous to PPI-1 of 

strains 1 and 1861 are shown in Figure 3.6. Such homology ranged from a small number 

of individual nucleotide differences, to a combination of homologous and non-

homologous regions, to only a small number of short regions of homology. Having 

identified a pattern of sequence similarity and dissimilarity of the PPI-1 variable region, 

a diagnostic/taxonomic approach using PCR and restriction digest patterns was used to 

survey a much larger selection of strains.  

3.4.2.1 Alignment between the PPI-1 variable region in strains 1861 

and 1 against a selection of S. pneumoniae genome sequences 

using the ACT 

The ACT was used to align the t – g sequence of ATCC 700669 (serotype 23F, 

ST81), P1031 (serotype 1, ST303), INV104B (serotype 1, ST227), D39 (serotype 2, 

ST595), Hungary 19A (serotype 19A, ST63) and G54 (serotype 19F, ST63). Figure 3.7 

illustrates regions of homology between strain 1 and the aligned strains. Figure 3.7a 

shows that the PPI-1 variable region in the serotype 1 strain, INV104B, shares the 

greatest sequence identity with strain 1. The high degree of conservation between strain 

1 and INV104B was expected given that the STs of both strains are within lineage A 

(Section 3.2.2). Strain ATCC 700669 (Figure 3.7b) was the next most homologous 

strain following INV104B. Of particular note was that ATCC 700669 possessed the 

region encoding the lantibiotic mersacidin system identified in Section 3.3.2.1, which 

was located within a 7.2 kb region of homologous sequence (6,269 – 14,482 [strain 1]), 

sharing 99% sequence identity between the two strains. Two regions of ATCC 700669 

sequence missing from strain 1 were identified in Figure 3.7b. It was interesting to note 

that these two regions of missing sequence were highly similar to non-homologous 
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regions 1 and 2 in Figure 3.6. Therefore, the primary differences identified between 

ATCC 700669 and strain 1 were that strain 1 lacked pezAT and the putative 

Rgg/GadR/MutR family transcriptional regulator and that strain 1 possessed a truncated 

nplT and a more degenerated Tn5252-related region. On the other hand, D39 was found 

to be quite different to strain 1 (Figure 3.7c), with only four relatively short regions of 

homologous sequence shared in the two strains. The homologous regions included two 

that flanked the PPI-1 variable region (1 – 5,060 [99% identity] and 11,809 – 14,482 

[99% identity]) and two that flanked the putative Rgg/GadR/MutR family 

transcriptional regulator encoded by D39 (5,061 – 5,956 [95% identity] and 5,957 – 

6,268 [91% identity], [strain 1]). Interestingly, the homologous regions that flanked the 

Rgg/GadR/MutR family transcriptional regulator corresponded to regions 2 and 3 in the 

strain 1 alignment with strain 1861 in Figure 3.6. Similar to ATCC 700669, D39 also 

possesses full-length nplT, the putative Rgg/GadR/MutR family transcriptional 

regulator and pezAT, which were all absent from strain 1. Between positions 6,269 and 

11,810, strain 1 possesses the 5.5-kb region identified in Section 3.4.1, which contains 

the genes associated with a lantibiotic mersacidin transport system not present in D39. 

Instead, D39 possesses an alternative 13-kb region encoding a number of putative 

metabolic enzymes. The comparison between strain 1 and Hungary 19A strain (Figure 

3.7d), showed that the PPI-1 variable region was very small in Hungary 19A, only 4.9-

kb in total length. However, similar to alignments performed with ATCC 700669, D39 

and 1861, the first region of homologous sequence ended at position 5,060. As a result 

Hungary 19A was found to possess a full-length version of nplT (SPH_1147) that was 

579 amino acids in length. Hungary 19A lacked the 5.5-kb region containing the 

lantibiotic mersacidin transport system present in strain 1, and instead encoded a short 

3.6-kb region containing the end of SPH_1147 and ORFs SPH_1148 – SPH_1151. Like 

strain 1, Hungary 19A lacked pezAT and the putative Rgg/GadR/MutR family 
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transcriptional regulator. G54 was found to possess three regions of sequence 

homologous to strain 1 (Figure 3.7d). Of particular interest was the first region of 

homologous sequence, which was 896 bp longer (1 – 5,956 [strain 1]) than the first 

region of homologous sequence in the ATCC 700669, D39 and 1861 alignments. 

Within the first region of homologous sequence, G54 contains the ORFs SPG_0967 – 

SPG_0974, which includes a short nplT (SPG_0972). G54 nplT was 100 amino acids 

longer than strain 1, but still only 375 amino acids in length, compared to the more 

common length of between 580 to 600 amino acids that was found in most other 

pneumococcal strains. Although lacking pezAT, as does strain 1, G54 possesses the 

putative Rgg/GadR/MutR family transcriptional regulator, which appeared to be lost 

from strain 1 between positions 5,956 and 5,957. A small 313-bp region (5,957 – 6,268 

[strain 1]) of homologous sequence was found following the suspected deletion of the 

putative transcriptional regulator. Similar to the D39 (Figure 3.7c) and 1861 (Figure 

3.6) alignments, the sequence found in strain 1 between 6,269 and 11,810 was not 

present in G54, which instead possessed an alternative 8-kb region of sequence 

containing ORFs SPG_0977 – SPG_0985 (Figure 3.7e). 

Figure 3.8 shows the alignments that were performed between the PPI-1 variable 

region of 1861 and strains P1031, ATCC 700669, D39, G54 and Hungary 19A. Strain 

P1031 was found to possess sequence identity of at least 99% across the full length 

alignment (Figure 3.8a). The high degree of conservation between P1031 and 1861 was 

not surprising given that P1031 (ST303) is of the same lineage as 1861 (Section 3.2.2). 

Four regions of homologous sequence were identified between 1861 and ATCC 700669 

(Figure 3.8b), which included an initial 10-kb sequence with 98% sequence identity. In 

1861, the first region encoded ORFs 1 – 9 (from primer ‘t’), which corresponded to 

ORFs SPN23F_09610 – SPN23F_09720 and showed that ATCC 700669 possessed 

pezAT (as discussed in Section 3.1). However, unlike 1861, the companion putative  
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phosphoesterase (ORF 10 in 1861) was annotated as a pseudogene (SPN23F_09720) in 

ATCC 700669 due to a point mutation, similar to SP_1052 & SP_1053 in TIGR4 that 

were annotated as two separate genes. Two regions of homologous sequence, (94% and 

92% sequence identity), shared between ATCC 700669 and 1861 were identified within 

the region of Tn5252-related sequence between positions 10,297 and 13,754 in 1861. 

The region extended from 163 bp into ORF 11 to downstream of the stop codon of ORF 

15. The equivalent region in ATCC 700669 encoded ORFs SPN23F_09731, 

SPN23F_09740, SPN23F_09750, SPN23F_09780 and SPN23F_09790, which includes 

the putative Rgg/GadR/MutR family transcriptional regulator (SPN23F_09790). A 5.5-

kb region of divergent sequence was present downstream of SPN23F_09790, which was 

found to include the lantibiotic merscaidin transport system also found in strain 1 

(Section 3.3.2.1). The equivalent region of divergent sequence in 1861 was 8-kb in size 

and encoded ORFs 16 to 24. The final region of homologous sequence was found to 

encode FtsW. The alignment with D39 (Figure 3.8c), showed a similar pattern of 

homologous sequence to that of the ATCC 700669 alignment. Therefore, as expected, 

D39 encoded full-length nplT (SPD_0927), pezAT (SPD_0930 & SPD_0931), the 

putative Rgg/GadR/MutR family transcriptional regulator (SPD_0939) and ORFs 

SPD_0934 to SPD_0938 within the region of Tn5252-related sequence. Downstream of 

SPD_0939, D39 contained 11.6-kb of divergent sequence, including ORFs SPD_0940 

to SPD_0949, which was not found in either 1861 or strain 1, indicating that D39 

possessed a unique set of genes within this region of the PPI-1 variable region. Unlike 

the ATCC 700669 alignment, D39 shared an extended region of sequence at the 3’ end 

of the PPI-1 variable region from position 20,102 to the end of the island, which was 

1.7-kb longer than ATCC 700669 and encoded the major facilitator family protein 

SPD_0950, homologous to the same, but fragmented, 1861 gene designated ORFs 23 

and 24. When aligned with Hungary 19A (Figure 3.8d), 1861 shared an initial 6.3-kb 
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region of homologous sequence that was 1.2 kb longer than the equivalent region in 

strain 1, and was mostly due to the presence of full-length nplT (SPH_1147) in Hungary 

19A. However, downstream of SPH_1147 was 1.7-kb of divergent sequence in Hungary 

19A, which includes ORFs SPH_1148 to SPH_1151. These ORFs were not found in 

either 1861 or strain 1. The entire PPI-1 variable region of G54 was present strain 1861 

(Figure 3.8e). However, a 6.3-kb region of 1861 sequence was absent from G54. This 

region in 1861 encodes the last 655 bp of ORF 6 to the first 534 bp of ORF 12, meaning 

that G54 lacks pezAT and possesses a shorter nplT (SPG_0972), as was also shown in 

the alignment with strain 1 (Figure 3.7d). Downstream of pezAT, the PPI-1 variable 

region of G54 shared at least 98% sequence identity with 1861, which includes the 

putative Rgg/GadR/MutR family transcriptional regulator and ORFs homologous to the 

1861 ORFs 16 to 25. 

As discussed in Section 3.1, a 7-bp repeat sequence had previously been found 

to flank differences in sequence between TIGR4 and strain 142. However, despite 

attempts to identify the same 7-bp repeat or alternative repeats using bioinformatic 

software, no relationship could be identified between the boundaries of deletions or 

insertions (Figures 3.6, 3.7 & 3.8) and specific repeat sequences.  

3.4.2.2 Survey of PPI-1 in a selection of S. pneumoniae clinical 

isolates 

As discussed in Section 3.1, previous comparisons between the PPI-1 variable 

regions of different pneumococcal strains have been undertaken using bioinformatic 

analysis of sequenced genomes or using PCR and Southern blotting. In order to 

compare the PPI-1 variable region from a larger selection of strains where the genome 

sequence was not available, the PPI-1 variable region was amplified from the strains 

listed in Table 3.6, using primers a and c, as described in Section 2.9.6, with an 

extension time of 25 min. Successfully amplified products were subsequently purified  
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Table 3.6 S. pneumoniae strains screened for the PPI-1 variable region 
Strain Serotype (ST– if 

available) 
PPI-1 variable region 
amplification (+ / -) 

pezA/T (+ / -) 

63 18 + + 
94 18C + + 

160 23F (ST81) + + 
WCH211 11 (ST3020) + + 

3773 15B (ST199) + + 
WU2 3 (ST378) + + 
4104 19A (ST199) + + 

1 1 (ST304) + - 
G54 19F + - 
3518 11A (ST62) + - 
2663 11A (ST3019) + - 

MSHR5 11 (ST62) + - 
1861 1 (ST3079) + + 
TIGR4 4 (ST205) + + 

WCH43 4 (ST205) + + 
WCH16 6A  + - 

WCH206 3 (ST180) - + 
73 5 + + 
49 5 + + 

171 19A + + 
71 5 + + 

141 16 + - 
MSHR17 3 (ST458) + + 
MSHR1 11A (ST3021) + + 

D39 2 (ST545) - + 
EF3030 19F - + 

164 7C - + 
140 16 - + 
153 9V - + 
163 35F - - 
67 23 - - 

DNA was extracted from the strains listed above as described in Section 2.9.2 and used to amplify the 
PPI-1 variable region using primers a and c (Section 2.9.6). PezAT detection was performed by PCR 
(Section 2.9.6) using primers dm and j. 
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(Section 2.9.7) and then subjected to EcoRI-HF (NEB) digestion (Section 2.9.4). The 

restriction patterns produced from the PCR product could be used to predict the content 

of the PPI-1 variable region by comparison to restriction patterns predicted from in 

silico digestion of the same region in strains for which genomic sequences were 

publicly available. The strains listed in Table 3.6 were chosen to represent a variety of 

serotypes and strains, including recent clinical isolates and older laboratory strains. 

Primers a and c were chosen for amplification of the PPI-1 variable region as the 

binding sites were found to be conserved in the genomes of strains that had been 

sequenced so far, with the exception of CDC1087-00 (serotype 7F, ST191) and 

CGSP14. Strain CDC1087-00 was found to lack the primer a binding site, whereas the c 

binding site was within a region that had undergone an inversion in CGSP14. Of the 

other 20 pneumococcal strains for which at least draft genome sequences were available 

at the time of this work, successful amplification was predicted to be possible in 15 

strains. The strains where amplification was predicted to be very difficult included 

SP195 (serotype 9V, ST156), D39, CDC1873-00, OXC141 (serotype 3, ST180) and 3-

BS71, as products of greater than 20 kb would need to be produced. Products of such 

sizes are not reliably amplified using the amplification systems described in Section 

2.9.6. In addition to predicting the PPI-1 variable region content by restriction patterns, 

the presence of pezAT was also confirmed by PCR. The suitability of primers dm – j 

used to detect pezAT was ascertained using BLASTn searches of the NCBI database, 

which confirmed 100% sequence identity between the primers and their recognition 

sites in all pneumococcal strains containing the target genes, and not in any of the 

pneumococcal strains that lacked the system. Table 3.6 shows whether PPI-1 could be 

amplified and whether pezAT was detected.  

a – c amplification was not achieved from strains WCH211, D39, EF3030, 164, 

140, 153, 163 and 67. Of these strains, strains WCH211, D39, EF3030, 140 and 164 
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were positive for pezAT. Presence of pezAT and shared ST between strains WCH211 

and OXC141 (McAllister et al., unpublished) suggested that the content of PPI-1 was 

shared between these strains. Furthermore, since the region was 30-kb in size in 

OXC141, this would explain the inability to amplify the target region in strain 

WCH211. As explained above, the target region in the pezAT positive strains, SP195 

and CGSP14, would have also been impossible to amplify using primers a and c due to 

excessive expected product size. Amplification using primers a and c would also have 

been difficult in the pezAT negative strain, CDC1087-00, but in this case, due to the 

absence of the primer a binding site. Therefore, it seemed likely that when a strain was 

positive for pezAT, but negative for a – c, the target was too large to amplify rather than 

lacking the target region completely. Since strains 67, 153 and 163 were negative for 

pezAT and negative for a – c, it was predicted that these strains possessed an unusual 

configuration of PPI-1, such as lacking the primer a binding site as in CDC1087-00. 

Alternatively, a configuration not present in any of the genomes published to date could 

be present in these strains. Figure 3.9 shows the restriction patterns produced following 

EcoRI-HF-digestion of successful a – c PCR products.  

Table 3.7 shows predicted EcoRI restriction product band sizes of a hypothetical 

a – c product from strains for which genomic sequences were publicly available. These 

predicted restriction patterns were compared with the restriction patterns of strains in 

Figure 3.9 to predict the content of PPI-1 in these clinical isolates. 

Strains 1 and 1861 were found to produce unique restriction patterns, not shared 

with any of the other strains in Figure 3.9. However, as expected, the restriction pattern 

produced from strain 1 was the same as that predicted for INV104B (Table 3.7) (3,499 

bp, 2,343 bp, 1,888 bp, 1,385 bp and 288 bp). Similarly, strain 1861 produced 

restriction patterns the same as that predicted for P1031 (7,787bp, 4,816bp, 3,337 bp, 

2,503 bp, 568 bp, 288 bp and 86 bp). Strains 141, MSHR17, WCH16 and MSHR1 also  
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produced band patterns not shared with any of the other strains that were screened. 

However, WCH16 was found to produce a similar restriction pattern to that predicted 

for strains Hungary 19A, Taiwan 19F and 18-BS74. After examining the reference 

bands in Table 3.7, strains 141, MSHR17 and MSHR1 could not be grouped with other 

strains. The remaining strains could each be grouped with at least one other sequenced 

strain that shared the same restriction patterns. It was interesting to note that strains 

WU2, WCH211, 3773, 63, 94, 171, 4104 and 160 all produced the same 7-fragment 

pattern as that predicted for ATCC 700669 (7,102 bp, 3,341 bp, 2,342 bp, 1,888 bp, 

1,383 bp, 568 bp and 290 bp). Therefore, the PPI-1 variable region of ATCC 700669 

was the most common configuration in the selection of laboratory strains that were 

screened. Another group of strains included MSHR5, 3518 and 2663, which shared a 4-

fragment pattern, and was the same as that predicted for G54 (7,868 bp, 4,816 bp, 290 

bp and 86 bp). The predicted restriction patterns for strains MLV-016 and 11-BS70 

were also the same as that for G54, WCH43 and TIGR4 (6,588 bp, 4,374 bp, 3,341 bp, 

1,282 bp, 568 bp and 289 bp). This was not surprising given that both WCH43 and 

TIGR4 were ST205. Strains 73 and 49 formed a group with both strains possessing the 

same 3-fragment pattern (6,000 bp, 3,500 bp and 300 bp). Initially none of the predicted 

restriction patterns in Table 3.7 could be matched to those generated from strains 73 and 

49. However, closer analysis suggested that the 4-fragment pattern predicted for strain 

70585 included two fragments differing in size by only 200 bp (3,593 bp and 3,341 bp), 

which would be difficult to resolve on the 0.8% agarose gel used in Figure 3.9. 

Therefore, given that the 3,500-bp fragment for strains 73 and 49 was probably a 

doublet due to its greater intensity of GelRedTM fluoresence than the 6-kb fragment, it 

was predicted that the PPI-1 variable region of strains 73 and 49 was the same as for 

strain 70585. Additional restriction analysis using BamHI and HindIII confirmed that 

strains 73 and 49 shared the PPI-1 variable region present in strain 70585 (data not 
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shown). The final group included strains 171 and 71, which both produced a 3-fragment 

pattern estimated at 4,500 bp, 1,000 bp and 600 bp. The restriction patterns of strains 

171 and 71 did not appear to correlate with any of the predicted band patterns in Table 

3.7, and therefore did not allow for the prediction of the content of the PPI-1 variable 

region in these strains. However, pezAT was detected in both strains 71 and 171. 

3.5 Discussion 

Brueggemann and Spratt (2003) identified three lineages of STs from an 

extensive selection of serotype 1 strains that showed distinct patterns of geographic 

distribution (Section 1.5.2.1). As discussed in Section 1.5.2.1, a number of outbreaks of 

pneumonia and IPD (Leimkugel et al., 2005; Dagan et al., 2000; Gratten et al., 1993; 

Mercat et al., 1991; Gupta et al., 2008; Mehiri-Zghal et al., 2009) have been associated 

with strains of single or closely related STs of serotype 1, which has highlighted the 

involvement of clonal properties in invasive potential. In addition, the ability of the 

pneumococcus to acquire genetic material from the environment (Section 1.3.4) may 

enable horizontally acquired genomic islands to contribute to heightened virulence, thus 

promoting the efficient transmissibility and rapid disease progression associated with 

outbreaks of IPD. The acquisition of virulence-promoting genetic elements may provide 

a short-term selective advantage within a distinct geographic location. However, genetic 

elements contributing to heightened virulence may not provide a significant long-term 

advantage, but could still persist due to forced maintenance by TA systems, such as 

pezAT. Therefore, genomic islands, such as PPI-1, that are characterised by extensive 

variability between clones become interesting loci for the investigation of genetic 

elements that could confer enhanced IPD potential on single or closely related clones.  
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3.5.1 Association between ST and content of the PPI-1 variable 

region 

As discussed above, clones of serotype 1 have frequently been associated with 

outbreaks of IPD, possibly influenced by the content of the various variable genetic 

islands throughout the pneumococcal genome (Embry et al., 2007; Obert et al., 2006). 

Therefore, identifying any potential association between ST and the content of the PPI-1 

variable region was important for the serotype 1 clinical isolates under investigation in 

this study. The STs of the non-invasive strains 1, 2 and 4 and the intermediately virulent 

strains 3415 and 5482 had previously been found to be members of lineage A. 

However, prior to commencement of this work the STs of the highly virulent strains 

1861 and 4496 were unknown. Given that the organisation of the PPI-1 variable region 

was known to vary between the lineage A strains and strains 1861 and 4496 (Section 

1.6.3), it was important to determine whether there was a correlation between serotype 1 

lineage and the content of PPI-1. The STs of strains 1861 and 4496 were determined by 

MLST and found to be novel, being allocated ST3079 and ST3018, respectively 

(Section 3.2.1). Further sequence analysis (Section 3.2.2) enabled the identification of 

previously defined STs that were most closely related to ST3079 and ST3018, based on 

the assumption that minimum genetic drift would have occurred between the most 

closely-related STs. The most closely related STs to the STs of 1861 and 4496 were 

ST217 and ST615, respectively. Therefore, strains 1861 and 4496 were found to be 

members of lineage B and C, respectively. As a result, the non-invasive and 

intermediately virulent strains appeared to cluster within lineage A, separate from the 

two highly virulent strains, supporting previous work showing that the genotype 

influences virulence (Section 1.5.2). The conservation of the PPI-1 variable region 

between 1861 and 4496, but not with the lineage A strains, indicated that either one or 

both of the two versions of the region were acquired at a time between the divergence of 



Chapter 3 – Characterisation of PPI-1 sequence Page | 113  

lineage A clones and lineages B and C, and the divergence of lineage B and C clones 

from each other (Figure 3.3). Interestingly, the highly virulent strain 1861 was a single-

locus variant of ST217 and a double-locus variant of ST303, which have previously 

been described as hypervirulent in humans (Antonio et al., 2008). Therefore, the 

heightened virulence of strain 1861 (and possibly 4496) in mice is likely to also be 

reflected in humans. 

3.5.2 Sequencing and annotation of the PPI-1 variable region 

As TA systems such as pezAT have been suggested to play a role in the 

maintenance of mobile genetic elements (Szekeres et al., 2007) and in the case of strains 

1861 and 4496, is associated with heightened virulence (Section 1.6.3), it was decided 

to sequence and annotate the region surrounding pezAT in strains 1861 and 4496 and to 

compare this to the sequence and annotation of the PPI-1 variable region in the lineage 

A strains, which had previously been shown to be pezAT negative (Section 1.6.3). 

Sequencing confirmed that the PPI-1 variable region of strains 1861 and 4496 was 

considerably larger than that of the lineage A strains. Having completely sequenced the 

PPI-1 variable region in the strains of this study, ORFs within the region of each strain 

could be identified and their putative functions predicted by use of the NCBI and 

KEGG databases, and the HHpred search engine (Section 3.3.2). Figure 3.10 

summarises the configuration of ORFs predicted for the PPI-1 variable region and 

flanking sequence of the lineage A strains and strains 1861 and 4496. Within the region, 

12 ORFs were identified in the lineage A strains and 25 ORFs in strains 1861 and 4496. 

The two versions of the sequence were aligned using the ACT, which identified four 

regions of homologous sequence, two regions of absent sequence and one region of 

divergent sequence. 
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3.5.2.1 Sequence shared between both versions of the PPI-1 

variable region 

As expected, the regions flanking the PPI-1 variable region (homologous regions 

1 and 4, Figure 3.6), encoded ORFs that were highly conserved between the two groups 

of strains. Four complete ORFs were predicted within the homologous region 1 (ORFs  

1 – 4, Figure 3.10). Of the 4 ORFs, a function could not be predicted for ORFs 1 and 2, 

but ORFs 3 and 4 were found to encode a putative ADP-ribosylglycohydrolase and a 

diacylglycerol kinase catalytic domain protein, respectively (Tables 3.2 & 3.3). As 

noted in Section 3.3.2.1, ADP-ribosylglycohydrolase is involved in ADP-ribosylation, 

which involves the reversible post-translational modification of target proteins to 

regulate their activities (Ludden et al., 1994). ADP-ribosylation is catalysed by ADP- 

ribosyltransferase and the modification is removed by ADP-ribosylglycohydrolase. 

ADP-ribosylation has been implicated in the regulation of a number of processes such 

as nitrogenase activity and modification of glutamine synthetise in Rhodospirillum 

rubrum and sporulation in B. subtilis (Masepohl et al., 1993; Woehle et al., 1990; Huh 

et al., 1996). It was not clear which proteins were targeted by the ADP-

ribosylglycohydrolase and an ADP-ribosyltransferase was not identified in the 

sequenced portion of PPI-1. However, the virulence-associated bvr locus in Listeria 

monocytogenes has also been found to encode an ADP-ribosylglycohydrolase without 

an ADP-ribosyltransferase (Brehm et al., 1999). Perhaps the ADP-ribosyltransferase is 

present elsewhere on the chromosome and as such could act in trans. As also noted in 

Section 3.3.2.1, diacylglycerol kinase is involved in the turnover of membrane 

phospholipids (reviewed in Sakane et al., 2007). However, it is unclear what role such 

an enzyme would have in PPI-1.  The 3’ end of homologous region 1 was within the 

nplT encoded by both groups of strains (ORF 5 in strain 1 and ORF 6 in strain 1861). 

However, nplT was found to be truncated in the lineage A strains, probably leading to 
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lack of function due to the loss of most functional domains. By contrast, the total length 

of the fragmented nplT in strains 1861 and 4496 (ORFs 5 and 6) was comparable to that 

of other pneumococcal strains and the functional enzyme in B. stearothermophilus, for 

which the crystal structure has been determined (Hondoh et al., 2003). Interestingly, a 

frame-shift mutation in ORF 5/6 had led to fragmentation of neopullulanase into ORFs 

5 and 6. Whilst the enzyme was fragmented in strains 1861 and 4496, the fragmentation 

occurred at a position between the N-domain and A domain, leaving the N-domain 

complete within ORF 5 and the remaining domains intact within ORF 6. Therefore, 

three theoretical possibilities exist for the functionality of nplT in strains 1861 and 4496. 

Firstly, the fragmentation could lead to synthesis of a non-functional protein, which 

would then eliminate a role for neopullulanase in the virulence of strains 1861 and 

4496. Secondly, the N-domain has been shown to be responsible for the tightened 

specificity of neopullulanase when compared to other members of the -amylase 

superfamily (Hondoh et al., 2003), and as such an intact -amylase is produced without 

an N-domain, which could increase the range of potential substrates for the enzyme in 

strains 1861 and 4496. Thirdly, a functional neopullulanase could exist in strains 1861 

and 4496, if the N-domain of ORF 5 was able to maintain its function by interacting 

with the remaining domains of ORF 6 via peptide complementation. Expression 

analysis of nplT in 1861 and 4496 will be further investigated in Chapter 4. 

Remnants of the conjugative transposon Tn5252, were observed in both groups 

of strains (ORF 6 in strain 1 and ORFs 11 – 13 in 1861) within homologous regions 3 

and 4 of Figure 3.6. Whilst both groups of strains possessed remnants of Tn5252, the 

extent to which the region had degraded at the sequence level between the two groups, 

combined with the presence of non-homologous region 2 of Figure 3.6 in only strains 

1861 and 4496, led to significant differences in annotation. However, in both cases the 
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Tn5252 conjugative transposon was incomplete, which suggested that the region was 

unlikely to have any real function in either group of strains. 

A single ORF was predicted within homologous region 4 of Figure 3.6, which 

was found to be the cell division protein FtsW. FtsW is thought to be involved in cell 

division by stabilising the FtsZ-ring (Ishino et al., 1989).  

3.5.2.2 PPI-1 variable region present in only the lineage A strains 

The primary feature of the PPI-1 variable region in strain 1 was the presence of 

part of a mersacidin lantibiotic biosynthesis and export system (Section 3.3.2.1). 

Lantibiotics are a group of post-translationally modified bacteriocins, which includes 

the bacteriocin, mersacidin (reviewed in Willey et al. [2007]). Mersacidin functions to 

inhibit the transglycosylation step in peptidoglycan synthesis and has been of particular 

interest as a future antimicrobial due its activity against methicillin-resistant S. aureus in 

a mouse model of infection (Kruszewska et al., 2004). In B. subtilis the lantibiotic 

mersacidin system includes the mersacidin structural gene (mrsA), as well as genes 

encoding the post-translational modification enzymes (mrsM and mrsD), a dual-

function endopeptidase-transporter gene (mrsT), a group B ABC transporter involved in 

mersacidin immunity (mrsF, mrsG and mrsE), a two-component regulatory system 

important for regulating transcription of the immunity genes (mrsR2 and mrsK2) and a 

regulatory gene with some sequence similarity to response regulators (mrsR1), which 

was required for transcription of mrsA, mrsM, mrsD and mrsT. A companion sensor 

histidine kinase gene has not been identified for mrsR1 in B. subtilis (Altena et al., 

2000). The strain 1 ORFs identified in Section 3.3.2.1 were homologous to mrsT (ORFs 

7 and 8), mrsF (ORF 9), mrsG (ORF 10) and mrsE (ORF 11). Therefore, the strain 1 

PPI-1 variable region lacked the mersacidin structural gene, most of the modification 

enzymes and the two-component regulatory systems. However, the possession of the 

complete immunity system suggested that strain 1 may be resistant to mersacidin 
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without producing the bacteriocin itself. Even though strain 1 lacks homologs of mrsR2 

and mrsK2, it has previously been shown that mersacidin can autoinduce the expression 

of its own immunity system (Schmitz et al., 2006). This suggests that despite the lack of 

immunity regulatory genes in strain 1, the system could still be expressed in the 

presence of mersacidin. Chapter 4 will address the expression of ORFs 9 to 11 in vitro, 

showing whether or not the mersacidin immunity genes are actively transcribed. The 

arrangement of lantibiotic genes seen in strain 1, with the exception of the truncation of 

the mrsT homolog and the lack of an mrsM fragment, has been previously identified in 

strain ATCC 700669 (Croucher et al., 2009). To date, these systems have been 

identified in a number of soil dwelling organisms such as B. subtilis. However, 

bioinformatic analyses have identified a complete mersacidin biosynthesis and export 

system in the pneumococcal strain, 23-BS72 (Croucher et al., 2009). Therefore, if 

strains of the pneumococcus do indeed exhibit mersacidin resistance, it is difficult at 

this point to know what these strains are competing with, other than with other strains of 

S. pneumoniae.  

3.5.2.3 PPI-1 variable region present only in strains 1861 and 4496 

The first region of sequence present in only strain 1861 was the non-

homologous region 1 (Figure 3.6), which encodes pezAT (ORFs 8 and 9) and ORF 10 

(Figure 3.10). As had been previously established, pezAT was present in strains 1861 

and 4496, but absent from the lineage A strains (Section 1.6.3). However, unlike what 

had been observed in TIGR4 (SP_1052 and SP_1053) and D39 (SPD_0932 and 

SPD_0933), a single ORF (ORF 10) was present in the equivalent sequence in 1861, 

indicating that fragmentation of the gene had occurred in strains such as TIGR4 and 

D39. A putative function for ORF 10 could not be predicted from bioinformatic 

analyses, due to a lack of significant homology representing more than half the length of 

the ORF. However, it appeared that ORF 10 was an ATP-binding protein (Section 
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3.3.2.2). Brown et al. (2004) suggested that the reduction in virulence observed 

following mutagenesis of pezT was primarily due to pezT, rather than through polar 

effects on SP_1052 (homologous to ORF 10). However, given that Section 3.3.2.2 

showed that ORFs SP_1052 and SP_1053 are probably a fragmented gene, SP_1052 is 

possibly non-functional in the strain used by Brown et al. (2004). Performing 

comparisons between in vivo expression profiles of pezAT in different niches of the 

mouse may shed some light on what role, if any, this system has in pathogenesis 

(Chapter 4). 

A second region of sequence present in only strains 1861 and 4496 (non-

homologous region 2 [Figure3.6]) was predicted to encode a fragmented transcriptional 

regulator from the Rgg/GadR/MutR family. As described in Section 3.3.2.2, a single 

nucleotide insertion had led to fragmentation and most likely leads to inactivation of the 

regulator. An identical point mutation had previously been identified in ropB, which is a 

positive regulator of the virulence-associated protease, speB in S. pyogenes (Hollands et 

al., 2008). However, it is interesting that the speB negative phenotype can be selected 

following subcutaneous passage. This raised the possibility that ropB and the equivalent 

transcriptional regulator in strains 1861 and 4496 might be phase variable. However, in 

S. pyogenes, the ropB truncation was never recovered following subcutaneous passage 

and that the speB negative expression phenotype was due to phase variation of the 

covR/S regulator. Therefore, it seems unlikely that the regulator in PPI-1 would be 

phase variable and as such it is unlikely that ORFs 14 and 15 have a role in the 

virulence of strains 1861 and 4496. 

The strain 1861 version of non-homologous region 3 (Figure 3.6) was found to 

encode a cluster of genes (ORFs 16 – 24, Figure 3.10), which were not present in strain 

1 (Section 3.4.1). Annotation of this region predicted putative functions for ORFs 16, 

18, 21, 22, 23 and 24. These genes encoded a putative 3HIBDH (ORF 16), PDT (ORF 
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18), GalE (ORF 21), biotin carboxylase (ORF 22) and a fragmented transporter of the 

major facilitator superfamily (ORFs 23 and 24). Putative functions could not be 

predicted for ORFs 19 and 20, and ORF 17 only returned moderate-scoring hits for the 

nucleotide-binding domain of a nucleotidyl transferase. HHpred searches of ORFs 23 

and 24 as a single sequence query returned high-scoring hits to importers of lactose and 

glycerol-3-phosphate. However, it was unclear whether the fragmented gene found in 

strain 1861 and 4496 could be functional, as evidence of peptide complementation 

rescuing the function of a fragmented major facilitator has not been previously reported. 

The products encoded in ORFs 18, 21 and 22 have well-characterised housekeeping 

functions (Wilson & Hogness, 1969; Cotton & Gibson, 1965; Cronan, 2002). It is 

important to note that the versions of these genes in PPI-1 are in addition to similar 

enzymes located elsewhere in the genome. Therefore, ORFs 18, 21 and 22 might be 

under alternative regulatory control to that of the common housekeeping genes. From 

the bioinformatic analyses of Section 3.3.2.2, it was difficult to predict a mechanism by 

which ORFs 16 – 24 could function to enhance virulence, making mutagenesis and 

expression analysis of these genes particularly important (Chapter 4).  

3.5.3 Generalised organisation of PPI-1  

The PPI-1 variable region of strains 1 and 1861 was aligned with that of 

INV104B and P1031 respectively, which highlighted the high degree of homology 

exhibited between strains of the same lineage (Section 3.2.2). Both strains 1 and 1861 

were aligned with strains ATCC 700669, Hungary 19A, and G54. The alignments in 

Figures 3.7 and 3.8 revealed a pattern of independent components within the PPI-1 

variable region that is shown in Figure 3.11. The pattern included three regions of 

homologous sequence (overlap A, B and C), the pezAT region and an accessory region.  

Overlap A and C were the most highly conserved and consisted of ORFs found to be 

shared by all strains sequenced to date, with the exception of CDC1087-00. Overlap A  
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includes sequence from the start of the PPI-1 variable region to within nplT and 

corresponds approximately to homologous region 1 in Figure 3.6. Overlap C can vary in 

length and includes the 3’ end of the PPI-1 variable region, which is included in 

homologous region 4 of Figure 3.6. Overlap C was not found to encode any significant 

ORFs. Overlap B tended to vary in length between strains and was found to be absent in 

a few strains, such as Hungary 19A. In all cases where overlap B sequence was present, 

homology was found to exist between strains, as the variation that was observed was a 

result of genetic drift and recombination at the region’s boundaries, rather than variation 

due to replacement events. Overlap B was found to consist primarily of Tn5252-related 

sequence and the putative Rgg/GadR/MutR family transcriptional regulator. Whilst the 

Tn5252 ORFs within overlap B of most strains are unlikely to encode a functional 

conjugative transposase, the ubiquitous nature of transposase sequence throughout 

many bacterial genomes may promote the sort of frequent recombination required to 

produce variation characteristic of the PPI-1 variable region. The overlap B region of 

strain 1 was unusual when compared to other pneumococcal genomes, as it lacked the 

putative transcriptional regulator. Since the 300 bp sequence of overlap B downstream 

of the transcriptional regulator deletion site (equivalent to homologous region 4 [Figure 

3.6]) was present in the lineage A strains, the loss of the transcriptional regulator was 

likely to have occurred independently of the acquisition of the lineage A accessory 

region.  

The pezAT region of the PPI-1 variable region consists of the remaining 

sequence of full-length nplT, pezAT and the putative phosphoesterase. The pezAT region 

appeared to be either present or absent in the pneumococcal strains that were analysed. 

The absence of the pezAT region usually resulted in direct contact between overlap A 

and B leading to a truncated nplT, with the exception of strains Hungary 19A and 

Taiwan 19F. This was usually followed by Tn5252-related sequence, which was 
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observed in strains such as strain 1 and G54. The accessory region was the region of 

greatest variation between strains. Unlike overlap B, the variability of the accessory 

region suggested that it has been a hotspot for recombination, frequently leading to 

replacement of existing sequence. Often the accessory region encodes a set of genes of a 

specific function, such as the lantibiotic immunity genes present in strains 1 and ATCC 

700669. In a number of genomes the accessory region of PPI-1 has been found to 

encode genes for antibiotic resistance, such as chloramphenicol acetyltransferase in 

CDC1873-00. Given the common structure of the PPI-1 variable region between 

pneumococci, it is predicted that the role of the region for a given strain is determined 

by the content of the accessory region.  

As indicated in Section 3.4.2.1, several attempts were made to identify various 

repeat sequences potentially responsible for the component structure of the PPI-1 

variable region. Whilst many repeated sequences were identified, no relationship 

between the boundaries of components of the PPI-1 variable region and repeat 

sequences was identified. However, finding repeats was probably hampered by the fact 

that the evolution of the PPI-1 variable region appears to have been mediated by 

multiple steps of recombination and replacement over time.  

 3.5.4 Survey of PPI-1 in a selection of clinical isolates 

Previously the content of the PPI-1 variable region had been screened by 

directly targeting specific genes, such as pezT by PCR or Southern hybridisation 

analysis (Brown et al., 2004). However, by directly targeting individual genes, there is 

the risk of reporting false negatives due to point mutations in primer binding sites, in the 

case of PCR, or false positives due to hybridisation to sufficiently homologous genes 

located elsewhere on the genome, in the case of Southern Blotting. In Section 3.4.2.2, a 

more holistic approach was taken to compare the entire PPI-1 variable region between 

strains, by taking advantage of the conservation of sequence flanking the region in the 
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majority of strains. This was achieved by amplifying the PPI-1 variable region using 

primers a and c and digesting the resultant product, if any, with EcoRI. Characteristic 

EcoRI restriction patterns were used to identify strains possessing the same version of 

the PPI-1 variable region. To complement the restriction patterns, PCR was used to 

confirm the presence of pezAT and homologs of ORF 10, which detected only the PPI-1 

TA system and not the homologous system located elsewhere on the chromosome. A 

similar approach was attempted for the Rgg/GadR/MutR family transcriptional 

regulator, but this gene was found to exhibit sequence variation that made such an 

approach unreliable. Section 3.4.2.2 showed that many strains did produce identical 

restriction patterns allowing grouping of strains sharing the same version of the PPI-1 

variable region. In addition, Table 3.8 summarises the grouping of the screened strains, 

including those where band patterns were predicted in silico, according to accessory 

region content. For those strains where sequence data was available, it was possible to 

show that some possessed homologous accessory regions, but produced different 

restriction patterns due to differences in the presence of the pezAT region. Alignments 

from Figure 3.7 showed that the accessory region of the serotype 1 lineage A strains 

was homologous to that of ATCC 700669, allowing them to be placed in group 1. 

Likewise the alignment in Figure 3.8 between strain 1861 and G54 showed extensive 

homology between their accessory regions allowing strains 1861 and 4496 to be placed 

in group 2. In addition, the accessory region of the pezAT-positive strain MSHR17 was 

found to be homologous to that of Hungry 19A (McAllister, unpublished), allowing 

strain MSHR17 to be placed in group 4.  

Table 3.9 shows the strains that could not be grouped as either their restriction 

patterns were unique, or because the PPI-1 variable region could not be amplified. 

Excluding those strains where a – c amplification was unsuccessful, the inability to 

group strains in Table 3.9 was most likely due to that fact that they either possessed  
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Table 3.8 Grouping of strains according to accessory region 
Group Strains Serotype (ST) pezAT 

1 ATCC 700669 23F + 
  63 18 + 
  94 18C + 
  160 23F + 
  WCH211 11 (ST3020) + 
  3773 15B (ST199) + 
  WU2 3 (ST378) + 
  4104 19A (ST199) + 
  170 19A + 
  152 9N + 
  162 24 + 
  1 1 (ST304) - 
  3415 1 (ST227) - 
  INV104B 1 (ST227) - 

2 G54 19F - 
  3518 11A (ST62) - 
  2663 11A (ST3019) - 
  MSHR5 11 (ST62) - 
  MLV-016 11A - 
  11-BS70 11 - 
  1861 1 (ST3079) + 
  4496 1 ( ST3018) + 

3 TIGR4 4 (ST205) + 
  WCH43 4 (ST205) + 

4 Hungary 19A 19A - 
  Taiwan 19F 19F - 
  WCH16 6A (novel) - 
  18-BS74 6 (novel) - 
  MSHR17 3 (ST458) + 

5 OXC141 3 (ST180) + 
  3-BS71 3 (ST180) + 
  WCH206 3 (ST180) + 

6 70585 5 (ST289) + 
  73 5 + 
  49 5 + 

7 171 19A + 

  71 5 + 
Strains are grouped with other strains sharing the same version of the accessory region of the 
PPI-1 variable region. Restriction patterns of Figure 3.9 were compared to the patterns 
predicted in Table 3.7. PezAT was detected using primers dm and j (Table 3.6). Red indicates the 
serotype 1 strains of this study and blue indicates the strains with publicly available genome 
sequences. 

  



Chapter 3 – Characterisation of PPI-1 sequence Page | 126  

 
 
 
 
 
 
 

Table 3.9 Strains that could not be grouped by accessory region 
a – c 

amplification Strains 
Serotype 

(ST) pezAT 

Positive 

141 16 - 
MSHR1 11 (ST3021) + 

JJA 14 (ST66) + 
CDC0288-04 12F (ST220) + 
CDC1873-00 6A (ST376) + 
CDC3059-06 19A (ST199) + 

SP195 9V (ST156) + 
  23-BS72 23 (ST37) + 

Negative 

D39 2 (ST454) + 
EF3030 19F + 

164 7C + 
140 16 + 
153 9V - 
163 35F - 
67 23 - 

Strains that could not by accessory region in Table 3.8 due to unique restriction patterns or 
unsuccessful a – c amplification are listed above. Red indicates the serotype 1 strains of this 
study and blue indicates the strains with publicly available genome sequences. 
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unique versions of the accessory region, or if the accessory region was shared with other 

strains, differences in the presence of pezAT may have altered the restriction patterns. 

As discussed in Section 3.4.2.2, the inability to amplify the PPI-1 variable 

region in some strains was probably due to the size of the region being greater than the 

limits of reliable PCR amplification, especially in those strains that were pezAT-

positive. However, where pezAT could not be detected, it is possible that these strains 

possess a version of the PPI-1 variable region that may lack at least one of the primer-

binding sites, such as in CDC1087-00 and CGSP14. Therefore, whilst it is clear that 

only sequencing can definitively determine the content of the PPI-1 variable region in 

all strains, the comparison of restriction patterns between strains was quite successful at 

grouping the majority of strains according to accessory region content. In addition to 

grouping strains, the comparison of restriction patterns between tested strains for which 

there was no sequence data available, with that of a strain from Table 3.7, enabled the 

rapid identification of the content of the PPI-1 variable region.  

In summary, the mersacidin immunity system was the most frequently detected 

component of the accessory region, and was present in a wide variety of serotypes such 

as 23F, 19A, 11, 18 and 1. The apparent success of this region supports the hypothesis 

that the region provides immunity against strains or species producing the lantibiotic 

bacteriocin, mersacidin. The serotype 1 lineage A strains of this study were unique, as 

they possessed the mersacidin immunity genes in the absence of pezAT, which 

suggested that in these strains the mersacidin immunity genes could be maintained 

independently of pezAT. The accessory region of strains 1861 and 4496 was also found 

to be distributed throughout a range of other serotypes including serotype 11 and 19F. 

However, this accessory region, unlike in strains 1861 and 4496, was most commonly 

found in the absence of the pezAT region (Table 3.8). This indicated that these genes 

could also be maintained in the absence of pezAT. Therefore, it seems unlikely that 
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pezAT is required for maintaining the accessory region of at least groups 1, 2 and 4 

(Table 3.8).  

The bioinformatic data of Chapter 3 have identified an association between the 

content of the PPI-1 variable region and invasive potential in serotype 1 isolates. In 

addition, these versions of the PPI-1 variable region were identified in many other 

strains of S. pneumoniae that represented many different serotypes. In addition, the PPI-

1 variable region was found to exhibit an ordered structure made up of a number of 

components that either varied in their presence or in their content. Functional 

characterisation is required to demonstrate the role potentially played by the PPI-1 

variable region in virulence, and this will be addressed in Chapter 4. 
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Chapter 4 – Functional Characterisation of 
Pneumococcal Pathogenicity Island-1  

 

4.1 Introduction 

Previous work showed that at the DNA level, differences in the size of the PPI-1 

variable region and the possession of pezAT were associated with invasive potential 

(Section 1.6.3). More specifically, of the non-invasive, intermediately virulent and 

highly virulent serotype 1 isolates that were analysed, the highly virulent strains 

possessed a larger version of the PPI-1 variable region that was positive for pezAT, 

whereas the non-invasive and intermediately virulent strains possessed a smaller version 

of the region that lacked pezAT (Section 1.6.3). In Section 3.3.2, sequencing and 

bioinformatic analyses were used to identify ORFs within the PPI-1 variable region and 

predict their function based on homology with previously annotated genes. The lineage 

A strains were found to possess a version of the region that encoded a truncated nplT, 

lacked pezAT and encoded a putative mersacidin lantibiotic immunity system. However, 

the mersacidin structural gene and modification enzymes were lacking in these strains 

(Section 3.3.2.1). In contrast, strains 1861 and 4496 harboured a fragmented nplT, the 

pezAT locus and a region of putative metabolic enzymes and hypothetical proteins that 

were flanked at the 3’ end by a transporter of the major facilitator superfamily. Whilst 

the putative functions were predicted for some of the individual genes in the region, it 

was unclear what role the region as a whole might play in pathogenesis. Brown et al. 

(2004) showed that deletion of pezT from TIGR4 led to a reduction in competitive 

fitness compared to the wild-type following both i.n. and i.p. challenge. However, 

whilst this gene alone may have had an impact on the virulence of TIGR4, the role 

played by the entire PPI-1 variable region was not investigated. In particular, 
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considering that strains 1861 and 4496 exhibit heightened invasiveness, the importance 

of the entire variable region to the virulence of these strains should be investigated. 

In light of the sequence analysis conducted in Chapter 3, Chapter 4 aimed to 

perform functional characterisation of the PPI-1 variable region of the lineage A strains 

and the highly invasive strains. In particular, attention was paid to the transcriptional 

structure of the PPI-1 variable region and the niche-specific expression patterns of the 

region in the highly virulent strains. Subsequently, mutagenesis of the PPI-1 variable 

region was used to assess the region’s contribution to competitive fitness in vivo.  

 

4.2 Transcription of the PPI-1 variable region in vitro 

Having completed the characterisation of the PPI-1 variable region at the DNA 

sequence level (Chapter 3), it was possible to predict the transcriptional structure of the 

region in the lineage A strains and strains 1861 and 4496. The putative transcriptome 

for PPI-1 would be used to help select the genes for differential gene expression 

analysis. PCR was used to amplify regions spanning consecutive genes from cDNA 

template, which if successful would show that the targeted genes were co-transcribed. 

However, initially individual genes were checked to ensure that they are in fact 

transcribed in vitro. In addition, mRNA was extracted from both exponential and 

stationary phase cultures in case expression of the selected genes was favoured in one of 

these conditions. cDNA was generated from the relevant strain under both conditions 

(Section 2.12.4) from RNA that was extracted and DNase-treated from mid-log phase 

and stationary-phase SB cultures, as described in Section 2.12.1. For each cDNA 

sample, amplification was also attempted using primers J237 and J276, which are 

located within the capsule locus, and was used as a positive control for detection of 

cDNA. A positive control was performed for each primer set using genomic DNA from 

the relevant strain as template.  
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Table 4.1 shows that no expression of ORF 5 was detected, which suggested that 

the truncated nplT of ORF 5 was either not expressed under the in vitro conditions that 

were used, or that the ORF was a no longer functional remnant of a previously active 

gene. Expression of ORFs 6, 7, 8, 9, 10 and 11 was successfully detected, which 

showed that the immunity system of strain 1 remains transcriptionally active despite the 

absence of the remainder of the mersacidin lantibiotic biosynthesis system (Section 

3.3.2.1). Exponential and stationary growth conditions did not affect detection of 

expression in strain 1. Table 4.2 shows that successful amplification was achieved 

between consecutive ORFs from ORF 7 to ORF 11, which indicated that these ORFs 

were transcribed on the same mRNA transcript. Therefore, promoter prediction software 

was used (Section 2.6.1) to identify putative promoters upstream of ORF 7 that might 

regulate the expression of the operon consisting of ORFs 7 – 11. Potential promoters 

were considered based on their score and position relative to the start codon of the first 

gene of the predicted operon. The putative promoter with the highest probability score 

(score 0.99) that was predicted upstream of ORF 7 was between positions 6,567 – 6,612 

(t – g, strain 1 PPI-1 sequence [Section 3.3.1]), with a putative transcription start site at 

position 6,603. In addition, terminator prediction software (Section 2.6.1) was used to 

identify putative Rho-independent terminators within the strain 1 sequence that contain 

an inverted repeat with G< -11. Whilst these searches would be unable to detect more 

discrete sequences associated with Rho-dependent terminators, it was possible to predict 

stem-loop structures that could terminate transcription. A Rho-independent terminator 

was identified between positions 12,181  12,229 ( G= -23.3), which is downstream of 

the ORF 11 stop codon and may function to terminate the transcription of the putative 

ORF 7 – 11 operon. Figure 4.1 summarises the transcriptional structure of the PPI-1 

variable region in strain 1 based on the PCR results of Table 4.3 and the results of 

promoter prediction and terminator prediction searches. Table 4.3 shows that only the 
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Table 4.1 Amplification of individual PPI-1 variable region strain 1 ORFs from cDNA 
ORFs Primers* A600 0.15 A600 0.25 

5 s/cd - - 

6 v/eg + + 

7 aj/ak + + 

8 el/ef + + 

9 ek/y + + 

10 cf/p + + 

11 eh/n + + 

  *Primers are described in Table 2.3. 
  ‘+’ PCR product of expected size; ‘-‘ no PCR product. 
  A600 0.15 = Mid-log phase; A600 0.25 = Stationary phase. 
 
 

 

Table 4.2 Amplification between consecutive PPI-1 variable region ORFs from strain 1 
cDNA 

ORFs Primers* PCR (- / +) 

6 – 7 ce/dj - 

7 – 8 aj/aa + 

8 – 9 cf/y + 

9 – 10 cg/p + 

10 – 11 ch/n + 

 *Primers are described in Table 2.3. 
 ‘+’ PCR product of expected size; ‘-‘ no PCR product. 
PCR was performed using cDNA template derived from stationary phase culture (A600 0.25) 
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Table 4.3 Amplification of individual PPI-1 variable region ORFs from strain 1861 
cDNA 

ORFs Primers*  A600 0.17 A600 0.25 

5 s/ed + + 

6 dk/dl + + 

7 ci/ap + + 

8 dm/dn + + 

9 cj/ei + + 

10 at/au + + 

11 ck/cl + - 

12 bc/cm + - 

13 v/cn - - 

14 co/cp + - 

15 dq/dr + - 

16 ds/du + - 

17 bo/bp + - 

18 bq/cq + - 

19 cr/bk + - 

20 cs/bj + - 

21 ct/bh + - 

22 dx/dy + - 

23 dz/ea + - 

24 ej/ek + - 

  *Primers are described in Table 2.3. 
  ‘+’ PCR product of expected size; ‘-‘ no PCR product. 
  A600 0.17 = Mid-log phase; A600 0.25 = Stationary phase. 
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expression of ORFs 5 – 10 was detected from both exponential and stationary phase 

cultures. Expression of ORFs 11 and 12 and ORFs 14 – 24 was detected only in 

exponentially grown strain 1861. A similar experiment conducted using cDNA from 

THY cultures supported the differential expression between growth phases observed for 

SB (data not shown). Therefore, the growth phase-sensitive differential expression 

observed in SB was not a media-specific phenomenon. ORF 13 amplification was not 

detected under either condition shown in Table 4.3, which may indicate that the gene 

was not expressed under the conditions used. However, given that the results of 

BLASTp searches in Section 3.3.2.2 suggested that ORF 13 was the 3’ missing 

fragment of the Tn5252 relaxase encoded by ORF 12, it seemed unlikely that ORF 13 

would have been expressed independently of ORF 12. Perhaps the mRNA of ORF 13 

was especially prone to degradation when compared to ORF 12, particularly given its 

likely position at the 3’ end of the mRNA transcript and that only a weak band was 

observed for ORF 12 expression. Alternatively, the presence of a putative stem-loop 

structure within ORF 13 (12,433 – 12,401 [ G= -14.7]), could have led to the early 

termination or significantly reduced transcription of ORF 13. 

In view of the above findings, cDNA derived from strain 1861 in the 

exponential phase was used as the template for amplification of regions spanning 

consecutive ORFs. Amplification between consecutive ORFs was only attempted when 

expression of both ORFs was detected (Table 4.3). The results of amplification 

spanning ORF junctions (Table 4.4) led to the prediction that 8 different mRNAs were 

transcribed from the PPI-1 variable region of strain 1861 (Figure 4.1).  

ORFs 5 and 6, which together encode nplT, exist on the same transcript and a 

putative promoter was identified upstream of ORF 5 at position 3,884 – 3,929 (t – g, 

strain 1861 PPI-1 sequence [Section 3.3.1]) with a score of 0.96 and a transcription start 

site at position 3,920. In addition, a putative Rho-independent terminator was identified 
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Table 4.4 Amplification of consecutive PPI-1 variable region ORFs from strain 1861 

cDNA 
ORFs Primers* PCR (- / +) 

5 – 6 s/cu + 

6 – 7 dk/ap - 

7 – 8 cv/cw - 

8 – 9 dm/cx + 

9 – 10 cj/j + 

10 – 11 at/cy - 

11 – 12 cz/cm + 

14 – 15 co/da + 

15 – 16 dq/db - 

16 – 17 bn/dc + 

17 – 18 dd/cq + 

18 – 19 bq/bm + 

19 – 20 cr/bj + 

20 – 21 cs/bh + 

21 – 22 dg/bf - 

22 – 23 dh/bb - 

23 – 24 di/aw + 

*Primers are described in Table 2.3. 
PCR was performed using cDNA template derived from stationary phase culture. 

  



Chapter 4 – Functional characterisation of PPI-1 Page | 137  

downstream of ORF 6 between positions 5,981 and 6,020 ( G= -13.4). However, whilst 

both ORFs 5  6 appear to be expressed, it is not clear whether ORF 6 is indeed 

translated. The absence of an obvious Shine-Dalgarno (SDg) sequence upstream of the 

ORF 6 start codon did not support the translation of ORF 6. However, it is also true that 

the lack of an obvious SDg sequence could reflect the prevalence of atypical ribosome-

binding sites (RBS) within the S. pneumoniae genome (reviewed in Lacks [1997]), thus 

making it difficult to confirm whether ORF 6 has a RBS. Therefore, ORF 6 could not be 

ruled out as a protein-encoding ORF. In addition, it is not clear whether separate ORF 

5- and ORF 6-encoded peptides can produce a functional enzyme, as it might be 

possible that the ORF 5-encoded peptide can complement the activity of the ORF 6 

product, similar to lacZ-α, and lacZ-ω in E. coli. Alternatively, a non-functional peptide 

might be translated from ORF 5, leaving ORF 6 to carry out its function without the N-

domain (Section 3.3.2.2).  

The second mRNA encodes the hypothetical protein of ORF 7, which has a 

putative promoter from 5,846 – 5,891 (score 0.98) and a transcription start site at 5,882. 

However, a putative transcription terminator was not identified downstream of ORF 7, 

which indicates that a more discrete terminator exists between ORFs 7 and 8 that 

prevents amplification spanning this ORF junction.  

The third mRNA transcript of the region encodes PezAT and a hypothetical 

protein (ORF 10), which was expected from previous work (Brown et al., 2004; Khoo 

et al., 2007). The pezAT promoter that was identified by Khoo et al. (2007) was also 

found in strain 1861 from position 6,831 – 6,876 with a transcription start site of 6,867.  

The fourth mRNA transcript includes the Tn5252-associated ORFs, 11 and 12, 

and has a putative promoter from 9,977 and 10,022 (score 0.94) with a transcription 

start site at position 10,013. Whilst a putative transcription terminator exists within ORF 

13 (see above), its position on the reverse strand suggests that it terminates the 
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transcription of the fifth mRNA transcript. However, the presence of the stem loop 

associated with this transcription terminator could inadvertently retard the transcription 

of ORF 13. 

The fifth mRNA transcript encodes the putative Rgg/GadR/MutR family 

transcriptional regulator of ORFs 14 and 15. However, despite the likely inactivation of 

the transcriptional regulator encoded by ORFs 14 and 15 due to the fragmentation 

discussed in Section 3.3.2.2, active transcription of the gene was shown to be 

maintained in strain 1861 in vitro. A putative promoter was identified upstream of ORF 

15 from position 13,700 – 13,655 with a score of 0.99 and a transcription start site at 

13,664. A putative transcription terminator was identified downstream of ORF 14 from 

12,433 – 12,401 ( G= -14.7), which may terminate the transcription of the ORF 15 – 14 

mRNA transcript. 

The sixth mRNA transcript includes ORFs 16 – 21, which encode a number of 

metabolic enzymes and proteins of unknown function. A putative promoter was 

identified upstream of ORF 16 from position 13,852 – 13,901 with a score of 0.97 and a 

transcription start site at 13,892. However, a putative transcription terminator that could 

explain the lack of amplification spanning the junction of ORFs 21 and 22 was not 

identified. Therefore, a more discrete transcription terminator, such as some Rho-

dependent terminators, is likely to exist between the two ORFs.  

The biotin carboxylase encoded by ORF 22 was the only gene encoded on the 

seventh mRNA transcript of the region. A putative promoter was also identified 

upstream of ORF 22 from position 18,948 – 18,997 with a score of 1.00 and a 

transcription start site at position 18,988. The position of this putative promoter 

suggested that the ORF 22 start codon was probably located at position 19,050 rather 

than at position 18,804 (Table 3.3). This alternative start site was also shared by the 

annotation of the PPI-1-associated biotin carboxylase in 11-BS70 (BLASTx, NCBI). In 
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addition a putative SDg sequence was identified upstream of the putative ORF 22 start 

codon at position 19,050. The final mRNA transcript in the PPI-1 variable region of 

strain 1861, includes ORFs 23 and 24, which were predicted to encode a fragmented 

transporter of the major facilitator superfamily (Section 3.3.2.2). A putative promoter 

was identified upstream of ORF 23 from position 20,426 – 20,471 with a score of 0.99 

and a transcription start site at position 20,462. Again, as was found for ORFs 5 and 6, 

and ORFs 14 and 15, ORFs 23 and 24 were both expressed in vitro despite being 

fragmented by a premature stop codon. However, whilst a SDg sequence was not 

identified upstream of the ORF 24 start codon, an atypical RBS may exist to allow the 

translation of ORF 24.  

In summary, the ORFs of the PPI-1 variable region in strain 1861 were shown to 

be transcribed on 7 separate mRNA transcripts. Therefore, it was now possible to select 

a group of genes for in vivo expression analysis that could reflect the expression of other 

genes on the same transcript. 

 

4.3 In vivo expression analysis of the PPI-1 variable 

region of strains 1861 and 4496 

4.3.1 Pathogenesis of strains 1, 1861 and 4496 using an intranasal 

model of infection 

Having conducted a preliminary analysis of the expression of the PPI-1 variable 

region in vitro, the next step was to assess the expression in vivo in order to establish 

whether or not certain genes within this region of strains 1861 and 4496 were 

preferentially expressed in particular niches of the mouse. In vivo transcriptional activity 

data may provide some indication as to a possible role for these genes in virulence. 

However, in order to perform in vivo gene expression comparisons, the ability of strains 
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1, 1861 and 4496 to colonise the nasopharynx and invade and survive in the blood and 

lungs was assessed using an intranasal mouse model of infection, described in Section 

2.13.2. In addition to determining CFU in various niches, infected tissue samples were 

stored as sources of RNA to be used in the in vivo expression analysis of Section 4.3.2. 

Briefly, 30 CD-1 mice per invasive strain and 20 CD-1 mice in the strain 1 group were 

challenged whilst under anaesthesia with approximately 107 CFU of the relevant strains, 

as described in Section 2.13.2. As stated above, an important part of this animal 

experiment was to obtain infected tissue samples for gene expression analysis of the 

PPI-1 variable region in strains 1861 and 4496. However, the group of strain 1-

challenged mice was used as a negative control for IPD. Following challenge of the 

mice, the actual doses given were determined retrospectively and are indicated in Table 

4.5.  

Table 4.5 Actual challenge dose used for i.n. challenge of mice 
Strain Actual challenge dose 

1 2.7  106 

1861 9.6  106 

4496 9.8  106 

 

At 48 h and 96 h post-challenge, mice were selected from each group for 

enumeration of pneumococci and for extraction of bacterial RNA from nasal wash, 

nasopharyngeal tissue, blood and lung samples, as described in Section 2.13.4. The 48 h 

time point was chosen as previous data showed that terminal infection of mice 

challenged with either strain 1861 or 4496 occurred within approximately 60 h post-

challenge and mice surviving beyond this time did not succumb to infection (Harvey, 

2006). In addition, the 96 h time point was chosen to reflect the situation in the target 

tissues of mice that had not succumbed to infection.  

At 48 h, 16 and 14 mice that had been challenged with strains 1861 and 4496, 

respectively, were humanely killed, as described in Section 2.13.3. Of the 14 (1861) and 

16 (4496) mice remaining in each group, 5 (1861) and 3 (4496) mice did not survive to 
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96 h post-challenge. All remaining 9 (1861) and 13 (4496) mice challenged with either 

of the two highly invasive strains were humanely killed at 96 h post-challenge for 

analysis as undertaken at the 48 h time point. As all mice challenged with strain 1 

appeared healthy at both time points, 10 mice were randomly selected for bacterial 

counts from nasal wash, nasal tissue, blood and lung samples at 48 h and 96 h post-

challenge. Bacterial counts of all three strains were undertaken on BA supplemented 

with gentamicin, as described in Section 2.13.3. 

In all three groups, numbers of pneumococci from nasal wash and 

nasopharyngeal tissue samples of individual mice were combined to determine the total 

number of pneumococci within the nasopharynx (Figure 4.2). At 48 h there was no 

significant difference between colonisation of the nasopharynx between strain 1 and 

either strain 1861 or 4496. However, a significantly greater number of pneumococci 

were detected in the nasopharynx of 4496-infected mice than 1861-infected mice at this 

time point (P<0.05). A significant difference in colonisation was not detected between 

any strains at 96 h (Figure 4.2), which suggested that when strains 1861 and 4496 failed 

to cause IPD, their ability to colonise the nasopharynx was not different from that of 

strain 1. In addition, neither colonisation by strain 1 nor strain 1861 was different 

between 48 h and 96 h (P>0.05). In contrast, significantly greater colonisation by strain 

4496 was detected at 48 h when compared to 96 h (P<0.01). Figure 4.2 shows that there 

were significantly more pneumococci in the blood of 4496-infected than 1861-infected 

mice at 48 h (P<0.001). In addition, both strains 1861 and 4496 were detected in 

significantly greater numbers in the blood than strain 1 (P<0.001), as the number of 

strain 1 CFU in the blood was below the limit of detection in all mice. No significant 

difference was detected between the numbers of strain 1861 and strain 4496 

pneumococci in the lungs. However, the number of strain 1 pneumococci in the lungs 

was significantly lower than both strains 1861 and 4496 (P<0.001), and below the limit 
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Figure 4.2 Number of pneumococci detected in the nasopharynx, blood and lungs 

following pneumonia sepsis challenge

Groups of 30 mice for each invasive strain (strains 1861 and 4496) and a group of 20

mice for strain 1 were challenged via the i.n. route whilst under anaesthesia with ~107

CFU of the indicated opaque-phase strain, as described in Section 2.13.2. The log10 of

the mean number of pneumococci detected in each niche of each mouse from

duplicate platings is plotted as a single spot and broken lines in each group indicate the

geometric mean at 48 h and 96 h (nasopharynx only) post-challenge, which were

determined as described in Section 2.13.3. Statistical differences were analysed by two-

tailed unpaired t-test on log-transformed values (*, P<0.05; **, P<0.01; ***, P<0.001).

Black asterisks are compared with 4496, red with 1861 and blue between time points of

the same strain. The Limit of detection (LD) is indicated as a broken line at 1 102

CFU/nasopharynx, 1 102 CFU/ml blood and 2 102 CFU/lung.
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of detection in all mice. In summary, some variation was detected in the ability of 

strains 1861 and 4496 to survive in the blood and the nasopharynx. However, this 

variation was comparatively minor given that strain 1 was not detected in the blood or 

lungs of any mice at any time point, and provided a clear distinction between the 

invasive potential of strains 1861 and 4496 compared to strain 1. 

4.3.2 Differential expression of select PPI-1 variable region genes in 

different niches of the mouse 

Having performed the virulence analysis and collected the tissue samples in 

Section 4.3.1, the in vivo expression analysis of the PPI-1 variable region in 1861 and 

4496 could now be performed. Since strain 1 was only detected in the nasopharynx, the 

analysis of niche-specific expression patterns of the PPI-1 variable region in this strain 

would not be possible and so was not included in this section. ORFs 6, 8, 10, 15, 16, 19, 

22 and 23 were chosen for expression analysis as these genes represented all transcripts 

of the region (Section 4.2), with the exception of ORF 7 and the Tn5252 region. RNA 

was extracted from nasal wash, blood and lung samples obtained in Section 4.3.1, as 

described in Sections 2.12.1 and 2.13.4. Nasopharyngeal tissue samples were frequently 

contaminated with other species of bacteria and so were not suitable for gene expression 

analysis. Extracted RNA was DNase treated and checked for contaminating DNA by 

RT-PCR, as described in Section 2.12.1. RNA samples were pooled from groups of four 

mice of the 48 h time point following DNase treatment. Pooled lung-derived DNase-

treated RNA underwent enrichment for prokaryotic RNA, as described in Section 

2.12.2. As nasal wash and blood samples were likely to contain much smaller quantities 

of eukaryotic RNA, enrichment was not performed on these samples. The quantity of 

prokaryotic RNA present in in vivo samples was quite low, hence RNA amplification 

was performed on all samples following DNase treatment and enrichment (if required), 

as described in Section 2.12.3. Where one round of amplification generated insufficient 
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quantities of RNA for the intended downstream applications, a second round was 

performed. Amplification was performed from each niche for each strain, producing a 

total of six samples. The expression of the selected ORFs was then compared between 

each niche of the same strain by real-time RT-PCR, as described in Sections 2.12.6 and 

2.12.7. Reactions were performed in technical triplicates and additional duplicate 

reactions were performed for each primer set in the absence of template, to quantify 

background amplification. The primers used to detect expression of the target genes are 

shown in Table 4.6. For each reaction, 150 – 300 ng of target template RNA was used. 

The exact quantity of template varied between samples due to differences in the 

quantity of contaminating eukaryotic RNA and also due to differences in the success of 

RNA amplification for samples derived from different niches. Differences in the amount 

of RNA between samples were normalised using the quantity of 16S rRNA detected in 

each sample. The fold difference in the relative amount of target transcript between two 

niches was determined using the Ct method as described in Section 2.12.7. Differences 

in relative expression of less than 2.0 were deemed to be insignificant in this study. 

Statistical significance between the relative amounts of target mRNA in different niches 

was calculated by comparing the mean amount of target mRNA relative to 16S rRNA in 

each niche using the two-tailed unpaired t-test, where P<0.05 was considered 

statistically significant. A number of gene transcripts, particularly in the nasal wash 

samples, were not detected at cycles prior to that of the no-template controls and so 

expression was considered to be below the limit of detection. Therefore, the no-template 

control Ct values were used to quantify the least possible difference in relative 

expression that could be detected in this experiment. In addition, melt-curve analysis 

was conducted to ensure that only a single product was amplified in each reaction and to 

ensure that the melt temperature of each amplified product was the same as that 

amplified from in vitro broth culture RNA for each strain, the product sizes of which 
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had been confirmed by agarose gel electrophoresis (Section 2.9.1). Where melt-curve 

analysis detected only the presence of a product with a significantly different melt 

temperature to that of the target, non-specific amplification was assumed to have 

occurred, which implied that the desired target was below the limit of detection. Figure 

4.3 shows the expression of individual PPI-1 variable region genes relative to 16S 

rRNA of strains 1861 and 4496 from the nasal wash, blood and lungs of infected mice. 

Significant differences were detected in the expression of individual genes between 

niches and are shown in Tables 4.7, 4.8 and 4.9.  

 

Table 4.6 Primers used for real-time RT-PCR amplification of select PPI-1 variable 
region genes in strains 1861 and 4496 

ORF Primers 
16S RH16SF(3)/ RH16SR(3) 

6 dk/dl 
8 dm/dn 

10 do/dp 
15 dq/dr 
16 ds/du 
19 dv/dw 
22 dx/dy 
23 dz/ea 

*Primers are described in Table 2.3  

 

Table 4.7 shows that in both strains 1861 and 4496 the relative expression of 

ORFs 6, 8, 15, 16, 19 and 23 was significantly greater in the blood than at the 

nasopharyngeal surface. Of particular interest was the inability to detect transcripts for 

ORFs 6, 16 and 19 from the nasal wash-derived RNA of either strain. In addition, the 

relative expression of ORFs 10 and 22 was greater in the blood than the nasal wash of 

strain 4496-infected mice, but not in strain 1861-infected mice. A lack of consistency in 

the relative expression of ORFs 10 and 22 between strains may have reflected strain-

specific differences, or differences in expression that were independent of the niche.  In 

addition, it was puzzling that the changes in expression of ORFs 8 and 10 were different  
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Figure 4.3: Expression of PPI-1 genes of strains 1861 and 4496 in the nasopharynx, 

lungs and blood compared to 16S rRNA

The amount of target mRNA relative to 16S rRNA in the nasal wash, blood and lung

samples of 1861-infected and 4496-infected mice was determined by real time RT-PCR

(Section 2.11.6). Error bars indicate the standard deviation of triplicate reactions for

each gene per niche. Statistical significance between the relative expression of

individual genes in different niches was determined by unpaired t-test (*, P<0.05; **,

P<0.01; ***, P<0.001). Black asterisks indicate comparison with nasal wash and red

with blood.
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Table 4.7 Relative expression of PPI-1 genes in the blood versus the nasal wash 

ORF 
1861 4496 

Fold change Direction Fold change Direction 
6 >55.72*c up >42.62*c up 
8 4.75b up 48.95c up 

10 1.06ns up 11.71c up 
15 2.06a up 2.51a up 
16 >64.59*c up >432.53*c up 
19 >58.49*c up >414.91*c up 
22 1.63ns down 97.01c up 
23 3.27c up 10.95c up 

*Indicates where the target was not detected from nasal wash-derived RNA 
Results of statistical analysis: ns, not significant (includes values <2); a, P<0.05; b, P<0.01; c, P<0.001. 
 
 

Table 4.8 Relative expression of PPI-1 genes in the lungs versus the nasal wash 

ORF 
1861 4496 

Fold change Direction Fold change Direction 
6 >28.38*c up >69.07*c up 
8 5.79c up 5.43c up 

10 1.70ns down 1.14ns up 
15 2.20ns up 5.76c down 
16 >115.89*c up >97.46*c up 
19 >40.79*c up >111.95*c up 
22 2.61c down 9.78c up 
23 1.08ns up 2.04c up 

*Indicates where the target was not detected from nasal wash-derived RNA 
Results of statistical analysis: ns, not significant (includes values <2); a, P<0.05; b, P<0.01; c, P<0.001. 
 
 

Table 4.9 Relative expression of PPI-1 genes in the blood versus the lungs 

ORF 
1861 4496 

Fold change Direction Fold change Direction 
6 1.96ns up 1.62ns down 
8 1.22ns down 9.02c up 

10 1.80ns up 10.29c up 
15 1.07ns down 14.49c up 
16 1.79ns down 4.44c up 
19 1.43ns up 3.71c up 
22 1.60ns up 9.92c up 
23 3.03c up 5.36c up 

Results of statistical analysis: ns, not significant (includes values <2); a, P<0.05; b, P<0.01; c, P<0.001. 
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from each other given that they are co-transcribed (Figure 4.1). However, it has since 

been discovered that the serotype 1 strain P1031 (ST303) possesses a second 

chromosomal TA system that is homologous to pezAT (SPP_1188 and SPP_1189) and 

would be expected to bind the primers dn and dm (Table 4.6). In contrast, this second 

TA system lacked a homolog of ORF 10 and had very different promoter sequence from 

pezAT. Therefore, it is possible that a second TA system could be present in strains 

1861 and 4496 that could interfere with the quantitation of pezAT expression. In 

addition, the absence of potential stem-loop structures between ORF 8 and ORF 10 

suggests that ORF 10 expression probably reflects the expression of the pezAT operon.  

Significantly greater expression of ORFs 6, 8, 16 and 19 was detected in the 

lungs than at the nasopharyngeal surface for both strain 1861- and 4496-infected mice 

(Table 4.8). Differential expression of ORF 10 was not detected between the two niches 

for either strain, which indicates that expression of pezAT probably does not change 

between the nasopharyngeal surface and the lungs of infected mice. Differential 

expression of ORF 23 was not detected between the lungs and nasopharyngeal surface 

of strain 1861-infected mice, whereas a small but significant increase in expression was 

detected in the lungs when compared to the nasopharyngeal surface of 4496-infected 

mice. The expression pattern of ORF 15 differed between the two strains. No significant 

difference in expression was detected between the nasopharyngeal surface and lungs of 

1861-infected mice, whereas expression of ORF 15 was significantly lower at the 

nasopharyngeal surface of 4496-infected mice. Similarly, significantly increased 

expression of ORF 22 was detected at the nasopharyngeal surface for 1861-infected 

mice when compared to the lungs, whereas the opposite was true for 4496-infected 

mice. Therefore, expression of ORFs 15 and 22 did not appear to reflect niche-specific 

responses that were consistent between strains suggesting that a combination of strain-
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specific and other niche-independent factors might be responsible for these differences 

in expression.  

With the exception of ORF 23, there was no detectable difference in the 

expression of the PPI-1 variable region genes in 1861 between the blood and the lungs 

(Table 4.9). In contrast, the expression of ORFs 8, 10, 15, 16, 19 and 22 was greater in 

the blood than the lungs of 4496-infected mice. These differences perhaps reflected 

strain-specific requirements for the PPI-1 variable region genes in the blood and lungs 

rather than niche-specific expression. Sequence alignments between the PPI-1 variable 

region of strains 1861 and 4496 were analysed for differences within promoter 

sequences that could potentially alter the regulation of expression, but none were 

identified. Whilst somewhat speculative, a possible alternative cause could relate to the 

significant difference that was observed in the number of pneumococci in the blood of 

strain 1861-infected compared to 4496-infected mice (Figure 4.2). For example, 

differences in the severity of bacteraemia could cause microenvironmental alterations 

that impact on gene expression of the PPI-1 variable region. However, such claims 

require experimental evidence. In contrast, consistently greater expression of ORF 23 

was detected in the blood than the lungs, which suggested a possible greater 

requirement for the product of this gene in the former niche. 

In summary, it was clear that the expression of ORFs 6, 16 and 19 was 

consistently greater in the lungs and blood compared to the nasopharynx, and that the 

expression of ORF 23 was greater in the blood than both the lungs and nasopharyngeal 

surface. In contrast, the expression of ORFs 10 and 22 in different niches was rarely 

consistent between strains, making it difficult to conclude that these genes exhibit 

niche-specific expression. In addition, due to the potential presence of a second TA 

system homologous to ORF 8, the expression of ORF 10 might have better reflected the 

expression of the PPI-1 pezAT locus. Therefore, it was not clear whether pezAT exhibits 
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niche-specific expression. As only strains 1861 and 4496 were able to invade and 

survive in blood (Section 4.3.1), the preferential expression of ORFs 6, 16 and 19 by 

strains 1861 and 4496 in the lungs and the blood of infected mice supports the notion 

that the expression of the PPI-1 variable region may at least partly contribute to the 

invasive potential of these strains. 

 

4.4 The effect of mutagenesis of PPI-1 in D39 on 

virulence in the mouse 

Due to the inability to transform the serotype 1 strains used in this study 

(Chapter 6), the effect of mutagenesis of the PPI-1 variable region genes on 

pathogenicity was assessed in the readily transformable serotype 2 laboratory strain, 

D39 (ST454). Whilst it is possible that PPI-1-independent differences between the 

serotype 1 isolates and D39 may interfere with the results of mutagenesis of the PPI-1 

variable region, D39 was deemed suitable as it contains a version of the PPI-1 variable 

region and is a well-characterised strain in both the literature and within our laboratory. 

Therefore, we assessed whether mutagenesis of the PPI-1 variable region could result in 

detectable differences in the competitive fitness of D39 within certain niches of the 

mouse. The impact of the strain 1 and 1861 versions of the PPI-1 variable region on the 

virulence of D39 was also assessed. 

4.4.1 Construction of PPI-1 mutants in D39 

As discussed in detail in Chapter 3, the PPI-1 variable region in the lineage A 

strains, the highly virulent strains (1861 & 4496) and D39 is quite different in terms of 

genetic composition. Therefore, derivatives of D39 in which the endogenous PPI-1 

variable region was replaced with the version of the region from strain 1861 and strain 1 

D391861 and D391, respectively were constructed. An additional mutant was constructed 
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that completely removed the PPI-1 variable region of D39 (D39 PPI-1). The primers 

used during the construction of the mutants in this section are shown in Table 2.3. 

D39 PPI-1 was constructed by deleting the PPI-1 variable region of D39 and 

replacing it with a chloramphenicol acetyltransferase gene (cmlR), as shown in Figure 

4.4. As reviewed in Van Melderen and Saavedra DeBas (2009), deleting a chromosomal 

TA system such as pezAT may be lethal, due to the rapid degradation of cytoplasmic 

PezA, allowing the active and stable toxin, PezT, to cause cell death. Therefore, pezAT 

needed to be removed in two stages. In the first stage, a D39 PezT mutant was 

generated by deletion of the PPI-1 variable region sequence from the start codon of pezT 

(SPD_0931) to a position within non-coding sequence corresponding to the 5’ end of 

homologous region 5 (Figure 3.6) and replacement with an erythromycin resistance 

cassette (ermR). In order to increase the frequency of recombination, 3 – 4 kb of 

sequence flanking the region to be deleted was amplified by PCR using the primers a -

and aa for the 5’ product and primers ec and g for the 3’ product, using D39 genomic 

DNA as the template. The ermR gene was amplified from pVA831 using primers J214 

and J215. Primer aa was designed to encode sequence complementary to J214 and 

primer ec was designed to encode sequence complementary to J215. Amplification and 

purification of the three individual products was followed by overlap extension PCR, 

using the primers a and g to join the products. D39 competent cells (prepared as 

described in Section 2.8.1) were transformed with the overlap extension PCR product,  
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as described in Section 2.8.2, and recombinants were selected on BA supplemented with 

erm. ErmR colonies were screened for replacement of the target region with the ermR 

gene by PCR and sequencing, as described in Section 2.9.8. The second stage of 

D39 PPI-1 construction involved deletion of the D39 PezT PPI-1 variable region 

sequence from a position corresponding to the 3’ end of homologous region 1 (Figure 

3.6) to the 3’ end of the ermR gene. PCR products of sequence flanking the region to be 

deleted were amplified with primers t and ed for the 5’ product and primers ee and g for 

the 3’ product. The cmlR gene and promoter, which confer cml resistance to S. 

pneumoniae, were amplified from Rx1 ply promoter:cmlR (Berry, unpublished), using 

primers RHcatF and RHcatR. Primers ed and RHcatF included an EagI restriction site 

and primers ee and RHcatR included a XhoI restriction site. These enzymes were chosen 

as their respective target sequences were not present in the PPI-1 variable region of 

strains D39, 1 or 1861. The two products of flanking sequence were purified and 

digested with the relevant enzyme and the cmlR gene-containing product was digested 

with both enzymes, as described in Sections 2.9.7 and 2.9.4, respectively. The three 

purified products of restriction digestion were ligated to form a single product for 

transformation, as described in Section 2.9.5. The final product of ligation was used to 

transform competent cells of D39 PezT, and recombinants were selected on BA 

supplemented with cml. The cmlR colonies were screened for the desired mutation by 

PCR and sequencing (Section 2.9.8). The successful D39 PPI-1 mutant contained 

truncated nplT (nplT’) and replacement of the downstream PPI-1 variable region with 

the cmlR gene.  

D391861 was constructed by replacing the D39 accessory region with the 

accessory region of strain 1861 (other regions of PPI-1 are conserved between D39 and 

1861 [Figure 3.8c]) (Figure 4.5). In order to replace the accessory region of D39, the 

spectinomycin resistance gene (speR) was incorporated into the 1861 accessory region.  
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The 1861 accessory region was amplified in two parts using the primers ef and eg and 

the primers eh and c.  The speR gene and the cps2 promoter were amplified using J293a 

– J254a from D39 cpsC:speR (Byrne et al., unpublished). The reactions ef – eg and eh – 

c were designed to amplify the entire region of sequence unique to 1861 and 

approximately 3-kb of sequence shared by both 1861 and D39 that flanked the 1861 

accessory region. Primers ea and J293a included restriction sites for EagI, and primers 

eh and J254a included XhoI restriction sites. The insertion site of speR within the PPI-1 

variable region of strain 1861 was chosen to ensure that the sequence flanking the 

antibiotic resistance gene was unique to strain 1861, thus providing selection for the 

accessory region. Competent D39 cells were transformed with the final ligation product 

and recombinants were selected on BA supplemented with spe. SpeR mutants were 

screened for the desired mutation by PCR and targeted sequencing. Sequencing showed 

that homologous recombination had occurred within the Tn5252 region and upstream of 

ftsW, which confirmed that the entire accessory region from strain 1861 had replaced 

the equivalent region in D39. 

D391 was constructed by replacing the PPI-1 variable region of D39 with that of 

strain 1.  The product for making the D391 mutant was constructed by amplifying the 

strain 1 PPI-1 variable region using the primers af and ei for the 5’ product and the 

primers ej and g for the 3’ product (Figure 4.6). Primers ej and ei included EagI and 

XhoI restriction sites respectively, to allow ligation of these products to a digested cmlR 

gene, which was amplified as above. Products af – ei and ej – g included sequences 

unique to the PPI-1 variable region of strain 1 and approximately 3 kb of sequence 

shared by both strain 1 and D39. The cmlR gene insertion site within the PPI-1 variable 

region of strain 1 was chosen to ensure that sequence flanking the site is unique to strain 

1 and would thus provide selection for the region during the construction of D391. The 

final ligation product was used in a transformation of D39 PezT competent cells (see  



Chapter 4 – Functional characterisation of PPI-1 Page | 159  

Fi
gu

re
 4

.6
 C

on
st

ru
ct

io
n 

of
 t

he
 st

ra
in

 1
 P

PI
-1

 v
ar

ia
bl

e 
re

gi
on

 r
ep

la
ce

m
en

t 
m

ut
an

t 
of

 D
39

, D
39

1

Th
e

PP
I-1

va
ri

ab
le

re
gi

on
of

st
ra

in
1

w
as

am
pl

ifi
ed

in
tw

o
p

ar
ts

us
in

g
af

–
ei

an
d

ej
–g

,a
nd

cm
lR

w
as

in
se

rt
ed

in
to

th
e

re
gi

on
by

di
ge

st
in

g
al

lt
hr

ee
pr

od
uc

ts
w

ith
a

co
m

bi
na

tio
n

of
ei

th
er

Ea
gI

(r
ed

),
Xh

oI
(b

lu
e)

or
bo

th
as

in
di

ca
te

d
(S

ec
tio

n
2.

9.
4)

,w
hi

ch
w

as
fo

llo
w

ed
by

lig
at

io
n

(S
ec

tio
n

2.
9.

5)
.T

he
lig

at
io

n
pr

od
uc

t
w

as
u

se
d

to
tr

an
sf

or
m

D
39

Pe
zT

co
m

pe
te

nt
ce

lls
(S

ec
tio

n
2.

8.
2)

an
d

se
le

ct
ed

on
BA

su
pp

le
m

en
te

d
w

it
h

cm
l.

C
m

lR
re

co
m

bi
na

n
ts

w
er

e
ch

ec
ke

d
fo

r
th

e
pr

es
en

ce
of

th
e

co
m

pl
et

e
st

ra
in

1
PP

I-1
va

ri
ab

le
re

gi
on

by
PC

R
an

d
ta

rg
et

ed
se

qu
en

ci
ng

(S
ec

tio
n

2.
9.

8)
.

D
39

1

D
39

Pe
zT

pe
zA

Er
m

R

3’
5’

ft
sW

np
lT

5’
3’

St
ra

in
 1

 A
cc

es
so

ry
 r

eg
io

n
ft

sW

Tn
52

52
 o

rf
s

Cm
lR

np
lT

’

af
–

ei
ej

–
g

RH
ca

tF
–

RH
ca

tR

Am
pl

ifi
ed

 
fr

om
 st

ra
in

 1

lig
at

e
lig

at
e

Cm
lR

Tr
an

sf
or

m
at

io
n 

&
 h

om
ol

og
ou

s r
ec

om
bi

na
tio

n

  



Chapter 4 – Functional characterisation of PPI-1 Page | 160  

for D39 PPI-1), as pezT and the D39 accessory region were already absent and allowed 

replacement of the remaining D39 PPI-1 variable region components such as pezA and 

nplT with the PPI-1 variable region of strain 1 and the cmlR gene in a single step. 

Recombinants were selected on BA supplemented with cml. The cmlR mutants were 

screened for the desired mutation by PCR and targeted sequencing (Section 2.9.8).  

Following the construction of the mutants, in vitro growth comparisons were 

performed between wild-type D39, D391, D391861 and D39 PPI-1 to ensure that none 

were at a growth disadvantage. However, there was no consistent difference in the 

growth rate between any strains. 

In summary, D391 and D391861 were constructed to represent the PPI-1 variable 

regions of the lineage A strains and the highly virulent strains, respectively. In addition, 

D39 PPI-1 was designed to assess the contribution of the D39 wild-type version of the 

region to virulence. Therefore, the role of the PPI-1 variable region in the invasive 

potential of the highly virulent strains compared to the lineage A strains could be 

compared. 

4.4.2 Competitive index of PPI-1 variable region mutants in different 

niches of the mouse  

The virulence/fitness of the various mutants of D39 was compared using a competitive 

mouse intranasal challenge model, as described in Sections 2.13.2 and 2.13.5. Five CD-

1 mice per group were challenged whilst under the effects of anaesthesia with 

approximately 107 CFU, as described in Section 2.13.2. Each challenge dose comprised 

approximately 5  106 CFU of each competing strain. For each competition, the IR of 

strains used to challenge each group was determined retrospectively by plating on BA, 

as described in Section 2.13.5. The numbers of D39 PPI-1 and D391 pneumococci were 

determined following selection on BA supplemented with cml. The number of D391861 

pneumococci was determined following selection on BA supplemented with spe. 
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Duplicate experiments were carried out for each competition and the IR values of each 

competition are shown in Tables 4.11 and 4.12. At 24 h and 48 h post-challenge the CI 

of each competition in each nice of each mouse was determined, as described in Section 

2.13.5. CIs were calculated from nasal wash, nasal tissue, blood and lung samples. 

 

Table 4.11 Input ratios for experiment 1 
Competition IR* 

D39 v D39 PPI-1 1.4 
D39 v D391 2.9 

D39 v D391861 2.4 
D391861 v D391 1.4 

*Indicates the ratio of the first strain to the second strain 

Table 4.12 Input ratios for experiment 2 
Competition IR* 

D39 v D39 PPI-1 2.9 
D39 v D391 1.5 

D39 v D391861 1.1 
D391861 v D391 0.9 

*Indicates the ratio of the first strain to the second strain 

 

Figure 4.7 shows the state of the competitions at 24 h post-challenge, which 

highlighted any differences in the ability of the tested strains to establish their presence 

in a particular niche shortly after challenge. Figure 4.7 shows that wild-type D39 was 

100-fold more fit than D39 PPI-1 in the blood (P<0.01) and 16-fold more fit in the 

lungs (P<0.05). In contrast, a difference in the fitness of the wild-type and D39 PPI-1 

in the nasopharynx was not detected. Therefore, it appeared that the PPI-1 variable 

region of wild-type D39 was required for wild-type fitness in the lungs and blood, but 

not the nasopharynx, following the first 24 h of infection.  

The fitness of the D391 mutant was 67-fold (P<0.05) and 27-fold (P<0.001) less 

in the blood and lungs respectively than the wild-type, but was 3-fold greater at the 

nasopharyngeal surface (P<0.05). However, there was no difference in fitness within 

the nasopharyngeal tissue. Therefore, replacement of the PPI-1 variable region of wild-  
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Figure 4.7 Competition between PPI-1 variable region mutants of D39

Groups of 10 mice in replicate experiments were challenged using a competitive

pneumonia sepsis model with a total inoculum of ~107 CFU per competition (~ 5 106

CFU per strain), as described in Section 2.13.2. All challenge strains were in the opaque

phase prior to challenge (Section 2.2). The CI was calculated for each niche of each

mouse using the IRs of Tables 4.11 and 4.12, as described in Section 2.13.5. Log-

transformed CI values from the 24 h and 48 h time points of two replicate experiments

are plotted on a log10 scale, with the geometric mean indicated by a broken line for

each niche. Where the number of pneumococci from a particular niche was below the

limit of de tection that group had <10 data points plotted. CI values describe the ratio of

the first strain relative to the second strain, as indicated in the title of each competition.

Statistical differences between the log-transformed geometric mean CI and a

hypothetical value of 0 (no difference in comparative fitness) in each niche were

determined using the one-sample t-test (*, P<0.05; **, P<0.01; ***, P<0.001).
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** * * * ***

* ** * *****

D39 v D39 PPI-1 D39 v D391

D39 v D391861 D391861 v D391

24 h
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*** * *** ** **

*** ***

D39 v D39 PPI-1 D39 v D391

D39 v D391861 D391861 v D391

48 h
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type D39 with the strain 1 version of the region led to significant reductions in fitness in 

the blood and lungs and a slight increase in fitness at the nasopharyngeal surface 

following 24 h of infection.  

In contrast to both the D39 PPI-1 and D391 mutants, D391861 was of equal 

fitness in the blood, lungs and nasopharyngeal tissue to that of wild-type D39. However, 

D391861 was 2-fold more fit at the nasopharyngeal surface than the wild type (P<0.001). 

It appeared that the strain 1861 version of the PPI-1 variable region was able to 

maintain wild-type fitness in the blood, lungs and nasopharyngeal tissue and contribute 

to a small, but significant increase in fitness at the nasopharyngeal surface following 24 

h of infection. Therefore, after 24 h of infection, it is either possible that the components 

of the PPI-1 variable region common to both D39 and D391861 could be required for 

wild-type fitness of D39, or that additional components present in D391861 may 

compensate for those lost from the wild type. 

When compared to D391, the D391861 mutant exhibited 2-fold greater fitness at 

the nasopharyngeal surface (P<0.001), 32-fold greater fitness in the blood (P<0.05), 16-

fold greater fitness in the lungs (P<0.01) and 2-fold greater fitness in the 

nasopharyngeal tissue, which suggested that the strain 1861 version of the PPI-1 

variable region could confer a greater fitness to D39 in the nasopharynx, blood and 

lungs following 24 h of infection, when compared to the strain 1 version of the same 

region. 

Figure 4.7 also shows the progression of the competitions at 48-h post-

challenge. Wild-type D39 exhibited 22-fold greater competitive fitness in the blood 

(P<0.05), 25-fold greater fitness in the lungs (P<0.001) and 3-fold greater fitness in the 

nasopharyngeal tissue (P<0.001) when compared to the D39 PPI-1 mutant. However, a 

significant difference between the fitness of wild-type D39 and D39 PPI-1 was not 

detected at the nasopharyngeal surface. 
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Wild-type D39 was 8-fold more competitive in the lungs (P<0.01) and 4-fold 

more competitive in the nasopharyngeal tissue than the D391 mutant (P<0.01). 

However, there was no significant difference in the competitive fitness of wild-type 

D39 and D391 was not detected at the nasopharyngeal surface or in the blood. 

At 48 h post-challenge the D391861 mutant exhibited 4-fold greater fitness at the 

nasopharyngeal surface than wild-type D39 (P<0.001), which was slightly greater than 

the 2-fold difference observed at 24 h. Similar to the 24 h time point, no difference was 

observed between the fitness of the wild type and mutant in either the blood, lungs or 

nasopharyngeal tissue. Therefore, it appears that the PPI-1 variable region of strain 1861 

was able to continue to maintain wild-type fitness at 48 h post-challenge in the lungs, 

blood and nasopharyngeal tissue and increase fitness at the nasopharyngeal surface. 

When D391861 and D391 were compared at 48 h, a small, but significant difference in 

fitness was observed in the blood and nasopharyngeal tissue, with a 3-fold greater 

presence of D391861 in both niches compared to D391. 

At 48 h post-challenge the greatest reduction in fitness was observed in all 

niches other than the nasopharyngeal surface following the removal of the PPI-1 

variable region from wild-type D39. However, this competitive fitness was completely 

restored by the PPI-1 variable region of strain 1861 and restored in the blood by the 

strain 1 version of the region. Direct comparison between D39 mutants carrying the 

strain 1861- and 1-derived versions of the region indicated a small but significantly 

increased fitness of the former in the blood and nasopharyngeal tissue, but not the lungs. 

In summary, the PPI-1 variable region of wild-type D39, strain 1 and strain 1861 

influence the ability of the pneumococcus to survive in the lungs, blood and 

nasopharyngeal tissue.  
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4.5 Discussion 

The primary aim of Chapter 4 was to build on the sequence analysis of Chapter 

3 and characterise the role of the PPI-1 variable region in vivo in particular, to determine 

whether the region contributes to the differences in invasive potential between the 

lineage A strains and strains 1861 and 4496.  

4.5.1 Transcription of the PPI-1 variable region in vitro 

Initially the transcriptional structure of the PPI-1 variable region in both groups 

of strains was investigated using PCR analysis of cDNA derived from in vitro broth 

cultures of strains 1 and 1861. In strain 1, the expression of nplT was below the limit of 

detection, which may indicate that the truncated gene is non-functional in vivo. In 

addition, ORFs 7 – 11 were found to be co-transcribed and predicted to be regulated by 

a putative promoter identified upstream of ORF 7.  

The PPI-1 variable region of strains 1861 and 4496 consisted of 8 different 

putative transcripts. Predictably, pezAT was transcriptionally coupled to ORF 10, as 

were the Tn5252-associated genes to each other. Also, despite fragmentation, nplT 

(ORFs 5 and 6), the Rgg/GadR/MutR transcriptional regulator (ORFs 14 and 15) and 

the major facilitator transporter (ORFs 23 and 24) were expressed in vitro. In some 

cases, such as nplT and the major facilitator, these fragmented genes may still give rise 

to functional proteins. However, based on previous work (Hollands et al., 2008) it is 

unlikely that the transcriptional regulator would be functional in strains 1861 and 4496. 

The largest mRNA transcribed from the region included ORFs 16 – 21, which encoded 

enzymes such as 3HIBDH, PDT and GalE and three hypothetical proteins. In addition, 

the biotin carboxylase encoded by ORF 22 was transcribed on a separate mRNA 

transcript from ORFs 16 – 21.  
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 4.5.2 Differential expression of PPI-1 variable region genes in vivo 

In vivo expression analysis is a valuable tool for highlighting niches in which 

greater transcription of certain genes is required. Previous work has shown that the 

preferential expression of many virulence factors within certain niches is largely 

consistent with their apparent roles in virulence (LeMessurier et al., 2006; Mahdi et al., 

2008). Whilst expression analysis cannot take into account the regulatory roles played 

by mechanisms independent of mRNA, such as post-translational regulation and 

changes in the concentration of enzyme substrates, transcriptional patterns provided a 

basis for the characterisation of the roles of given putative virulence factors in the 

progression of disease. In Section 4.3.2 it was shown that the expression of nplT and 

ORFs 15, 16, 19 and the major facilitator transporter (ORF 23) was greater in the blood 

than on the nasopharyngeal surface for both 1861- and 4496-infected mice. Similarly, 

the expression of nplT and ORFs 16 and 19 was greater in the lungs of both 1861- and 

4496-infected mice than on the nasopharyngeal surface. Such expression patterns 

suggest more important roles for these genes for growth and survival in the blood and 

lungs than on the nasopharyngeal mucosa. In addition, whilst differences in expression 

of ORF 8 (pezA) were detected between niches, if strains 1861 and 4496 possess a 

second TA system, similar to P1031, the expression of ORF 8 may not be a true 

reflection of the expression of the pezAT locus. Therefore, ORF 10, the expression of 

which did not consistently vary, was deemed to more accurately reflect the expression 

of pezAT. 

Some differences were observed between the two strains, particularly regarding 

differences in expression between the lungs and blood, where only differences in the 

expression of the major facilitator were consistent between strains. These discrepancies 

between strains 1861 and 4496 may have occurred for a number of reasons. It might be 

possible that these results reflect strain-specific expression requirements. Alternatively, 
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the expression differences between strains might reflect differences that were observed 

between strains in the number of pneumococci within the blood (Figure 4.2).  

In summary, it is clear that the expression of many genes within the PPI-1 

variable region, most notably ORFs 6, 16, 19 and 23, exhibited niche-specific 

expression patterns that were consistent between both strains 1861 and 4496, and 

strongly suggested that the PPI-1 variable region responds to the changes in the in vivo 

environment encountered by the pneumococcus during disease progression. 

4.5.3 Mutagenesis of the PPI-1 variable region in D39 and 

competitive fitness 

Whilst expression analysis supported a role for components of the PPI-1 variable 

region in the blood and lungs, it was important to confirm these results by investigating 

the effect that mutating the region would have on virulence. However, as will be 

discussed in detail in Chapter 6, numerous attempts to genetically manipulate the 

serotype 1 clinical isolates used in this study were unsuccessful. To circumvent this 

roadblock, various PPI-1 variable region mutants were constructed in D39. At both 24 h 

and 48 h it was shown that the PPI-1 variable region found in wild-type D39 was 

required for wild-type fitness in both the lungs and blood and by 48 h was also required 

for wild-type fitness in the nasopharyngeal tissue, when compared to the mutant lacking 

the region altogether (D39 PPI-1). Interestingly at both 24 h and 48 h the D39 mutant 

carrying the strain 1861 version of the region (D391861) exhibited wild-type equivalent 

fitness in all niches and even a small but significant increase in fitness at the 

nasopharyngeal surface. The mutant carrying the strain 1 version of the region (D391) 

was significantly less fit than the wild type in the lungs and blood at 24 h. However, 

wild-type fitness was reached in lungs when compared to D391861, and the blood when 

compared to the wild-type at 48 h. Similar to D39 PPI-1, D391 exhibited a reduction in 

fitness in the nasopharyngeal tissue at 48 h compared to the wild-type and D391861.  
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The ability of the strain 1861 version of the PPI-1 variable region to confer wild-

type fitness to D39 supported its role as a region contributing to virulence in strains 

1861 and 4496. The intention was to subsequently test the effect of mutating individual 

components of the PPI-1 variable region in D391861. However, difficulty in obtaining 

the desired mutants within the time constraints of this project led to the deferral of such 

work to a later date. Since Brown et al. (2004) found a reduction in fitness in vivo from 

the deletion of only pezT it is possible that this gene was solely responsible for the lack 

of fitness in the blood, lungs and nasopharyngeal tissue in D39 PPI-1 and D391. 

However, due to the absence of studies comparing the contribution of different versions 

of the PPI-1 variable region to virulence, it is not possible to rule out a role for genes 

other than pezT on the virulence of strains 1861 and 4496. However, in any case, it was 

shown that the increased fitness of D391861 compared to D391 was consistent with the 

invasiveness of strains 1861 and 4496 compared to the lineage A strains.  

In summary, the competition experiments performed in Section 4.4.2 strongly 

suggest a role for the PPI-1 variable region in survival in the blood, lungs and 

nasopharyngeal tissue, at least in a D39 background. It is unclear whether similar 

mutations in the serotype 1 isolates themselves would lead to more or less pronounced 

differences in fitness. However, the findings of the competition experiments supported 

the findings of Section 4.3.1, which showed greatest expression of nplT and ORFs 16 

and 19 in the blood and lungs of strain 1861- and 4496-infected mice.  

4.5.4 Potential mechanisms of PPI-1 variable region genes of strains 

1861 and 4496 in virulence 

As discussed above, Sections 4.3.2 and 4.4.2 suggested that nplT, pezAT, 

3HIBDH, ORF 19 and a transporter of the major facilitator superfamily, either 

collectively or individually, have a role in increased survival of S. pneumoniae in the 

blood, lungs and nasopharyngeal tissue. In addition, PDT and galE were also likely to 
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exhibit greater expression in the lungs and the blood than at the surface of the 

nasopharynx, given their presence on the same transcript as 3HIBDH and ORF 19 

(Section 4.2). For the most part, the mechanisms by which the above genes contribute to 

increased survival in the blood and lungs are not clear. However, there are some 

interesting links between previously prescribed roles for the products of some genes and 

the sites of preferential in vivo expression identified in this study.  

As discussed in Section 3.3.2, nplT is an enzyme of the -amylase superfamily. 

An interesting parallel is the virulence factor, amyA, of Group A streptococci, which has 

been shown to promote invasive disease by the degradation of host epithelial-associated 

carbohydrates of the oropharynx (Shelburne et al., 2009). This degradation was linked 

to utilisation of complex host sugars as carbon sources and an increased rate of 

translocation across the epithelial surface. Therefore, a similar role played by nplT could 

contribute to the greater invasive potential observed for strains 1861 and 4496 relative 

to the lineage A strains. 

In Section 4.4.2, increased survival in the lungs and blood was associated with 

pezAT and a role for pezAT in vivo has previously been reported by Brown et al. (2004). 

However, whilst many similar chromosomal TA systems have been identified, the roles 

of these systems remain controversial (reviewed in Van Melderen & De Bast [2009]). 

Proposed functions range from promoting stability of non-core regions of the genome to 

roles in complex regulatory networks, such as responding to environmental stresses. In 

order to survive environmental stresses TA systems have been postulated to promote 

dormancy of the bacterium and sometimes cell death in a subpopulation of cells. 

However, such activity would appear to contradict the observation of rapid progression 

to IPD that is a feature of pezAT-positive strains, such as strains 1861 and 4496 

(Sections 1.6.1, 4.3.1, 4.4.2). Therefore, a role for pezAT in genomic stability of the 

PPI-1 variable region might be more plausible in these strains. 
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The accessory region of the PPI-1 variable region of 1861 contained a number of 

metabolic enzymes, with unclear roles in virulence. For example, 3HIBDH catalyses the 

rate-limiting step in the degradative pathway of BCAAs (Robinson & Coon, 1957). 

Interestingly, BCAAs are among a limited group of substances that can cross the blood-

brain barrier and can be used as an energy source. It is interesting that strains 1861 and 

4496 should express 3HIBDH highly in the blood, where its substrate (3-

hydroxisobutyrate) is present for energy utilisation by neural cells (Murin et al., 2008). 

PDT has been shown to be an important regulatory enzyme in the biosynthesis of 

phenylalanine (Shiio et al., 1976). However, whilst a high ratio of phenylalanine to 

tyrosine in the blood is characteristic of sepsis (Druml et al., 2001), it is unclear whether 

the expression of PDT in PPI-1 is somehow linked to this phenomenon. GalE encoded 

by ORF 21 is responsible for the reversible conversion of UDP-glucose to UDP-

galactose. Interestingly, UDP-sugar substrate availability has been shown to increase 

capsular polysaccharide chain length, and this could be facilitated by increased 

expression of galE in the blood, providing survival of the pneumococcus (Ventura et 

al., 2006). 

As discussed in Section 3.3.2.2, the greatest homology of ORFs 23 and 24 was 

to an importer of lactose and glycerol-3-phosphate. Greater expression of such a 

transporter in the blood could indicate increased uptake of a sugar such as lactose, 

which might be linked to the increased expression of galE. However, as only subtle 

differences in the amino acid sequence of major facilitators can alter substrate 

specificity and change the direction of transport (Law et al., 2009), the precise role of 

the major facilitator in the virulence of strains 1861 and 4496 is unclear. 

4.5.5 Conclusion 

Chapter 4 proposed a model of the PPI-1 variable region transcriptome in strains 

1 and 1861 and showed that a number of genes including nplT, a 3HIBDH, PDT, galE 
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and a hypothetical protein exhibit greater expression in both the blood and lungs when 

compared to expression at the nasopharyngeal surface. In addition, a transporter of the 

major facilitator superfamily exhibited greater expression in the blood than at the 

nasopharyngeal surface. Finally, it was shown that a mutant of D39, possessing the PPI-

1 variable region of strain 1861 exhibited greater fitness than a mutant of D39 

possessing the PPI-1 variable region of strain 1, in the blood, lungs and nasopharyngeal 

tissue. This increase in fitness could be promoted through mechanisms ranging from 

degradation of host-derived sugars and amino acids, to increasing the pool of substrates 

available for capsule biosynthesis. Given the strong association of the PPI-1 variable 

region of strains 1861 and 4496 with increased fitness in the lungs and blood of mice, 

and the association of these strains with IPD in humans, further research to determine 

the mechanisms underlying this increased fitness is warranted.  
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Chapter 5 – Genomic Differences between 
Carriage and Invasive Serotype 1 Isolates 

Identified by Genomic Sequencing 

 

5.1 Introduction 

Chapter 4 showed that whilst the PPI-1 variable region of strains 1861 and 4496 

contributes to invasive potential when expressed in the D39 background, the region 

alone may not account for the differences that have been observed in virulence between 

the non-invasive serotype 1 strains (1 and 2), the intermediately virulent strains (3415 

and 5482) and the highly virulent strains (1861 and 4496) (Section 1.6). Therefore, it 

was decided to complete the genomic comparisons between the six strains in order to 

identify additional regions that may be associated with a particular virulence phenotype. 

As discussed in Section 1.5, previous studies have attempted to attribute the 

invasive potential of different serotypes and genotypes to ARs within the genome of S. 

pneumoniae (Blomberg et al., 2009; Obert et al., 2006; Brukner et al., 2004). However, 

such comparisons were made over large groups of strains representing many serotypes 

and genotypes and made broad assumptions about the invasive potential of certain 

serotypes. In the case of serotype 1, these studies did not take into account differences 

in invasive potential between the serotype 1 isolates in both humans and animal models 

of infection (Section 1.6; Smith-Vaughan et al., 2009; Antonio et al., 2008; Nunes et 

al., 2008). In addition, the use of CGH for genomic comparisons, whilst an important 

starting point, cannot detect ARs that include genes not present in the genomes of 

TIGR4, R6 or G54.  
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Therefore, in this chapter, CGH was initially undertaken on a selection of non-

invasive, intermediately virulent and highly virulent serotype 1 strains to compile a 

preliminary list of genes that were associated with only the non-invasive strains (1 and 

2), with only the invasive strains (3415, 5482, 1861 and 4496) or with only the highly 

virulent strains (1861 and 4496). Subsequently, it was decided to sequence the genomes 

of a representative non-invasive strain (strain 1) and a representative highly invasive 

strain (strain 1861) using next generation genome sequencing technology to perform 

genomic comparisons that would not be limited to the genetic content of TIGR4 and R6. 

In addition, regions that were highlighted as variable by sequencing would be confirmed 

by PCR or direct sequencing in the six strains of all three virulence phenotypes to 

identify regions associated with a particular virulence phenotype. Once a list of regions 

that were associated with IPD had been compiled, the expression of a selection of these 

genes was compared between different niches of the mouse during infection. The 

analysis of niche-dependent expression might provide some clues as to the role of such 

genes in pneumococcal pathogenesis.  

  

5.2 Comparison between non-invasive, intermediately 

virulent and highly virulent serotype 1 isolates by CGH 

CGH was used to produce a list of genes associated with the non-invasive strains 

(strains 1 & 2), invasive strains (3415, 5482, 1861 & 4496) and the highly invasive 

strains (1861 & 4496), in combinations shown in Table 5.1, and as described in Section 

2.11. The detection of hybridisation was used to indicate the presence of a gene within 

at least one strain on the slide. Each gene on each slide was checked manually using 

Gene Pix Pro v 6.0, to ensure that detection of hybridisation for a given gene was due to 
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the accumulation of fluorescence at the appropriate position, in duplicate, rather than 

due to non-specific fluorescence that did not appear to accumulate at the appropriate 

template site. As mentioned in Section 2.11, the microarray slides used for CGH 

contained TIGR4 ORFs and additional R6 ORFs, which restricted the detection of genes 

to those also possessed by either TIGR4 or R6. Lists of genes detected in at least one 

strain were compiled and compared with the lists from strains of other virulence 

phenotypes. Genes that were associated with only one or two of the three phenotypes 

were checked to determine whether one or both strains on the slide possessed the gene. 

Green or red spots indicated which strain possessed the gene, and yellow spots showed 

that both strains possessed the gene. Inconclusive detection of genes occurred when 

fluorescence at a hybridisation spot was only marginally more intense than the 

surrounding background. Sequence variation between the labelled DNA and the 

reference template was likely to be the primary cause of such inconclusive results. 

 
Table 5.1 Combinations of strains and dyes used in CGH 

Slide Strain Alexa FluorTM Dye 

1 
1 546 (green) 
2 647 (red) 

2 
3415 546 
5482 647 

3 
1861 546 
4496 647 

 

5.2.1 Differences associated with non-invasiveness  

As discussed in Section 1.6.1, strains 1 and 2 were isolated from healthy people 

and are avirulent in mice. Therefore strains 1 and 2 were considered to be non-invasive. 

SP_0826, which encodes a putative ATPase component of an ABC transporter involved 

in phosphate transport, was the only gene found that was consistently present only in the 

non-invasive strains and not in either the intermediately virulent or highly virulent 
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strains (Table 5.2). However, the detection of other genes only in the non-invasive 

strains was inconclusive, possibly due to sequence variation between the genes in 

strains 1 and 2 when compared to TIGR4. In particular, given the short length of genes 

SP_0670, SP_1531 and SP_1723, it is possible that these genes are pseudogenes and as 

a result would be more vulnerable to genetic drift due to a lack of selective pressure. 

Alternatively, genes such as the putative transposase (SP_0300), the PTS system 

component (SP_0324) and the amino acid carrier protein (SP_0626) have significant 

homology to other genes also located within the TIGR4 genome, thus potentially 

resulting in a false positive result. However, it is unlikely that SP_0826 would be the 

only gene present in strains 1 and 2 and absent from the intermediately virulent or 

highly virulent strains. Rather, other strain 1- and strain 2-specific genes are probably 

also absent from TIGR4 and R6. Therefore, a method such as genomic sequencing 

would be required to produce a more complete list of genes associated with only the 

non-invasive strains. 

5.2.2 Differences associated with invasiveness 

Genes within a 37-kb region homologous to SP_1759 – SP_1767 were detected 

only in a subset of strains capable of causing IPD (Table 5.3). This region is equivalent 

to AR 34 (Blomberg et al., 2009). AR 34 encodes the putative adhesin, PsrP, and the 

assembly and transport proteins that accompany the protein (PsrP-secAY2A2) (Obert et 

al., 2006). Whilst PsrP has been shown to mediate adherence to kertain 10 of lung 

epithelial cells, the importance of the protein to virulence remains controversial due to 

conflicting virulence data using PsrP-deficient mutants (Shivshankar et al., 2009; 

Blomberg et al., 2009; Orihuela, 2009; Obert et al., 2006). Whilst the region appears to 

be associated with IPD in this study, its absence from the highly virulent strain 1861, 

suggests that the PsrP-secAY2A2 region is not required for virulence in this strain. 
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Table 5.2 Genes associated with non-invasive strains 
Gene ID Annotation Strain 

1 2 
SP_0300 IS630-Spn1, transposase Orf2 ? ? 
SP_0324 PTS system, IIC component ? ? 
SP_0626 Branched-chain amino acid transport system II 

carrier protein 
? ? 

SP_0670 Hypothetical protein ? ? 
SP_0826 ATPase component of an ABC-type phosphate 

transport system 
+ + 

SP_1531 CsbD-like protein ? ? 
SP_1723 Hypothetical protein ? ? 
‘+’ Detected  
‘?’ Detection was inconclusive 
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Table 5.3 Genes associated with strains capable of causing IPD 
Gene ID Annotation Strain 

3415 5482 1861 4496 
SP_0629 D-alanyl-D-alanine carboxypeptidase + + + + 
SP_1418 IS1380-Spn1 transposase + + + + 
SP_1503 IS1380-Spn1 transposase + + + + 
      

SP_1755* Hypothetical protein + + – – 
SP_1756* Conserved domain protein – – – + 
SP_1757 Conserved domain protein ? ? – + 
SP_1758 Glycosyl transferase, group 1 + + – + 
SP_1759 Preprotein translocase, SecA subunit + + – + 
SP_1760 Accessory secretory protein Asp3 + + – + 
SP_1761 Accessory secretory protein Asp2 + + – + 
SP_1762 Accessory secretory protein Asp1 + + – + 
SP_1763 Preprotein translocase SecY family 

protein 
+ + – + 

SP_1764 Glycosyl transferase, family 2 + + – + 
SP_1765 Glycosyl transferase, family 8 + + – + 
SP_1766 Glycosyl transferase, family 8 + + – + 
SP_1767 Glycosyl transferase, family 8 + + – + 
SP_1768* Hypothetical protein – – – – 
SP_1769* Glycosyl transferase, authentic 

frameshift 
+ + – – 

SP_1771* Glycosyl transferase, family 2/glycosyl 
transferase family 

– – – + 

SP_1772 PsrP + + – + 
      

SP_1986 Hypothetical protein + + + + 
SP_2179 IS1380-Spn1 transposase + + + + 
‘?’ Detection was inconclusive 
*Included only for reference, as was not detected in either strain from either the intermediately virulent 
or highly virulent phenotype 
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However, it is not clear whether the lack of this region in strains 1 and 2 has contributed 

to their inability to cause IPD. Figure 5.1 summarises the Psrp-secAY2A2 region in 

strains 3415 and 5482 and strain 4496. The majority of genes predicted to be involved 

in secretion of PsrP are present in all three configurations of the region. The only 

differences that were detected were in SP_1755 and SP_1756, which are quite small (< 

250 bp). Therefore, these ORFs could be pseudogenes, which could be more vulnerable 

to genetic drift. However, the absence of SP_1771 and SP_1768 in strains 3415 and 

5482, and of SP_1768 in strain 4496 might contribute to potential differences in 

glycosylation of PsrP between strains. Alternatively, such genes might vary in sequence 

between strains. 

In addition, a putative D-alanyl-D-alanine carboxypeptidase (SP_0629), three 

transposases (SP_1418, SP_1503 and SP_2179) and a small hypothetical protein 

(SP_1986 [315 bp]) were detected in all four strains associated with IPD and not in the 

non-invasive strains. Some penicillin-binding proteins (PBPs), such as D-alanyl-D-

alanine carboxypeptidase (SP_0629), have been shown to vary in sequence as a 

mechanism of resistance against penicillin (reviewed in Zapun et al., 2008). Therefore, 

it is possible that such sequence variation could also lead to reduced hybridisation by 

labelled DNA of strains 1 and 2 to the TIGR4 template.  

In summary, the PsrP-secAY2A2 region was found to be associated with IPD 

due to its presence in strains 3415, 5482 and 4496, whilst being absent from the non-

invasive strains. However, the absence of this region in strain 1861 indicates that the 

region is not required by all strains for virulence. In addition, a PBP was found to be 

associated with only the invasive strains. 
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5.2.3 Differences associated with heightened invasiveness 

Three regions of more than one gene were found to be present in only the highly 

virulent strains and not in either the non-invasive or intermediately virulent strains 

(Table 5.4). The first region contains genes homologous to the R6 ORFs SPR_1191 – 

SPR_1195, which is part of AR 24 (Blomberg et al., 2009; Bruckner et al., 2004). The 

region contains a hypothetical protein (SPR_1195) and an ABC transporter, which has 

been predicted to be involved in the transport of peptides. A comparison between the 

organisation of the region in R6 and strains 1861 and 4496 is shown in Figure 5.2. Both 

configurations were similar, with the exception of the absence of SPR_1192 from the 

region in strains 1861 and 4496. Perhaps the permease protein encoded by SPR_1193 is 

sufficient for the system to function in strains 1861 and 4496. Other ABC transporters 

have previously been shown to contribute to virulence through a variety of different 

functions, such as the acquisition of limited nutrients and in antibiotic efflux systems 

(Section 1.3.4). Therefore, this region cannot be ruled out as having a role in the 

virulence of strains 1861 and 4496. 

The second region associated with the highly virulent strains encodes 

homologues of SP_1047 – SP_1053, and has been designated AR 22 by Blomberg et al. 

(2009). This AR is part of the variable region of PPI-1 (Chapters 3 & 4). In addition, 

SPR_0957 and SPR_0960 are also components of the PPI-1 variable region of strains 

1861 and 4496. The detection of PPI-1 variable region components that are absent from 

the lineage A strains, supports the validity of the use of CGH in genomic comparisons, 

as it independently confirms the differences in the PPI-1 variable region that were 

identified in Chapter 3.  

The third region associated with the highly virulent strains was a 6.5-kb region 

encoding genes homologous to SP_1615 – SP_1621, which was designated AR 31 by  
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Table 5.4 Genes associated with heightened virulence 

Gene ID Annotation Strain 
1861 4496 

SPR_0098 Putative bacteriocin + + 
SPR_0957 Tn5252, relaxase + + 
SPR_0960 Rgg/GadR/MutR family transcriptional regulator + + 
    

SPR_1191 ABC transporter, ATP-binding component – oligopeptide 
transport 

+ + 

SPR_1192* ABC transporter, membrane-spanning permease – 
oligopeptide transport 

– – 

SPR_1193 ABC transporter, membrane-spanning permease –
oligopeptide transport 

+ + 

SPR_1194 ABC transporter, substrate-binding component- 
oligopeptide transport 

+ + 

SPR_1195 Hypothetical protein + + 
    

SP_0115 Hypothetical protein + + 
SP_0136 Glycosyl transferase, family 2 + + 
SP_0506 Integrase/recombinase, phage integrase family + + 
SP_0575 Putative helicase + – 
SP_1019 Acetyltransferase, GNAT family  + + 
    

SP_1047 Hypothetical protein + + 
SP_1048 Hypothetical protein + + 
SP_1049 Hypothetical protein + + 
SP_1050 PezA – chromosomal toxin-antitoxin system + + 
SP_1051 PezT – chromosomal toxin-antitoxin system + + 
SP_1052 Putative phosphoesterase + + 
SP_1053 Conserved domain protein + + 
    

SP_1183 Hypothetical protein + + 
SP_1336 Type II DNA modification methyltransferase + + 
    

SP_1615 Transketolase + – 
SP_1616 Ribulose-phosphate-3-epimerase family protein + – 
SP_1617 PTS system, IIC component + – 
SP_1618 PTS system, IIB component + – 
SP_1619 PTS system, IIA component + – 
SP_1620 PTS system, nitrogen regulatory, component IIA + – 
SP_1621 Transcription antiterminator BglG family protein, 

authentic frameshift 
+ – 

    

SP_2046 Putative methyltransferase + + 
SP_2093 Hypothetical protein + – 
*Included only for reference, as was not detected in either strain 1861 or 4496 
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Blomberg et al. (2009) (Figure 5.3). The region consists predominantly of a 

phosphotransferase system (PTS) thought to be involved in the uptake of ribulose, but 

did not allow in vitro growth using ribulose as the sole carbon source (Embry et al., 

2007). However, due to the complex nature of sugar utilisation by the pneumococcus 

(Section 1.3.1.3), it is not yet possible to assume that this PTS is not important for 

survival in vivo. Furthermore, important considerations include confirming 

experimentally that the substrate of this PTS is in fact ribulose and subsequently 

understanding the role of this substrate in the process of CCR, which was described in 

Section 1.3.1.3. However, the system is unlikely to be required for virulence in all 

strains, due to its absence from the genome of strain 4496. The broad array of systems 

identified within different strains of S. pneumoniae highlights the possibility of 

substantial redundancy between genes required for carbohydrate utilisation (Tettelin et 

al., 2001; Hoskins et al., 2001). 

In addition, a putative bacteriocin (SPR_0098) was only detected in strains 1861 

and 4496, and has been reported to be part of AR 2 (Blomberg et al, 2009). However, 

whilst the remainder of AR 2 was absent from strains 3415 and 5482, the region was 

mostly present in strains 1 and 2, which lacked only SPR_0098. It is unlikely that this 

region would be responsible for the differences that were observed in virulence as the 

infection models that were used did not directly compare the competitive fitness of the 

serotype 1 isolates within the same mouse. However, it is possible the region does play 

a role in intra- or interspecies competition, which could be addressed using a 

competitive model of infection. 

Other non-contiguous genes associated with the highly invasive strains include 

those encoding a number of transferases, such as acetyltransferases, methyltransferases 

and glycosyltransferases, which could be involved in the modification of DNA leading  
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to changes in gene expression, or the modification of surface proteins that could have an 

impact on immune recognition or ligand specificity. Integrase (SP_ 0506) and helicase 

(SP_0575) genes are commonly associated with mobile genetic elements, such as phage 

and conjugative transposons.  

In summary, two regions of more than one gene were found to be present in both 

highly virulent strains, whilst being absent from the non-invasive and intermediately 

virulent strains, which included an ABC transporter, predicted to be involved in the 

transport of peptides and the PPI-1 variable region.  

 

5.3 Genomic sequencing of strains 1 and 1861 using 

the Illumina® Genome Analyzer II System 

A number of regions were found to be associated with IPD and heightened 

invasiveness using CGH (Section 5.2). However, the detection of genes by CGH is 

limited to those present in the reference genomes, TIGR4 and R6. Therefore, in order to 

comprehensively compare the genomes of a highly virulent isolate and a non-invasive 

isolate, the genomes of strains 1 and 1861 were sequenced using the Illumina® Genome 

analyser II system. Chromosomal DNA of colonies deemed to be of the same opacity 

phase (Section 2.2) was extracted from strains 1 and 1861, as described in Section 2.9.3. 

Sequencing was carried out by Geneworks in 36-bp sequence reads, which generated 

2,278,683 reads from strain 1 and 2,670,211 reads from strain 1861. Sequenced reads 

were assembled against a reference genome. Recently, the genome sequence of the 

serotype 1 strain, P1031 (ST303) became available (Genbank accession number 

CP000920; ftp://ftp.ncbi.nih.gov/genomes/Bacteria/Streptococcus_pneumoniae_P1031/). As 

P1031 (ST303) is of the same serotype 1 lineage as strain 1861 (Section 3.2), the 
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strain’s genome was predicted to be very similar to strain 1861 and provided a good 

basis for comparisons with strain 1. Individual sequence reads generated from each 

strain were assembled against the P1031 genome sequence with a minimum of 80% 

sequence identity (Section 2.9.9). The assembly of the strain 1 reads generated a 

1,947,650-bp consensus sequence with an average read depth of 35.72 reads that 

aligned against 92.22% of the P1031 genome. The assembly of the strain 1861 reads 

generated a 2,105,218-bp consensus sequence with an average read depth of 43.66 reads 

that aligned against 99.68% of the P1031 genome. SNPs between the assembled 

sequences and the reference sequence were confirmed in the consensus where the 

variant nucleotide was present in at least 80% of reads at the same position. 

Unassembled sequences were placed in the ‘boneyard’, which was independently 

assembled into contigs by de novo assembly. Assembly of the boneyard generated 130 

contigs of at least 300-bp from strain 1 unassembled sequences and 62 contigs of at 

least 300-bp from strain 1861 unassembled sequences. Lists of the BLAST results of the 

boneyard contigs are presented in Tables A.1 and A.2 (Appendix). 

Alignments were performed between the genome sequence of P1031 and the 

consensus sequence generated for strain 1 (Figure 5.4) and strain 1861 (Figure 5.5), as 

described in Section 2.6.1. The alignments show that the reduced homology shared by 

strains P1031 and strain 1 included a number of large gaps where strain 1 sequences had 

not assembled against the P1031 genome. By contrast, the smaller amount of variation 

between strain 1861 and P1031 was not visible in the whole genome alignment. The 

primary aim of Section 5.4 was to catalogue the discrepancies that exist between the 

strain 1 consensus sequence and P1031 and the strain 1861 consensus sequence and 

P1031. 
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5.4 Genetic differences identified between strains 1 and 

1861 by genomic sequencing  

From the assembled sequences generated from both strains 1 and 1861 in 

Section 5.3, all discrepancies between the P1031 reference sequence and the assembled 

sequence, excluding SNPs, were recorded in sequence files of at least 150-bp in length. 

Discrepancies varied from large gaps between assembled sequences, to gaps of <150 

bp. Regions of poor assembly caused by localised assembly errors were also included in 

the lists of discrepancies and are presumed to have occurred due to sequence variation 

between the reference and the sequenced genome at that location (Figure 5.6). In 

addition, series of small consecutive deletions were recorded as a single discrepancy. 

Translation overviews were generated for sequencing gaps of greater than 1 kb, using 

DNAMAN (Section 2.6.1) and predicted ORFs were subjected to BLASTp searches of 

the NCBI and KEGG databases. In addition to cataloguing the putative ORF 

descriptions from BLAST searches, the distribution of the identified genes amongst the 

genomes of TIGR4 (serotype 4), D39 (serotype 2), ATCC 700669 (serotype 23F), JJA 

(serotype 14), 70585 (serotype 5), Taiwan 19F (serotype 19F), Hungary 19A (serotype 

19A), G54 (serotype 19F) and CGSP14 (serotype 14) (from the KEGG database) was 

also determined. 

Gaps and other discrepancies of less than 1 kb were subjected to BLASTn and 

BLASTx searches of the NCBI database. 545 discrepancies were recorded within the 

coding sequence of strain 1, and 88 discrepancies were recorded within the coding 

sequence of strain 1861. The entire lists of these discrepancies are shown in Tables A.3 

and A.4 (Appendix). Colour coding for the ORF descriptions in tables of BLAST search 

results are described in Table 5.5. In order to provide a focus for the present study, only 

assembly gaps greater than 1-kb in size and discrepancies within genes predicted to be  
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Figure 5.6 Categorisation of discrepancies

Discrepancies between the P1031 genome and the assembled sequences of strain 1

and 1861 were identified in the assembly vie w of SeqMan (Section 2.6.1). Files of at

least 150-bp of sequence were generated for each discrepancy. Throughout this

section discrepancies between the assembled consensus sequence were categorised

as deletions or poor assemblies. Examples of this categorisation are shown opposite

and overleaf. P1031 sequences within the assembly gap are highlighted in black.
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41-bp assembly gap

1-bp assembly gap
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Poor assembly
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involved in virulence will be considered in detail. PCR and localised sequencing will be 

used to confirm such discrepancies between the strain 1 consensus sequence and P1031 

(Section 5.5). 

 
Table 5.5 Colour coding for ORF descriptions of BLAST results 

Colour key for gene description 

Virulence factors   
Transporters   

Metabolism-associated   
Regulation of transcription   

Phage-associated   
Transposase/transposon-associated   

Hypothetical proteins   
Other types of genes   

 

5.4.1 Discrepancies between the P1031 sequence and the 

assembled strain 1861 consensus sequence 

As described in Section 5.3, the strain 1861 consensus sequence represented 

approximately 99.68% of the P1031 genome, whereas the strain 1 consensus sequence 

represented 92.22% of the P1031 genome. Therefore, it was decided to catalogue the 

discrepancies between the strain 1861 consensus sequence and the P1031 genome first 

in order to ascertain whether the discrepancies identified later for strain 1 also 

represented differences between the strain 1 and strain 1861 genomes. The complete list 

of discrepancies identified between the strain 1861 consensus sequence and the P1031 

genome are catalogued in Table A.4. Table 5.6 shows the list of 8 discrepancies that are 

greater than 100-bp in size. For the most part, the list of genes predicted to be 

interrupted or lost were within genes that would be expected to be most prone to 

sequence variation, such as phage-, transposon- and transposase-associated genes. 

However, the gene encoding the virulence factor NanA (Section 1.3.1), was predicted to 

contain two deletions that are 415-bp and 525-bp in size in strain 1861 (Table 5.6).  



Chapter 5 – Genomic comparisons by CGH and sequencing Page | 196  

TI
G

R4
D

39
P1

03
1

A
TC

C7
00

66
9

JJ
A

70
58

5
Ta

iw
an

 1
9F

H
un

ga
ry

 1
9A

G
54

CG
SP

14
(S

P)
(S

PD
)

(S
PP

)
(S

PN
23

F)
(S

PJ
)

(S
P7

05
85

)
(S

PT
)

(S
PH

)
(S

PG
)

(S
PC

G
)

1
1,

4-
be

ta
-N

-a
ce

ty
lm

ur
am

id
as

e
06

67
05

79
06

88
06

03
0

06
18

07
26

06
91

07
62

06
08

06
23

18
0b

p

2
Tn

52
53

 C
A

A
X 

am
in

o 
te

rm
in

al
 p

ro
te

as
e 

fa
m

ily
13

46
11

80
13

64
12

35
0

12
48

13
86

-
14

82
12

87
08

47
11

5b
p

3
H

yp
ot

he
tic

al
-

-
11

77
12

83
0

-
-

-
12

48
12

74
13

07
62

5b
p

4
U

m
uD

/M
uc

A
 h

om
ol

og
, t

ra
ns

cr
ip

tio
na

l r
eg

ul
at

or
 (T

n5
25

3
)

-
-

11
90

-
-

-
-

-
-

-
2,

07
8b

p

U
m

uC
/m

uc
B 

ho
m

ol
og

 (T
n5

25
3

)
-

-
11

91
-

-
-

-
-

-
-

5
Tn

52
53

 c
on

se
rv

ed
 h

yp
ot

he
tic

al
 p

ro
te

in
13

48
11

82
11

47
12

37
0

12
70

13
88

-
12

35
12

89
-

12
6b

p

6
N

eu
ra

m
in

id
as

e 
A

13
26

15
04

17
09

16
92

0
15

86
17

31
16

30
17

97
16

00
16

65
41

5b
p

7
N

eu
ra

m
in

id
as

e 
A

13
26

15
04

17
09

16
92

0
15

86
17

31
16

30
17

97
16

00
16

65
52

5b
p

8
H

yp
ot

he
tic

al
20

93
-

21
48

-
-

-
-

-
-

-
44

0b
p

Co
lo

ur
 k

ey
 fo

r g
en

e 
de

sc
rip

tio
ns

 a
re

 d
es

cr
ib

ed
 in

 T
ab

le
 5

.5

D
ar

k 
sh

ad
ed

 O
RF

 ID
s 

in
di

ca
te

 a
nn

ot
at

io
n 

as
 p

se
ud

og
en

es
 

O
RF

 ID
 fr

om
 a

nn
ot

at
ed

 S
. p

ne
um

on
ia

e
 s

tr
ai

ns
A

nn
ot

at
io

n/
Pu

ta
ti

ve
 fu

nc
ti

on
G

ap
 le

ng
th

Ta
bl

e 
5.

6 
P1

03
1 

O
RF

s 
m

is
si

ng
 o

r 
in

te
rr

up
te

d 
in

 s
tr

ai
n 

18
61

 a
ss

em
bl

y 
ga

ps
 g

re
at

er
 t

ha
n 

10
0-

bp
 in

 s
iz

e

  



Chapter 5 – Genomic comparisons by CGH and sequencing Page | 197  

However, the mosaic nature of nanA has been previously reported (King et al., 2005), 

and in the case of strain 1861 has not led to an inability to cause disease. The 

contribution of such sequence variation to the assembly gaps of nanA was supported by 

the presence of nanA sequence in contig 671 of the strain 1861 boneyard (Table A.2). 

Direct sequencing of the gene in strain 1861 would be required to precisely define the 

differences in nanA sequence between strain 1861 and P1031. In addition, a putative 

1,4-β-N-acetylmuraminidase (SP_0667), which shares some homology with the 

autolysin, LytC, appeared to be disrupted in strain 1861 (Table 5.6). However, the 

homologous gene in P1031 was annotated as a pseudogene due to a frameshift. 

Therefore, it is not clear whether the gene is functional in either strain 1861 or P1031. 

Localised sequencing would be required to confirm whether a deletion exists at this site 

or whether the gene in strain 1861 exhibits sequence variability compared to P1031. 

5.4.2 Discrepancies between the P1031 sequence and the 

assembled strain 1 consensus sequence 

5.4.2.1 Strain 1 sequencing gaps greater than 1-kb in size 

As described above, P1031 sequence corresponding to assembly gaps in the 

strain 1 consensus sequence of greater than 1-kb in size were used to generate 

translation overviews, which are presented as each region is investigated. Subsequently, 

BLASTp searches of ORFs predicted within the translation overviews were used to 

predict the function of individual genes. In addition, genes of unknown function were 

submitted to the HHpred search engine in order to attribute a function to such genes 

using a more sensitive search methodology (Section 2.6.2). Of the 16 assembly gaps 

that were greater than 1-kb in size, two were predicted to encode transposases and so 

were not examined further, leaving the remaining list of 14 regions shown in Table 5.7.  
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Genes predicted to be encoded within these assembly gaps were deemed to be absent 

from strain 1 and if not also absent from strain 1861 (Section 5.4.1), were deemed to be 

a genetic difference between strains 1 and 1861.  

Region 1 is a 33.8-kb assembly gap (Figure 5.7), predicted to contain ORFs 

homologous to SPP_0028 – SPP_0082 of P1031 and was not detected by CGH (Section 

5.2) due to the region’s absence from both the TIGR4 and R6 genomes. The region was 

predicted to encode bacteriophage proteins, with a similar genetic structure to that of 

group 1 temperate pneumophage (Romero et al., 2009a). Of particular interest was the 

homologue of the platelet-binding protein B (PblB) of Streptococcus mitis (SPP_0075), 

which has been shown to mediate binding to human platelets and is required for 

virulence in an animal model of infective endocarditis (Bensing et al., 2001; Mitchell et 

al., 2007). Whilst the genes of region 1 are not present in the TIGR4 or R6 genomes, 

components of the region are present in the genomes of Hungary 19A, JJA and 70585 

(Table 5.7). 

Region 2 is approximately 2.7-kb and contains two ORFs (Figure 5.8). The two 

ORFs are annotated as a single pseudogene (SPP_0590) in the P1031 genome. BLASTx 

and BLASTp searches suggested that SPP_0590 is a fragmented DEAD/DEAH box 

helicase family protein, homologous to SPJ_0532 of JJA.  

Region 3 includes two consecutive assembly gaps that were 166-bp and 2.3-kb 

in size. The whole region was homologous to sequence encoding the zinc 

metalloproteinase B (ZmpB) of P1031 (SPP_0684). Therefore, it is possible that a 

truncated ZmpB exists in strain 1, which may contribute to reduced virulence. 

Alternatively, allelic differences in zmpB (Hsieh et al., 2008) might contribute to 

assembly gaps in variable regions of the gene. The contribution of sequence variation to 

the assembly gaps of zmpB was supported by the presence of zmpB sequence in contigs  
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2028 and 1215 of the strain 1 boneyard (Table A.1). Of interest has been the suggestion 

that allelic variation of zmpB has an impact on pneumococcal virulence (Hsieh et al., 

2008). Therefore, the allelic variation responsible for the discrepancies within region 3 

could indicate that strains 1 and 1861 possess different alleles of zmpB that might 

contribute to their differences in virulence. 

Region 4 includes two discrepancies within close proximity, which included 

poor assembly followed by a 1.9-kb assembly gap. Three ORFs were predicted within 

region 4 (Figure 5.9), which included a MerR-family transcriptional regulator 

(SPP_0750) on the forward strand and part of a fragmented sodium-dependent 

transporter (SPP_0750) and a MutT/Nudix family protein (SPP_0751) on the reverse 

strand. The fragmented sodium-dependent transporter was homologous to the full-

length gene in D39 (SPD_0642), but is annotated as a pseudogene in P1031 

(SPP_0747) due to an early frameshift. A similar frameshift was observed in ATCC 

700669 (SPN23F_06610). Therefore, whilst much of the sodium-dependent transporter 

appeared to be absent from strain 1, the gene might not be functional in P1031. 

However, uninterrupted versions of a putative MerR transcriptional regulator and a 

MutT/Nudix family protein appeared to be missing from strain 1. 

Regions 5 and 6 suggested that strain 1 lacks most of the PPI-1 variable region 

present in P1031, which has been shown to be the case in Chapter 3, and was also 

shown by CGH in Section 5.2. Homologous sequence shared by strain 1 and P1031 

exists within the Tn5252-associated region of PPI-1 (Section 3.4.1) and corresponds to 

the sequence between the assembly gaps of regions 5 and 6. 

Region 7 is the largest assembly gap in the strain 1 consensus sequence at 

approximately 63.8-kb in size (Figure 5.10), and includes ORFs homologous to 

SPP_1140 – SPP_1198 of P1031. Of particular interest was the presence of the IgA1  
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protease gene (iga; SPP_1140), which plays important roles in survival of the 

pneumococcus in vivo (Section 1.3.1). Iga was followed by zmpD (SPP_1141), which 

has been suggested to be possessed by only 49% of strains (Chiavolini et al., 2003), and 

of the strains in the KEGG database only ATCC 700669, CGSP14, G54 and JJA 

possess the gene (Table 5.7). In P1031, SPP_1141 has been annotated as zmpB, 

probably as a result of an error during automated annotation due to homology between 

zmpB and zmpD. The remaining 52 kb of region 7 encodes most of the conjugative 

transposon, Tn5253. Full-length Tn5253 is 65.5-kb in size and is a composite element 

made up of the Tn916-like element, Tn5251, inserted into a Tn5252 element (Ayoubi et 

al., 1991; Henderson-Begg et al., 2009). The composite nature of Tn5253 explains the 

mixture of hits from Tn916 and Tn5252 for region 7 (Table 5.7). However, it seems that 

P1031 has lost part of the Tn5252 portion, as the overall Tn5253 region was 13-kb 

smaller than previously reported. Tn5253 appears to exhibit limited distribution 

throughout the genomes of the KEGG database, as ATCC 700669 is the only other 

genome that was found to contain the majority of the region. G54, Hungary 19A and 

CGSP14 appeared to possess separate elements as their respective ORF IDs indicated 

that the Tn5251 and Tn5252 elements are located at different positions within the 

chromosome. Taiwan 19F appears to possess only Tn5251, whilst 70585 possesses parts 

of Tn5252. It is important to note that sequence homologous to SPP_1190 and 

SPP_1191 of Tn5253 was identified as absent in strain 1861 (Section 5.4.1). In 

addition, a putative TA system (SPP_1188 – SPP_1189) homologous to PezAT 

(Chapter 4) is also present within this region. 

Region 8 is a 1.7-kb assembly gap in strain 1 (Figure 5.11) that contains ORFs 

homologous to SPP_1340 – SPP_1343 of P1031. These genes include a putative high-

affinity Fe2+/Pb2+ permease (SPP_1340), a dyp-type peroxidase (SPD_1156) and a  
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transposase (SPP_1343). The putative Fe2+/Pb2+ permease was only partially present in 

the assembly gap indicating that at least part of the sequence encoding the gene was 

present in strain 1. In P1031 the dyp-type permease is annotated as a pseudogene 

(SPP_1342) due to fragmentation of the gene when aligned with SPD_1156 of D39. 

This region exhibits mixed distribution with the Fe2+/Pb2+ permease present in strains 

TIGR4 (SP_1300), D39 (SPD_1155), Hungary 19A (SPH_1442), G54 (SPG_1194) and 

CGSP14 (SPCG_1267) (Table 5.7). In contrast, the dyp-type permease was only present 

in strains D39 (SPD_1156) and CGSP14 (SPCG_1268) (Table 5.7).  

Region 9 is an 18-kb assembly gap (Figure 5.12) that contains ORFs 

homologous to SPP_1350 – SPP_1371 of P1031. These genes also share homology 

with ORFs SPD_1164 – SPD_1174, which correspond to part of AR 24 (Blomberg et 

al., 2009) and was also detected as a region of difference by CGH in Section 5.2.3. 

CGH suggested that the region was associated with heightened virulence, due to its 

presence in strains 1861 and 4496, but absence from the non-invasive and 

intermediately virulent strains. The region encodes putative enzymes involved in sialic 

acid degradation (SPP_1350, SPP_1358 and SPP_1359), and a putative ABC 

transporter (SPP_1354 – SPP_1357). Region 9 displayed only limited distribution 

within the pneumococcal strains of the KEGG database, with only D39 possessing a 

majority of homologous ORFs. 

Region 10 is a 1.5-kb assembly gap that encodes a putative serine/threonine 

protein kinase homologous to SPP_1633 of P1031. Region 10 displayed mixed 

representation being present only in strains TIGR4, 70585, Taiwan 19F and CGSP14 

(Table 5.7).  

Region 11 was a 7.3-kb assembly gap (Figure 5.13) that was predicted to encode 

ORFs homologous to SPP_1637 – SPP_1643 in P1031 and SP_1615 – SP_1621 in  
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TIGR4, which corresponds to AR 34 (Blomberg et al., 2009). In Section 5.2.3, this 

region was present in strain 1861, but absent from the non-invasive strains, the 

intermediately virulent strains and strain 4496. In addition, the region is present in 

strains 70585, Taiwan 19F and Hungary 19A, suggesting mixed representation amongst 

pneumococcal strains. The region encodes a PTS thought to be involved in ribulose 

acquisition (Obert et al., 2006) and was previously discussed in Section 5.2.3. 

Region 12 is a 2.9-kb region (Figure 5.14) that contains ORFs homologous to 

SPP_1779 – SPP_1781 of P1031. However, these genes were not found in any of the 

other pneumococcal genomes of the KEGG database (Table 5.7). Within the region, the 

genes encoding the ABC-2 type transporter and Nod factor export ATP-binding protein 

may be co-transcribed, given their common orientation and overlap. The ArsR family 

transcriptional regulator (SPP_1781) may provide some regulatory control over the 

other two genes.  

Region 13 was a 1.5-kb region (Figure 5.15) that contains ORFs homologous to 

SPP_1784 – SPP_1785 of P1031. However, whilst these genes were also homologous 

to SP_1781 – SP_1783 of TIGR4, the CGH of Section 5.2 did not identify an 

association between these genes and a virulence phenotype, as they were not present in 

strain 4496. The genes of region 13 appeared to be widely distributed amongst the 

KEGG S. pneumoniae genomes (Table 5.7). 

  5.4.2.2 Deletions in strain 1 within virulence factors 

Table 5.8 summarises the assembly gaps identified within suspected virulence 

factors. A number of short assembly gaps and a poor assembly were identified within 

pspA (SPP_0185). Given that pspA is known to vary in sequence (Hollingshead et al., 

2000), it was not surprising that pspA would contain such discrepancies. 
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A 395-bp assembly gap was identified in the gene encoding hyaluronate lyase 

(hylA; SPP_0350) (Table 5.8), which has been shown to degrade hyaluronate, a major 

component of the host extracellular matrix (Berry et al., 1994; reviewed in Jedrzejas et 

al., 2004). Given the important role played by HylA in virulence, it would be important 

to confirm whether such a deletion exists. 

The gene encoding a surface associated subtilisin-like serine protease (prtA; 

SPP_0657), contained multiple assembly gaps (Table 5.8). However, similar to pspA, 

prtA has been reported to possess regions of diversity within what is otherwise a 

conserved protein (Bethe et al., 2001). Such regions of diversity might be responsible 

for the assembly gaps that are present within the strain 1 consensus sequence at the 

position of prtA in the P1031 genome. However, sequence homologous to prtA was not 

found in contigs greater than 300-bp in size in the strain 1 boneyard (Table A.1).  

The genes encoding the histidine triad proteins, PhtB (SPP_1009) and PhtD 

(SPP_1217) contained multiple assembly gaps (Table 5.8). Similar again to pspA and 

prtA, it is characteristic for the sequence of phtB and phtD to vary between strains 

(Adamou et al., 2001), which may contribute to the presence of assembly gaps. In 

addition, significant inconsistency exists in publicly available genomes regarding the 

annotation of phtB and phtD, probably due to the reported 87.2% sequence identity 

shared between the two genes (Adamou et al., 2001). 

 



Chapter 5 – Genomic comparisons by CGH and sequencing Page | 219  

5.5 Clarification of discrepancies identified by genomic 

sequencing using PCR in strains 1, 2, 3415, 5482, 1861 

& 4496 

As the strain 1 consensus sequence was assembled from 36-bp reads, the 

assembly was vulnerable to repeated sequences of greater than 36-bp in length, such as 

at specific loci, or due to highly identical sequence elements, such as transposase 

sequence, present at multiple loci within the genome. A further complication for the 

interpretation of assembly gaps was sequence variation between the reference genome 

and the sequenced strain. In cases where the sequence identity between the sequence of 

the individual 36-bp reads and the reference fell below the 80% minimum required for 

assembly, such reads were placed in the boneyard (Tables A.3 and A.4).  

Due to the limitations of assembling 36-bp sequence reads against a reference 

genome, it was decided to verify the discrepancies reported in Section 5.4.2, by PCR 

and direct sequencing. In addition, PCR and localised sequencing were used to assess 

whether the differences identified between the genomes of strains 1 and 1861 were 

associated with a virulence phenotype using non-invasive (1 and 2), intermediately 

virulent (3415 and 5482) and highly virulent (1861 and 4496) serotype 1 isolates. 

The consensus sequences generated from strains 1 and 1861 were used to design 

primers that would bind to sequence shared by the two consensus sequences and flank 

the assembly gaps of Tables 5.7 and 5.8. These primers were designed to produce 

products of at least 100-bp in size within the strain predicted to lack the target sequence. 

In some instances reference was made to the genome of the lineage A strain, INV104B 

(serotype 1, ST227), which is available at http://www.sanger.ac.uk/Projects/S_pneumoniae. 
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5.5.1 Verification of strain 1 assembly gaps greater than 1-kb in size 

As described in Section 5.4.2, the assembly gap of region 1 was approximately 

33.8-kb in size. Attempts were made to amplify across the gap in the strains 1, 2, 3415, 

5482, 1861 and 4496, using primers RH06Fa and RH06R (Table 2.3). It was expected 

that products of approximately 200-bp in size would be produced in strains lacking the 

P1031 sequence of region 1, such as strain 1. In addition, it was expected that the region 

would not be amplified in strains that possessed the region, due to the large size of the 

expected product (~34 kb). However, following numerous amplification attempts, the 

region could not be amplified in any of the six strains. Interestingly, subsequent 

comparisons between the primer-binding sites of RH06Fa and RH06R in the sequenced 

genomes of P1031 and INV104B revealed that in P1031, the RH06Fa-binding site was 

at position 24,071 and RH06R was at positions 58,193 and 1,803,843. In strain 

INV104B the RH06Fa-binding site was located at position 24,059, but in contrast to 

P1031, the RH06R-binding site was located at only position 1,826,379. Therefore, it 

was possible that in strain 1 the actual deletion of region 1 might be larger than that 

suggested by the consensus sequence. The fact that in P1031 RH06R was predicted to 

bind at two locations suggested that sequence at the 3’ end of region 1 in P1031 was 

homologous to sequence present at a second position on the chromosome. In contrast, 

the single primer-binding site in INV104B suggested that whilst the strain possessed the 

same sequence as above, it was only present at the second position. BLAST searches of 

the sequence at the RH06R-binding site of P1031 detected a phage-associated endolysin 

(SPP_0083). ClustalW alignment between the P1031 endolysin and strain 1 lytA 

showed that the two full-length genes shared 85.2% sequence identity, which had 

probably led to incorrect assembly of strain 1 lytA sequence against the phage endolysin 

sequence of the P1031 reference sequence. Therefore, RH06R(3) was designed to bind 
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sequence at position 59,845 in P1031 and 24,342 in INV104B, which was downstream 

of the phage endolysin in P1031. Amplification using RH06Fa and RH06R(3), 

successfully generated products approximately 300-bp in size in strains 1, 2, 3415 and 

5482 (Figure 5.16), which indicated that the non-invasive and intermediately virulent 

strains lacked the prophage encoded by P1031. As expected, products were not 

generated in strains 1861 or 4496, due to the excessive size of the expected product. In 

order to confirm the presence of the phage, the primers RHrtPblBF and RHrtPblBR 

were designed to detect pblB, which is a component of the phage (Table 5.7). As 

expected, detection of pblB was successful only in strains 1861 and 4496 and not the 

non-invasive or intermediately virulent strains. Therefore, it was found that the 

pneumophage, which encoded PblB, was present in only highly virulent strains. As 

discussed above, PblB has previously been reported to mediate binding by S. mitis to 

human platelets and is required for virulence in an animal model of endocarditis 

(Bensing et al., 2001; Mitchell et al., 2007). Therefore, it is possible that PblB might 

function as a virulence factor in the pneumococcus, and contribute to the heightened 

virulence of strains 1861 and 4496. 

Primers RH152F and RH152Ra were used to verify the assembly gap of region 

2 (Figure 5.17). However, the 3-kb product expected for strains carrying region 2 was 

only achieved from strain 1861 and not from the non-invasive strains, the intermediately 

virulent strains, or strain 4496. Instead a 650-bp product was produced from strains 1, 2, 

3415, 5482 and 4496. Therefore, the genes of region 2 were not consistently associated 

with a virulence phenotype.  

As described in Section 5.4.2, the assembly gap of region 3 was predicted to 

encode ZmpB. Therefore, primers RH208/09F and RH208/09R were designed to  

 



Chapter 5 – Genomic comparisons by CGH and sequencing Page | 222  

Figure 5.16 Amplification across the assembly gap of region 1
PCR amplification was performed using primers RH06Fa and RH06R(3) (Section 2.9.4),
from chromosomal DNA prepared from strains 1 , 2, 3415, 5482, 1861 and 4496 (Section
2.9.2). PCR products were visualised on a 0.8% agarose gel using the 1kb plus marker, as
described in Section 2.9.1.

0.3 kb
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Figure 5.17 Amplification across the assembly gap of region 2
PCR amplification was performed using primers RH152F and RH152Ra, (Section 2.9.4)
from chromosomal DNA prepared from strains 1 , 2, 3415, 5482, 1861 and 4496 (Section
2.9.2). PCR products were visualised on a 0.8% agarose gel using the 1kb plus marker, as
described in Section 2.9.1.

0.65 kb

3 kb

0.5 kb
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amplify across the region in order to identify whether significant differences in size 

existed between zmpB in the non-invasive, intermediately virulent or highly virulent 

strains. Successful amplification was achieved from all strains, albeit weakly from 

strains 3415 and 4496, which produced a product of approximately 4.5-kb in size 

(Figure 5.18). Sequence variation in the primer-binding sites probably contributed to the 

differences in band intensity between strains. Therefore, it was unlikely that the size of 

zmpB differed significantly between strains, and instead the assembly gaps highlighted 

sequence variability between zmpB of strains 1 and 1861. This is supported by the 

presence of zmpB sequence in the strain 1 boneyard within contigs 2028, 1215 and 1687 

(Table A.1). In future work, sequencing zmpB in all six strains would be required to 

confirm whether a particular allele is associated with a virulence phenotype.  

Amplification across the assembly gap of region 4 sequence was attempted 

using RH224/5F and RH224/5R, which produced a 1.5-kb product from the non-

invasive and intermediately virulent strains and a 2-kb product from strains 1861 and 

4496 (Figure 5.19). The product produced from the non-invasive and intermediately 

virulent strains was larger than the expected 100-bp product that would have been 

produced had the assembly gap been due to only the absence of the region 4 P1031 

sequence. Therefore, the 1.5-kb product of strains 1 and 5482 was sequenced using 

primers RHseq224/5F and RHseq224/5R. The resultant sequence was assembled using 

the sequence assembly tool in DNAMAN (Section 2.6.1), which produced the 1,531-bp 

consensus sequence used to generate the translation overview in Figure 5.20. Three 

ORFs were predicted to encode proteins of greater than 80 amino-acids in length, which 

included a truncated sodium-dependent transporter homologous to SPD_0642 and 

protein A and B components of an IS1381 transposase, which are homologous to 

multiple transposases within all S. pneumoniae genomes in the KEGG database.  
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Figure 5.18 Amplification across the assembly gap of region 3
PCR amplification was performed using primers RH208/09F and RH208/09R (Section
2.9.4), from chromosomal DNA prepared from strains 1, 2, 3415, 5482, 1861 and 4496
(Section 2.9.2). PCR products were visualised on a 0.8% agarose gel using the SPP1
marker, as described in Section 2.9.1.

4.8 kb
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Figure 5.19 Amplification across the assembly gap of region 4
PCR amplification was performed using primers RH224/5F and RH224/5R (Section 2.9.4),
from chromosomal DNA prepared from strains 1 , 2, 3415, 5482, 1861 and 4496 (Section
2.9.2). PCR products were visualised on a 0.8% agarose gel using the SPP1 marker, as
described in Section 2.9.1.

1.51 kb
1.39 kb

2.81 kb
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Therefore, region 4 of the non-invasive strains and intermediately virulent strains 

differed from the highly virulent strains, due to a 214 amino acid shorter sodium-

dependent transporter (SPD_0642) and the replacement of merR (SPP_0750) and 

mutT/nudix (SPP_0751) with two transposase-related genes. Therefore, SPP_0750 and 

SPP_0751 were only present in the highly invasive serotype 1 isolates of this study and 

could have a role in virulence. 

Amplification across the assembly gap of region 7 was attempted using primers 

RH344F and RH344R. However, successful amplification was not expected from 

strains 1861 and 4496, as a 64-kb product would need to be amplified if the region 7 

sequence was indeed present. As expected, products were not produced from strains 

1861 or 4496. However, 5-kb products were produced from the non-invasive and 

intermediately virulent strains (Figure 5.21), which were larger than the expected 150-

bp product. Interestingly, when the 5-kb products from strains 1 and 3415 were 

sequenced using RHseq344F and RHseq344R, the product was confirmed to consist of 

iga sequence. Therefore, sequence variation between iga of the highly virulent strains 

and the lineage A strains probably led to the lack of assembly of strain 1 iga sequence 

against the P1031 reference. In addition, iga sequence of strain 1 was identified in the 

boneyard within contigs 1170, 1264, 1853, 1851, 1691 and 2125 (Table A.1). The 

distribution of iga sequence across so many contigs was probably as a result of some 

scattered assembly of strain 1 iga sequence against P1031, thus resulting in incomplete 

assembly of iga from the boneyard sequences. However, with the exception of iga, the 

P1031 genes of region 7 were absent from the non-invasive and intermediately virulent 

strains. The presence of zmpD in strains 1861 and 4496, and its absence from the 

lineage A strains was confirmed by PCR using RHrtzmpDF(2) and RHrtzmpDR(2). 

Subsequently, RHumuCF – RHumuCR, RHint5252F – RHint5252R and RHint916F –  
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Figure 5.21 Amplification across the assembly gap of region 7
PCR amplification was performed using primers RH344F and RH344R (Section 2.9.4),
from chromosomal DNA prepared from strains 1 , 2, 3415, 5482, 1861 and 4496 (Section
2.9.2). PCR products were visualised on a 0.8% agarose gel using the 1kb plus marker, as
described in Section 2.9.1.

5 kb
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RHint916R were used to confirm the presence of key Tn5253 components, in strains 

1861 and 4496 and the absence of the region in the non-invasive and intermediately 

virulent strains. The significance of Tn5253 is highlighted by the presence of genes 

conferring resistance to tet and cml (Ayoubi et al., 1991). In addition, umuC/mucA- 

(SPP_1190) and umuC/mucB-like (SPP_1191) homologs have been suggested to be 

involved in an SOS-like response (Munoz-Najar & Vijayakumar, 1999). However, since 

SPP_1190 and SPP_1191 appeared to be absent or interrupted in strain 1861 (Table 

5.6), direct sequencing of this region would be required to confirm whether SPP_1190 

and SPP_1191 could have a role in the virulence of strains 1861 and 4496. 

Amplification across the assembly gap of region 8 was attempted using RH383F 

and RH383R, and produced the expected 2.8-kb product from strains 1861 and 4496 

(Figure 5.22). Successful amplification was also achieved across the assembly gap in 

the non-invasive and intermediately virulent strains, producing the expected 400-bp 

product. Therefore, the P1031 ORFs SPP_1340 – SPP_1343 were found to be 

associated with heightened virulence in the tested strains. However, since SPP_1342 is 

annotated as a pseudogene due to a frameshift and exhibits 100% sequence identity to 

the strain 1861 consensus sequence, the gene may be non-functional in strain 1861, thus 

leaving only a transposase and a putative high-affinity Fe2+/Pb2+ permease (SPP_1340) 

within region 8. The role of the putative high-affinity Fe2+/Pb2+ permease in virulence 

might be worth investigating given the importance of metal ion transport in vivo 

(Section 1.3.1.3).  

Amplification across the assembly gap of region 9 was attempted using RH386F 

and RH386R, but was only successful from strains 1861 and 4496 producing a product 

approximately 20-kb in size (Figure 5.23). Searches were undertaken for the relative  
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Figure 5.22 Amplification across the assembly gap of region 8
PCR amplification was performed using primers RH383F and RH383R (Section 2.9.4),
from chromosomal DNA prepared from strains 1 , 2, 3415, 5482, 1861 and 4496 (Section
2.9.2). PCR products were visualised on a 0.8% agarose gel using the SPP1 marker, as
described in Section 2.9.1.

1.95 kb
1.86 kb

0.72 kb
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Figure 5.23 Amplification across the assembly gap of region 9
PCR amplification was performed using primers RH386F and RH386R (Section 2.9.4),
from chromosomal DNA prepared from strains 1 , 2, 3415, 5482, 1861 and 4496 (Section
2.9.2). PCR products were visualised on a 0.8% agarose gel using the 1kb plus marker, as
described in Section 2.9.1.

12 kb
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positions of the RHseq386F- and RHseq386R-binding sites in the INV104B and P1031 

genomes (Table 5.8), which revealed that if the location of the primer-binding sites 

within the non-invasive and intermediately virulent strains were the same as that in 

INV104B, then amplification using RHseq386F and RHseq386R would not be possible. 

Therefore, the location of the RHseq383F primer-binding sites was determined in 

P1031 and INV104B (Table 5.8), and was found to be located 25.7-kb and 29.2-kb 

upstream of RHseq386R in P1031 and INV104B respectively. As the assembly gap of 

region 9 commenced approximately 7.6-kb downstream of RHseq383F, an alignment 

between the RHseq383F – RHseq386R sequence of P1031 and INV104B was 

performed using the ACT (Section 2.6.1) to determine the relative positions of 

homologous sequence between the two primer-binding sites in these strains (Figure 

5.24). In order to identify ORFs that are shared by both P1031 and INV104B and those 

that are unique to either strain, a translation overview was generated for the RHseq383F 

– RHseq386R sequence of INV104B (Figure 5.25) and BLASTp searches were used to 

predict the function of the ORFs in this region of INV104B (Table 5.9). By comparing 

the alignment of Figure 5.24 and the BLASTp results of Tables 5.7 and 5.9, only ORFs 

SPP_1344 and SPP_1364 were shared between both strains. In order to compare the 

above alignment to the strains of this study, primers RH386F(2), RH386R(2), RH386F(3) 

and RH386R(3) were designed to bind to positions indicated in Figure 5.24 and produce 

the products in Table 5.10 for strains harbouring either the P1031 or INV104B regions. 

Amplification using RH386F(2) and RH386R(2) produced products 2-kb in size from 

strains 1 and 2, 1.5-kb in size from strain 3415 and 5482 and approximately 14-kb in 

size from strains 1861 and 4496 (Figure 5.26a), which were as expected for strains 

3415, 5482, 1861 and 4496, but not strains 1 and 2. Therefore, strains 1 and 2 possess 

an additional 500-bp of sequence between the RH386F(2)- and RH386R(2)-binding sites.  
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Table 5.8 Relative positions of primers RHseq386F- and RHseq386R-binding sites in 
the genomes of P1031 and INV104B 

 P1031 (strand) INV104B (strand) 
RHseq386F 1,260,346 (+) 613,214 (-) 
RHseq386R 1,278,452 (-) 1,259,131 (-) 

Approx. size 386F  386R 18.1 kb - 
RHseq383Fa 1,252,707 (+) 1,229,970 (+) 

Approx. size 383Fa  386R 25.7 kb 29.2 kb 
(+/-) Indicates ‘+’ forward strand and ‘-‘ reverse strand 
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a

b

Figure 5.26 Amplification across the assembly gap of region 9
PCR amplification was performed using primers (a) RH386F(2) and RH386R(2) and primers
RH386F(3) and RH386R(3) (Section 2.9.4), from chromosomal DNA prepared from strains
1, 2, 3415, 5482, 1861 and 4496 (Section 2.9.2). PCR products were visualised on a 0.8%
agarose gel using the 1kb plus marker, as described in Section 2.9.1.

2 kb
1.65 kb

1 kb

3 kb

12 kb

2 kb

  



Chapter 5 – Genomic comparisons by CGH and sequencing Page | 239  

Difficulty was encountered when attempting to amplify using primers RH386F(3) and 

RH386R(3), probably due to the repeated nature of the sequence to which these primers 

bind. However, the predominant bands produced from RH386F(3)  RH386R(3) 

amplification were >> 12 kb from strains 1, 2, 3415 and 5482 and 2.5-kb in size from 

strains 1861 and 4496 (Figure 5.26b). Therefore, strains 1, 2, 3415 and 5482 were likely 

to possess the sequence present between the RH386F(3)- and RH386R(3)-binding sites in 

INV104B, and strains 1861 and 4496 were likely to possess the P1031 region. 

Furthermore, strains 3415 and 5482 were suggested to harbour the INV104B version of 

region 9, whilst strains 1861 and 4496 were likely to harbour the P1031 version of 

region 9. In strains 1 and 2, the INV104B version of the region appeared to most likely 

be present, with the exception of an additional 500 bp in the first portion of the region 

(RH386F(2) – RH386R(2)). In addition, the presence of sequence homologous to ORFs 

SPH_0824 – SPH_0830 and ORFs SPH_1777 – SPH_1779 in contigs 1318, 1280, 

1531, 1652 and 1481 of the strain 1 boneyard, suggested that strain 1 possessed much of 

the INV104B version of region 9.  

 

Table 5.10 Estimated sizes of PCR products used to compare the content of region 9 
to either P1031 or INV104B 

 P1031 INV104B 
RH386F(2) – RH386R(2) 14.3 kb 1.5 kb 
RH386F(3) – RH386R(3) 2.5 kb 22 kb 

 

Key components of region 9 include an enzyme of the N-acetylneuraminate 

lyase subfamily (SPP_1350), a cytidine deaminase (SPP_1351; EC 3.5.4.5), a putative 

phosphatidylglycerophosphatase A (SPP_1352; EC 3.1.3.27), an invertase (SPP_1353; 

EC 3.2.1.26), an ABC transporter (SPP_1354 – SPP_1357), a kelch-like protein 

(SPP_1358), an N-acetylmannosamine 6-phosphate 2-epimerase (SPP_1359; EC 
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5.1.3.9), a CAAX amino protease (SPP_1364) and an arsenate reductase (SPP_1366), 

which are present in only the highly virulent strains. Enzymes of the N-

acetylneuraminate lyase (NAL) sub-family have been shown to share a common 

catalytic step, but are involved in different biological pathways. In addition, the 

differences that distinguish members of the NAL sub-family are subtle and are difficult 

to confirm from sequence data alone (Barbosa et al., 2000). The putative ABC 

transporter encoded by SPP_1354 – SPP_1357 has been suggested to be involved in 

oligopeptide transport. However, the actual substrate-specificity of the transporter is 

unknown. The kelch-like protein encoded by SPP_1358 is homologous to YjhT of E. 

coli, which functions to relaese -N-acetylneuraminic acid from complex 

sialoconjugates, and has been shown to provide an in vivo survival advantage in some 

bacteria (Severi et al., 2008). Interestingly, the putative YjhT-like gene is followed by a 

putative N-acetylmannosamine-6-phosphate-2-epimerase, which is involved in sialic 

acid catabolism (Plumbridge et al., 1999). 

In INV104B the region can be divided into two parts flanked by transposases, 

with the first part encoding genes homologous to SPH_0833 – SPH_0822 of Hungary 

19A and the second part encoding genes homologous to SPN23F_12290 – 

SPN23F_13330 of ATCC 700669 (Table 5.9). The second part of the region 

corresponds to part of AR 28 (Blomberg et al., 2009). However, the first part, which 

corresponds to a region of Hungary 19A, has not been characterised. The first region 

encodes a bacterial extracellular solute-binding protein and an ABC transporter 

homologous to LplB and LplC, involved in the import of lactose in B. subtilis (Quentin 

et al., 1999). The second part of region 9 in INV104B encodes a putative ABC 

transporter (SPN23F_12300 and SPN23F_12310) and putative bacteriocin-modification 

enzymes homologous to SPN23F_12320 and SPN23F_12330 of ATCC 700669. Region 
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9 in both strains P1031 and INV104B, which correspond to the highly virulent and 

lineage A strains, respectively, encodes proteins required for transport and metabolism 

of sugars. Perhaps differences between the sorts of genes present in each strain may 

reflect differences in the range of sugars that can be utilised as an energy source by each 

group of strains.  

Initially, amplification was attempted separately across the assembly gaps of 

regions 10 and 11 using primers RH430F – RHseq430R and RH434Fa – RH434Ra 

respectively. However, amplification was successful only from strain 1861. Closer 

analysis of the three P1031 ORFs present between gap 10 and 11 (SPP_1634 – 

SPP_1636) revealed the presence of transposase-like sequence, which suggested that 

strain 1 sequence could have been incorrectly assembled at this location. Therefore, 

amplification spanning both regions 10 and 11 was attempted using RHseq430F and 

RHseq434Ra (Figure 5.27). A 400-bp product was produced from the non-invasive 

strains, intermediately virulent strains and strain 4496, and a 10-kb product was 

produced from strain 1861. These PCR results confirmed the CGH data (Section 5.2.3), 

which detected homologues of SP_1612 – SP_1621 only in strain 1861 and not in the 

non-invasive strains, the intermediately virulent strains or strain 4496. Therefore, the 

genes encoded by SPP_1634 – SPP_1636, which correspond to AR 31 (Blomberg et 

al., 2009), are not required for the virulence of strain 4496 and were not associated with 

a particular virulence phenotype.  

Amplification across the assembly gap of region 12 was attempted using 

RH467F and RH467R (Figure 5.28). Products of approximately 300-bp in size were 

generated from the non-invasive and intermediately virulent strains and a 3-kb product 

was produced from strains 1861 and 4496, which suggested that the ABC-2 type  
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Figure 5.27 Amplification across the assembly gap of regions 10 and 11
PCR amplification was performed using primers RH430F and RH434Ra (Section 2.9.4),
from chromosomal DNA prepared from strains 1 , 2, 3415, 5482, 1861 and 4496 (Section
2.9.2). PCR products were visualised on a 0.8% agarose gel using the 1kb plus marker, as
described in Section 2.9.1.

10 kb

0.65 kb
0.5 kb
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Figure 5.28 Amplification across the assembly gap of regions 12
PCR amplification was performed using primers RH467F and RH467R (Section 2.9.4),
from chromosomal DNA prepared from strains 1 , 2, 3415, 5482, 1861 and 4496 (Section
2.9.2). PCR products were visualised on a 0.8% agarose gel using the 1kb plus marker, as
described in Section 2.9.1.

2 kb

0.4 kb
0.3 kb
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transport protein (SPP_1779), the nod-factor export ATP-binding protein (SPP_1780) 

and the ArsR family transcriptional regulator (SPP_1781) of region 12 were associated 

with heightened virulence. However, it is not clear what role, if any, the products of 

these genes might play. 

Amplification across the assembly gap of region 13 using RH469F and 

RH469R, produced 5-kb products from the two non-invasive strains and 1.5-kb 

products from the invasive strains 3415, 5482, 1861 and 4496 (Figure 5.29). Whilst the 

1.5-kb product was expected from strains possessing the P1031 sequence of region 13, 

direct sequencing of the region in strains 1 and 2 was required to identify the content of 

the region in these strains. The 5-kb product of the non-invasive strains was sequenced 

using primers RHseq469F and RHseq469R (Section 2.9.8), which revealed the presence 

of a ribosomal protein L11 methyltransferase (prmA), which was homologous to 

SPT_1705 of Taiwan 19F and SPP_1783 of P1031. In addition, a putative AAA+ 

ATPase, homologous to SPJ_1684 and a putative 7, 8-dihydro-8-oxoguanine-

triphosphatase (nudix), homologous to SPJ_1685 and SPP_1785 of P1031 were also 

identified in strain 1. The discontinuous nature of assembly across region 13 of strain 1 

sequences and the detection of some P1031 genes by direct sequencing suggested that 

the region contains a mix of genes vulnerable to variation. It is probably unlikely that 

the genes of region 13 play a role in virulence.  

Amplification across the assembly gap of region 14 was attempted using primers 

RH513F and RH513R (Figure 5.30). Successful amplification was achieved from all six 

strains and confirmed the presence of the hypothetical protein encoded by SPP_2148 in 

strain 1861 by producing the expected 1.5-kb product. In contrast, 100-bp products were 

produced from the non-invasive strains, the intermediately virulent strains and strain 

4496, which confirmed the absence of SPP_2148 in these strains. Therefore, SPP_2148  
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Figure 5.29 Amplification across the assembly gap of regions 13
PCR amplification was performed using primers RH469F and RH469R (Section 2.9.4),
from chromosomal DNA prepared from strains 1 , 2, 3415, 5482, 1861 and 4496 (Section
2.9.2). PCR products were visualised on a 0.8% agarose gel using the 1kb plus marker, as
described in Section 2.9.1.

1.65 kb

5 kb
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Figure 5.30 Amplification across the assembly gap of region 14
PCR amplification was performed using primers RH513F and RH513R (Section 2.9.4),
from chromosomal DNA prepared from strains 1 , 2, 3415, 5482, 1861 and 4496 (Section
2.9.2). PCR products were visualised on a 0.8% agarose gel using the SPP1 marker, as
described in Section 2.9.1.

1.51 kb
1.39 kb

0.1 kb

   



Chapter 5 – Genomic comparisons by CGH and sequencing Page | 247  

was not found to be associated with a particular virulence phenotype and is not required 

for the virulence of strain 4496. 

5.5.2 Verification of strain 1 sequencing gaps within virulence 

factors 

In Section 5.4.2.2 a number of discrepancies were identified in the strain 1 

consensus within sequence of the virulence factors pspA, prtA, hylA, phtB and phtD. 

RHPspAF and RHPspAR were used to verify the assembly gaps within pspA (Figure 

5.31). 1.3-kb products were produced from strains 1, 2, 3415, 5482 and 1861. However, 

the failure to amplify from strain 4496 was probably due to some sequence variation in 

the primer-binding sites within pspA. Previous work discussed in Section 1.6.2, 

successfully detected PspA by Western blot, from strain 4496, confirming that 4496 

does produce the protein. Therefore, the discrepancies that were identified in Section 

5.4.2.2 were most likely due to sequence variability in the strain 1 gene compared to 

P1031, rather than pspA of strain 1 being shorter than that of P1031. Given the variable 

nature of pspA (Hollingshead et al., 2000), it is not surprising that pspA sequence 

variation exists between strains. However, in future work it would be interesting to 

identify by direct sequencing whether particular alleles of pspA are associated with the 

invasive potential of the serotype 1 isolates. 

Similarly, amplification across the assembly gaps present in the strain 1 

consensus sequence of prtA using RHPrtAF and RHPrtAR produced products that were 

the same size (4.5 kb) in strains where amplification was successful (Figure 5.32). A 

product was not produced at all from strain 3415 and a very weak band was produced 

from strain 4496. Poor amplification from strains 3415 and 4496 was probably due to 

variation in the sequence of the primer-binding sites within prtA. However, in any case 

an association between the size of the product produced for prtA and virulence was not  
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Figure 5.31 Verification of discrepancies in the strain 1 consensus sequence of pspA
PCR amplification was performed using primers RHPspAF and RHseqPspAR (Section
2.9.4), from chromosomal DNA prepared from strains 1, 2, 3415, 5482, 1861 and 4496
(Section 2.9.2). PCR products were visualised on a 0.8% agarose gel using the SPP1
marker, as described in Section 2.9.1.

1.16 kb
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Figure 5.32 Verification of discrepancies in the strain 1 consensus sequence of prtA
PCR amplification was performed using primers RHPrtAF and RHPrtAR (Section 2.9.4),
from chromosomal DNA prepared from strains 1 , 2, 3415, 5482, 1861 and 4496 (Section
2.9.2). PCR products were visualised on a 0.8% agarose gel using the SPP1 marker, as
described in Section 2.9.1.

4.84 kb
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identified, which suggested that the discrepancies identified within the strain 1 

consensus sequence of prtA were most likely due to sequence variation between prtA in 

strain 1 and prtA in P1031, rather than differences in the size of the gene. Similar to 

pspA, in future work it would be interesting to identify by direct sequencing whether 

any particular allele of prtA was associated with the invasive potential of the serotype 1 

isolates. 

Amplification was attempted across the assembly gap of hylA using primers 

RH316F and RH316R, which produced products 150-bp in size from strain 1 and 2 and 

products 400-bp in size from both the intermediately virulent and highly virulent strains 

(Figure 5.33). Therefore, a shorter version of hylA was associated with the non-invasive 

strains. In order to precisely characterise the deletion, sequencing was carried out on the 

hylA gene of strain 1, using RHhylAF, RHhylAR and RHseqhylAF(2) (Section 2.9.8). 

This confirmed that a 408-bp deletion was present in hylA of strain 1. A ClustalW 

alignment between hylA of strains 1 and 1861 showed that the deletion in strain 1 

occurred in a region including both the catalytic domain and the cleft access-gate 

domain (Figure 5.34). However, the His399, Tyr408 and Asn349 residues required for 

catalytic activity (Jedrzejas, 2000) remained present in strain 1. In addition, a premature 

stop codon was introduced into strain 1 hylA by a nucleotide substitution. However, 

much of the sequence lost at the 3’ end of hylA was not within a functional domain 

(Figure 5.34). Therefore, since it is not clear whether the 408-bp deletion in hylA would 

affect the activity of the translated protein, future work should compare the 

hyaluronidase activity of the non-invasive strains with the intermediately virulent and 

highly virulent strains to ascertain whether the activity of HylA correlates with 

virulence in these strains. 
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Figure 5.33 Verification of discrepancies in the strain 1 consensus sequence of hlyA
PCR amplification was performed using primers RH316F and RH316R (Section 2.9.4)
from chromosomal DNA prepared from strains 1 , 2, 3415, 5482, 1861 and 4496 (Section
2.9.2). PCR products were visualised on a 0.8% agarose gel using the SPP1 and pUC
markers, as described in Section 2.9.1.

0.5 kb

0.5 kb
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Figure 5.34 ClustalW alignment of strain 1 and strain 1861 hylA amino acid

sequence

The amino acid sequence was generated from nucleotide sequence using

DNAMAN (Section 2.6.1). The signal sequence and domains of HylA are indicated

by colour shading and labelled below the relevant region, as described by Rigden

and Jedrzejas, (2003). The His399, Tyr408 and Asn349 catalytic residues are

highlighted in orange, as described in Jedrzejas (2000).
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Amplification across the discrepancies identified within phtB and phtD were 

attempted in all six strains using RHPhtD(a)F  RHPhtD(a)R and RHPhtD(b)F  

RHPhtD(b)R for phtB and phtD, respectively (Figure 5.35). For both phtB and phtD, 

products of the same size were produced in all strains, suggesting that assembly gaps 

had probably occurred within the gene due to sequence variability between the genes in 

strain 1 compared to P1031. 

 

5.6 Comparison of in vivo expression of key 1861 genes 

between different niches of the mouse 

As described in Section 5.5, a number of regions of the strain 1861 genome were 

also present in the genome of strain 4496, but absent from the genomes of the non-

invasive and intermediately virulent strains. Genes of particular interest included pblB 

(SPP_0075) and the phage-associated endolysin (SPP_0083) of region 1, the putative 

sodium-dependent transporter (SPP_0747) of region 4, zmpD (SPP_1141) of region 7, 

the high-affinity iron/lead permease (SPP_1340) of region 8 and the glycoside 

hydrolase family protein (SPP_1353) of region 9. SPP_1353 of region 9 was chosen to 

reflect the expression of the major component of the region, which includes the ABC 

transporter. However, due to potential non-specific binding to other ABC transporter 

genes, SPP_1353 was chosen as it was likely to be co-transcribed with the transporter 

due to their close proximity and the absence of any obvious stem-loop structures 

between SPP_1353 and SPP_1354. 

As described in Chapter 4, in vivo expression analysis can provide important 

information about the expression requirements of target genes during different stages of 

pneumococcal pathogenesis. Therefore, in vivo expression comparisons using real-time 

RT-PCR (Section 2.12.6) were performed on the above genes in order to detect niche- 
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a

ph
tD

b

Figure 5.35 Verification of discrepancies in the strain 1 consensus sequence of phtB
and phtD
PCR amplification was performed using primers (a) RHPhtD(a)F and RHPhtD(a)R and
primers RHPhtD(b)F and RHPhtD(b)R (Section 2.9.4), from chromosomal DNA prepared
from strains 1, 2, 3415, 5482, 1861 and 4496 (Section 2.9.2). PCR products were
visualised on a 0.8% agarose gel using the 1kb plus marker, as described in Section 2.9.1.

1.51 kb
1.39 kb

1.16 kb
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dependent expression changes in strains 1861 and 4496. The same RNA used for the 

expression analysis of the PPI-1 genes (Section 4.3.2), was used as the template for the 

real-time RT-PCR analysis of this section. The primers used are shown in Table 5.11 

and were designed as described in Section 2.3.2. Whilst zmpD was indeed a gene of 

interest, numerous attempts to design primers that could amplify a clean product failed, 

probably due to the multiple repeats within the gene. Therefore, zmpD expression was 

not analysed in this study. 

 
Table 5.11 Primers used for real-time RT-PCR of potential virulence genes identified 

by genomic sequencing 
Gene Primers* 

PblB (SPP_0075) RHrtPblBF/RHrtPblBR 
Phage-associated endolysin (SPP_0083) RHrt0083F/RHrt0083R 
Na+-dependent transporter (SPP_0747) RHrt0747F/ Hrt0747R 
Fe2+/Pb2+ permease (SPP_1340) RHrt1340F/RHrt1340R 
Glycoside hydrolase family protein (SPP_1353) RHrt1353F/RHrt1353R 

*Primer sequences are included in Table 2.3. 

 

Five reactions were performed for each gene, with three reactions containing 

template and two no-template controls. In addition, melt-curve analysis was performed 

to ensure that only a single product was amplified in each reaction and to ensure that the 

melt temperature of each amplified product was the same as that amplified from RNA 

from an in vitro broth culture that had been checked by agarose gel electrophoresis 

(Section 2.9.1). For each reaction, a target of 150 – 300 ng of template RNA was 

desired. However, the exact quantity of template varied between samples due to 

differences in the quantity of contaminating eukaryotic RNA, and due to differences in 

the efficiency of linear RNA amplification. Differences in the amount of RNA between 

samples were normalised against 16S rRNA that was measured in each sample, using 

RH16SF(3) and RH16SR(3) (Table 2.3). In some instances genes were not detected at 
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cycles significantly different from that of the no-template controls and were deemed to 

be below the limit of detection. Statistical significance between the amounts of target 

mRNA relative to 16S rRNA was calculated using the two-tailed unpaired t-test, where 

P< 0.05 was considered statistically significant. 

Figure 5.36 presents the mean expression of each target gene relative to 16S 

rRNA in each niche for each strain. The fold change in expression of individual genes 

between niches is presented in Tables 5.12, 5.13 and 5.14. The expression of pblB was 

not significantly different between the blood and the surface of the nasopharynx (Table 

5.12). However, expression of the phage-associated endolysin was significantly greater 

in the blood than at the nasopharyngeal surface (P<0.001), which suggested that there 

might be a greater requirement for this gene in the blood than at the nasopharyngeal 

surface. Greater expression of the endolysin suggests that phage-mediated lysis may 

occur more frequently in the blood than at the surface of the nasopharynx. Expression of 

the sodium-dependent transporter was not significantly different between the blood and 

the surface of the nasopharynx. However, expression of the high-affinity iron/lead 

permease was significantly greater in the blood than at the nasopharyngeal surface of 

both strain 1861- and 4496-infected mice (P<0.001). Similarly, the expression of the 

glycoside hydrolase family protein was greater in the blood than at the nasopharyngeal 

surface (P<0.001). Therefore, it is possible that expression of the ABC transporter 

upstream of this enzyme was also greater in the blood than at the nasopharyngeal 

surface.  

PblB expression was not significantly different between the nasopharyngeal 

surface and the lungs of strain-1861 infected mice. However, there was a significant 

(2.43-fold) reduction in the lungs relative to the surface of the nasopharynx in 4496-

infected mice (P<0.01) (Table 5.13). Significantly greater expression of the phage-  
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Figure 5.36 Relative expression of select genes absent from the lineage A strains 

and present in strains 1861 and 4496 in the nasopharynx, lungs and blood 

compared to 16S rRNA

The amount of target mRNA relative to 16S rRNA in the nasal wash, blood and

lung samples of 1861-infected and 4496-infected mice was determined by real

time RT-PCR (Section 2.12.6). Error bars indicate the standard deviation of

triplicate reactions for each gene per niche. Statistical significance between the

relative expression of individual genes in different niches was determined by

unpaired t-test (*, P<0.05; **, P<0.01; ***, P<0.001). Black asterisks indicate

comparison with nasal wash and red with blood.
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Table 5.12 Relative expression of PPI-1 genes in the blood versus the nasal wash 

ORF 
1861 4496 

Fold change Direction Fold change Direction 
PblB 1.22ns up 1.79ns down 

SPP_0083 >1311.20*c up >221.32*c up 
SPP_0747 1.28ns down 1.28ns down 
SPP_1340 5.92c up 24.36c up 
SPP_1353 >29.18* c up >369.65*c up 

*Indicates target was not detected from nasal wash-derived RNA 
Results of statistical analysis: ns. not significant (includes values <2); a, P<0.05; b,  P<0.01; c,  P<0.001 
The relative fold difference was calculated using the ∆Ct method, as described in Section 2.12.7. 

 

 

Table 5.13 Relative expression of PPI-1 genes in the lungs versus the nasal wash 

ORF 
1861 4496 

Fold change Direction Fold change Direction 
PblB 1.17ns up 2.43b down 

SPP_0083 >1028.74*c up >220.30*c up 
SPP_0747 3.15c down 1.54ns up 
SPP_1340 2.17ns up 12.10ns up 
SPP_1353 -# -# >14.66*b up 

*Indicates target was not detected from nasal wash-derived RNA 
#Indicates transcript was below the limit of detection in both samples 
Results of statistical analysis: ns. not significant (includes values <2); a, P<0.05; b,  P<0.01; c,  P<0.001 
The relative fold difference was calculated using the ∆Ct method, as described in Section 2.12.7. 
 

 

Table 5.14 Relative expression of PPI-1 genes in the blood versus the lungs 

ORF 
1861 4496 

Fold change Direction Fold change Direction 
PblB 1.04ns up 1.36ns up 

SPP_0083 1.27ns up 1.00ns - 
SPP_0747 2.47b up 1.97ns down 
SPP_1340 2.73a up 2.01c up 
SPP_1353 >624.55*c up 25.22c up 

*Indicates target was not detected from lung-derived RNA 
Results of statistical analysis: ns. not significant (includes values <2); a, P<0.05; b,  P<0.01; c,  P<0.001 
The relative fold difference was calculated using the ∆Ct method, as described in Section 2.12.7. 
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associated endolysin was detected in the lungs than at the nasopharyngeal surface 

(P<0.001), which suggests that more frequent phage-mediated lysis may also occur in 

the lungs than at the nasopharyngeal surface. Expression of the sodium-dependent 

transporter (SPP_0747) was significantly greater at the nasopharyngeal surface than in 

the lungs of strain 1861-infected mice (P<0.001). However, expression of the same 

gene was not significantly different between the two niches in strain 4496-infected 

mice. Therefore, similar to pblB, it was not possible to confirm that the sodium-

dependent transporter exhibits niche-specific expression between the nasopharyngeal 

surface and the lungs. The high-affinity iron/lead permease exhibited significantly 

greater expression in the lungs than at the nasopharyngeal surface of both strain 1861- 

(P<0.05) and 4496- (P<0.001) infected mice, which suggests that the product of this 

gene might be more important in the former niche. The expression of the glycoside 

hydrolase family protein gene was below the limit of detection in both the nasal wash- 

and lung-derived RNA samples of strain 1861-infected mice. However, expression of 

this gene was significantly greater in the lungs than at the nasopharyngeal surface of 

strain 4496-infected mice. 

Expression of pblB and the phage-associated endolysin was not significantly 

different between the blood and lungs of either strain 1861- or 4496-infected mice 

(Table 5.14). The expression of the sodium-dependent transporter was significantly 

greater in the blood than the lungs in strain 1861-infected mice (P<0.05), but not in 

strain 4496-infected mice. In contrast, significantly greater expression of the high-

affinity iron/lead permease was detected in the blood than the lungs in both strain 1861- 

(P<0.05) and 4496- (P<0.001) infected mice. The expression of the glycoside hydrolase 

was significantly greater in the blood than the lungs of both strain 1861- and 4496-
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infected mice (P<0.001), which suggests that the expression of the ABC transporter 

might also exhibit greater expression in the former niche.  

In summary, pblB did not exhibit niche-dependent changes in expression, 

whereas the endolysin encoded downstream of pblB exhibited significantly greater 

expression in both the blood and lungs than at the nasopharyngeal surface. The 

significance of the endolysin expression was highlighted in Mitchell et al., (2007), 

where it was shown that endolysin-deficient mutants of S. mitis exhibited significantly 

reduced ability to bind human platelets, which was correlated with a significant 

reduction in the surface expression of PblB. Interestingly, this phenotype was reversed 

by the addition of exogenous PblB to the culture media (Mitchell et al., 2007). 

Therefore, in the case of strains 1861 and 4496, the greater expression of the endolysin 

in the blood and lungs could contribute to increased PblB surface expression and thus 

increase adherence to human platelets and other host surfaces. Generally the sodium-

dependent transporter (SPP_0747) did not exhibit niche-dependent changes in 

expression, which suggests that the requirement for this transporter does not appear to 

vary during disease progression. In contrast, niche-dependent changes in expression of 

the high-affinity iron/lead transporter were detected, with the greatest expression 

detected in the blood, followed by the lungs and finally the nasopharyngeal surface. The 

expression of the glycoside hydrolase and possibly the ABC transporter of region 9 

were greatest in the blood when compared to the lungs and nasopharyngeal surface. 

Whilst gene expression analysis of a greater number of genes within this region is 

required, it appears that at least a component of this region exhibits greater expression 

in the blood than in either the lungs or on the nasopharyngeal mucosa. Therefore, it 

might be possible that strains 1861 and 4496 exhibit greater sialic acid degradative 

properties in the blood that could contribute to invasive potential. 
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5.7 Discussion 

In previous studies, comparative genomics using technology such as CGH had 

been performed in order to identify ARs of the pneumococcal genome that are 

associated with increased invasive potential (Blomberg et al., 2009; Obert et al., 2006; 

Silva et al., 2006; Bruckner et al., 2004 ). Whilst one study suggested that ARs such as 

the PsrP-secAY2A2 region are associated with strains of high invasive potential (Obert 

et al., 2006), another was unable to identify an AR that was responsible for the high-

attack rate of serotypes such as 1 and 7F (Blomberg et al., 2009). However, even though 

a certain amount of redundancy is likely to exist between different ARs in their 

respective contribution to invasive potential, comparisons between serotypes can be 

complicated by serotype differences in the protective properties of the capsule (Section 

1.3.1.5). Therefore, the most valuable comparisons are made between strains of the 

same serotype in order to identify serotype-independent differences in the genome that 

are associated with specific virulence phenotypes. Subsequently, regions found to be 

responsible for serotype-independent differences in virulence can be investigated in 

multiple serotypes to ascertain whether their contribution to virulence is consistent. 

Previous work has shown in both mice and humans that serotype 1 strains can 

vary considerably in virulence potential (Section 1.6.1; Smith-Vaughan H et al., 2009; 

Antonio et al., 2008; Nunes et al., 2008). Therefore, this chapter aimed to identify ARs 

in addition to the PPI-1 variable region that could contribute to the differences in 

invasive potential between non-invasive, intermediately virulent and highly virulent 

serotype 1 isolates. 
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5.7.1 Identification of virulence phenotype-associated genes by 

CGH 

Initially, CGH was carried out between non-invasive (1 and 2), intermediately 

virulent (3415 and 5482) and highly virulent (1861 and 4496) serotype 1 clinical 

isolates. As described in Section 5.2.2, the PsrP-secAY2A2 region (SP_1758 – 

SP_1771; AR 34) was found to be present in both intermediately virulent strains and 

strain 4496, whilst being absent from the non-invasive strains. Therefore, it is possible 

that the absence of PsrP-secAY2A2 from the non-invasive strains might contribute to 

their inability to invade and survive in the blood. However, the highly virulent strain 

1861 also lacks PsrP-secAY2A2, which suggests that the region is not required for the 

virulence of this strain. CGH identified three regions that were present only in the 

highly virulent strains and absent in the non-invasive and intermediately virulent strains. 

These regions included an ABC transporter (SPR_1191 – SPR_1195; AR 24) the PPI-1 

variable region (SP_1047 – SP_1053; AR 22 [Chapters 3 & 4]) and a PTS with a 

number of enzymes thought to be involved in the uptake of ribulose (SP_1615 – 

SP_1621; AR 31) (Obert et al., 2006). However, closer analysis revealed that AR 31 

was only present in strain 1861, and not in strain 4496. Therefore, the region is not 

required for virulence in strain 4496. 

In summary, only the PPI-1 variable region and the ABC transporter of AR 24 

were found to be consistently associated with heightened virulence using CGH. 

5.7.2 Identification of genes associated with hypervirulent serotype 

1 isolates by genomic sequencing 

In order to comprehensively compare the genomes of the serotype 1 clinical 

isolates, next generation genome sequencing technology was utilised to sequence a 

representative non-invasive strain (strain 1) and a representative highly virulent strain 
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(strain 1861). Assembly of the sequenced genomes was performed against the serotype 

1 (ST303) genome of P1031. As very few discrepancies were identified between the 

strain 1861 consensus sequence and the P1031 genome, the differences that were 

identified between the genomes of strain 1 and P1031 were generally representative of 

the differences between the genomes of strains 1 and 1861. PCR verification of strain 1 

consensus sequence assembly gaps that were greater than 1-kb in size confirmed that a 

number of regions were associated with the heightened virulence. A group 1 

pneumophage (Romero et al., 2009a) was present only in the highly virulent strains and 

encoded PblB and an endolysin. In addition, a region encoding a putative sodium-

dependent transporter, a MerR family transcriptional regulator and a MutT/Nudix 

family protein were also present only in the highly virulent strains. ZmpD and a large 

conjugative transposon (Tn5253) were also found to be associated with heightened 

virulence. Given that other zinc metalloproteinases play roles in virulence (Section 

1.5.3.2), examination of the contribution made by ZmpD to the invasive potential of 

strains 1861 and 4496 is warranted. A high-affinity iron/lead permease, a dyp-type 

peroxidase, an ABC-2 type transporter gene, a nod factor export ATP-binding protein 

and a transcriptional regulator of the ArsR family (SPP_1781) were also identified as 

associated with heightened virulence. However, very little is known about the function 

of many of these genes making it difficult to predict their role, if any, in the virulence of 

strains 1861 and 4496. Finally, a complex region of putative catabolic enzymes and an 

ABC transporter were associated with heightened virulence. BLAST and HHpred 

search results suggested that the region was involved in the metabolism of sialic acid. 

The ability of some strains, such as the highly virulent strains, to take advantage of 

specific sugar sources could provide a survival advantage and contribute to increased 

invasive potential.  
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Genomic sequencing also identified allelic differences between iga, pspA, prtA, 

phtB and phtD of strains 1 and 1861. However, direct sequencing of these genes in each 

strain would be required to show whether specific alleles are associated with invasive 

potential. In addition, a deletion was identified in hylA of only the non-invasive strains 

and not in either the intermediately virulent or highly virulent strains. Whilst it was 

difficult to predict whether the deletion in hylA would impact on the activity of the 

translated protein, reduced HylA activity could reduce the passage of the pneumococcus 

through host tissues (Section 1.3.1.1), thus reducing invasive potential. 

5.7.3 Differential in vivo expression of key genes associated with 

heightened invasiveness 

Key genes of regions that were associated with heightened virulence were 

selected for expression comparisons between the nasopharyngeal surface, the blood and 

the lungs. The expression of pblB remained unchanged between niches, which 

suggested that continuous production of PblB occurs at all stages of pathogenesis. 

However, the phage-associated endolysin, encoded within the same prophage as pblB, 

exhibited significantly greater expression in both the lungs and blood of infected mice. 

Given the role of the product of this gene in lysis of the host cell (reviewed in Young et 

al. [2000]), it might be possible that increased lysis by strains 1861 and 4496 in the 

blood and lungs could augment the inflammatory properties of LytA activity (Section 

1.3.1.2). Interestingly, previous work in S. mitis showed that lysis of the bacterium was 

required for the surface expression of PblB (Mitchell et al., 2007). Therefore, greater 

expression of endoylsin in the blood and lungs compared to the nasopharyngeal surface 

suggests that upon reaching these niches the prophage encoded within strains 1861 and 

4496 enters the lytic cycle in at least a subpopulation of cells, thus enabling the release 

of cytoplasmic PblB. Attachment of extracellular PblB to the cell wall of unlysed 
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pneumococci may enhance the ability of the bacterium to adhere to host cell surfaces, 

such as platelets (Bensing et al., 2001; Mitchell et al., 2007). Furthermore, the ability of 

the pneumococcus to bind plasmin has been linked to the bacterium’s ability to travel 

across epithelial surfaces (Attali et al., 2008). Therefore, these attributes suggest that 

PblB may have a role in the heightened virulence of strains 1861 and 4496. Since the 

expression of the sodium-dependent transporter was not found to change between 

niches the transporter may be required equally in all niches or its activity could be 

regulated by other mechanisms, such as substrate concentrations or post-translational 

regulation. In addition, regulation of the transporter’s expression may no longer occur if 

the truncation predicted for SPP_0750 in strain 1861 had prevented the translation of a 

functional protein. In contrast, the high-affinity iron/lead permease exhibited greater 

expression in the blood than the lungs, and was greater in both than at the 

nasopharyngeal surface. Therefore, if greater expression of this gene enables greater 

uptake or excretion of important metal ions, then the permease may provide a survival 

advantage for strains 1861 and 4496 in the blood and lungs. Finally, in vivo expression 

analysis showed that expression of the glycoside hydrolase of region 9 appeared to be 

greater in the blood than at the nasopharyngeal surface. Therefore, it is possible that the 

expression of the ABC transporter encoded immediately upstream of this enzyme is also 

greater in the blood than at the surface of the nasopharynx. Given that many of the 

enzymes that flank the ABC transporter are predicted to be involved in sialic acid 

degradation, it is possible that this region promotes the utilisation of sialic acid as an 

energy source in the blood, which could provide a survival advantage in this niche. 

In summary, a number of ARs were identified in the genomes of hypervirulent 

serotype 1 isolates that were not present in the genomes of either non-invasive or 

intermediately virulent serotype 1 isolates. Interestingly, many of the ARs that were 
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highlighted in this study had not been previously identified as ARs, due to their absence 

from the genomes of TIGR4 and R6. The ARs that were identified have potential roles 

ranging from the transport and metabolism of unknown host sugars to adherence and 

migration across epithelial surfaces. Future studies involving the mutagenesis of these 

genes will confirm the contribution of these ARs to the invasive potential of strains 

1861 and 4496.  
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Chapter 6 – Competence in Serotype 1 Clinical 
Isolates 

 

6.1 Introduction 

As mentioned in Chapter 4, repeated attempts to genetically manipulate the 

serotype 1 isolates used in this study were unsuccessful. Inability to transform the 

highly virulent serotype 1 strains complicated attempts to compare the virulence of PPI-

1 variants constructed in the serotype 1 background, and necessitated indirect studies in 

the D39 background (Chapter 4). Such difficulty has previously been encountered with 

some clinical isolates and the reasons for this phenomenon are not understood (Pozzi et 

al., 1996). In particular, it is not known whether the lack of transformability is primarily 

due to strain-strain variation in the optimum in vitro conditions, or due to defects in the 

competence system that render these strains non-transformable both in vitro and in vivo.  

The method routinely used by our laboratory for genetic transformation of S. 

pneumoniae is outlined in Section 2.8.2 and is based on the method developed by 

Martin et al. (1995). This method involves culturing the relevant strain to mid-

exponential phase in cCAT media (Section 2.8.1) before diluting ten-fold in fresh media 

with increased concentration of calcium and BSA (CTM) and growing to early 

exponential phase (A600 0.2). An increase in calcium concentration facilitates the 

competence induction in vitro during exponential growth (Trombe et al., 1992). 

Subsequently, the culture is resuspended in fresh CTM with an elevated pH (pH 7.8), 

which reduces the culture density at which the competent state develops and increases 

the length of time for which the competent state exists (Chen & Morrison, 1987).  

Genetic competence in the pneumococcus is regulated by a complex quorum 

sensing and gene expression network (Section 1.3.4). It has been shown that when the 

accumulation of CSP in the local extracellular environment reaches a critical 



 
Chapter 6 – Competence in serotype 1 clinical isolates Page | 272  

concentration, the two-component signal transduction system encoded by genes comD 

and comE is activated, leading to expression of the early competence genes (Pestova et 

al., 1996; Havarstein et al., 1996; Alloing et al., 1998). A number of alleles of comC 

have been identified in pneumococci, of which comC1 (CSP-1) is the most common, 

followed by CSP-2. By contrast, CSP alleles 3 – 6, are rarely found (Pozzi et al., 1996; 

Whatmore et al., 1999). In addition, four comD alleles have been characterised, of 

which 1, 3 and 4 have been shown to be preferentially activated by CSP-1, whilst allele 

2 is preferentially activated by CSP-2 (Iannelli et al., 2005). Amino acid substitutions 

which impact on CSP specificity have been shown to be confined to 70 amino acids in 

the N-terminal region of ComD (Iannelli et al., 2005). Early competence genes are 

expressed within 5 minutes of CSP addition to an in vitro culture and include comX, 

comW, comA, comB, comC and comD (Peterson et al., 2004). Early competence genes 

are primarily involved in the regulation of competence and the synthesis and export of 

CSP. ComX is an alternative sigma factor that induces the expression of >60 late 

competence genes, which are involved in DNA uptake and the processing and 

recombination of environmentally acquired DNA into the chromosome (Peterson et al., 

2004; Campbell et al., 1998; Pestova & Morrison, 1998). However, maximal expression 

of the late competence genes and efficient transformation requires ComW, which is 

thought to stabilise and promote accumulation of cytoplasmic ComX (Piotrowski et al., 

2009; Sung & Morrison, 2005). ComW and ComX are the only known link between the 

quorum sensing system of ComC, ComD and ComE, and the expression of the late 

competence genes, which are required for successful transformation (Lee & Morrison, 

1999; Luo & Morrison, 2004). Of the 15 early competence genes and the >60 late 

competence genes, approximately 23 are essential for transformation (Peterson et al., 

2004). 
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This chapter summarises the attempts to optimise the conditions for 

transformation of strains 1861 and 4496, and sought to identify possible causes for the 

lack of transformability of strains 1861 and 4496. 

 

6.2 Sequencing comC and comD in 4496 

In order to determine the CSP pherotype that is compatible with the comD 

alleles in strains 1861 and 4496, comC and comD were sequenced in these strains using 

primers 3, 4 and 5, as described in Whatmore et al. (1999). Final sequences were 

assembled using the sequence assembly tool in DNAMAN (Section 2.6.1). The 

predicted comC amino acid sequence of both strains 1861 and 4496 were aligned with 

the amino acid sequences of the six known alleles in S. pneumoniae (Figure 6.1) and 

showed that comC of strains 1861 and 4496 shares 100% sequence identity with 

comC1. Therefore, strains 1861 and 4496 encode CSP-1. Subsequently, the first 70 

amino acids deduced from comD of strains 1861 and 4496 were aligned with the 

sequences of ComD1, ComD2, ComD3 and ComD4 (Figure 6.1). The alignment 

showed that ComD of strain 1861 shared 100% amino acid sequence identity with 

ComD1 and that ComD of strain 4496 shared 100% amino acid sequence identity with 

ComD4. Therefore, ComD1 of strain 1861 is most sensitive to CSP-1. However, whilst 

ComD4 has been shown to be less sensitive to CSP-1 than ComD1, the concentration of 

CSP-1 used in this study exceeded that required for maximal activation of ComD4 

(Ianelli et al., 2005). Therefore, the sequence of comD is unlikely to have contributed to 

the inability to transform strains 1861 and 4496. 
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6.3 Optimisation of conditions for transformation of 

strain 4496 in vitro 

As discussed in Section 6.1, the timing of competence is affected by the pH of 

CTM in the presence of CSP-1. However, despite trialling a range of incubation times 

with CSP-1, successful recombinants were not recovered from either strain 1861 or 

strain 4496. In addition, in case capsule obstructs DNA uptake in these strains, 

transparent-phase pneumococci were used throughout this study (Section 1.3.2). 

Therefore, aspects of the transformation methodology other than CSP incubation time 

and opacity phase were modified in order to identify the in vitro conditions required for 

competence induction in strain 4496. 

6.3.1 Comparison between D39 and 4496 growth in cCAT 

Calcium is an important environmental signal for the induction of competence 

(Trombe et al., 1992). However, whilst exponentially growing pneumococci tend to 

become competent in response to calcium, pneumococci within the stationary phase can 

instead undergo autolysis (Trombe et al., 1992). In the transformation methodology 

described in Section 2.8.2, an increase in calcium concentration is applied when the mid 

exponential-phase culture is diluted in CTM. Therefore, the phase of growth at which 

the culture is diluted in CTM might be important for the development of competence. 

Therefore, it was decided to compare the growth of strain 4496 and D39 in cCAT in 

order to ensure that strain 4496 did not enter the stationary phase at a lower culture 

density than D39, inadvertently triggering autolysis in response to the calcium in CTM. 

The experiment was carried out using D39 and 4496 frozen starter cultures that were 

prepared as described in Section 2.7. A600 readings at 30 min intervals over 6 h were 

recorded following the inoculation of fresh cCAT with an aliquot of the relevant frozen 

starter culture stock. Duplicate cultures were measured per strain and two independent 
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experiments were performed (Figure 6.2). In both experiments, strain 4496 reached the 

stationary phase at a higher culture density than D39. Since strain 4496 consistently 

entered the stationary phase at A600 1.3, it seems unlikely that at A600 0.5 (Section 2.8.2) 

strain 4496 would undergo autolysis in a growth phase-dependent response to calcium. 

6.3.2 The effect of culture density in CTM on transformation 

efficiency of D39 and strain 4496 

Previous work has shown that competence develops spontaneously in a culture 

density-dependent fashion (Tomasz & Hotchkiss, 1964). However, the methodology for 

transformation of S. pneumoniae described in Section 2.8.2, assumes that a competent 

state will develop at a A600 0.2. Since it is possible that strain 4496 could develop 

competence at a different culture density, the transformation efficiency of strain 4496 

was compared between a range of CTM culture densities. In addition, the impact of 

CTM culture density on the transformation efficiency of D39 was also assessed. In the 

first experiment, the culture density was determined at 0, 40, 50, 60, 70, 80, 90, 100, 

110 and 120 min following dilution into CTM (Figure 6.3a). These time points were 

chosen as previous experience had shown that A600 0.2 would be reached by D39 

following 60 to 80 min incubation in CTM. At each time point the remainder of the 

transformation protocol was performed to assess transformation efficiency at each 

culture density. Chromosomal DNA from the multi-drug resistant strain DP1617 was 

used as the donor DNA in these experiments. However, following the experiment, 

antibiotic resistant recombinants were not recovered from strain 4496, which suggested 

that the culture densities that were used did not affect the ability of the strain to undergo 

transformation. Unexpectedly, D39 recombinants were recovered from all time points 

and with no significant differences in transformation efficiency. However, despite the 

fact that the CTM culture density did not appear to affect D39 transformation efficiency, 

it was decided to repeat the experiment with earlier time points due to the early time  
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Figure 6.2 Growth of strain D39 and strain 4496 in cCAT

Duplicate cultures of D39 and strain 4496 were grown from frozen star ter culture stocks

(Section 2.7) in 20 ml of pre-warmed cCAT. Mean A600 readings from duplicate cultures

were taken for each strain at 30 min intervals starting at 0 until 6 h. Two independent

experiments were undertaken and are shown as (a) and (b). Error bars represent the

standard error of the mean (SEM) of duplicate readings at each time point.
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a

b
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Figure 6.3 Growth of strains D39 and 4496 in CTM

Duplicate cultures of D39 and strain 4496 were grown from frozen starter culture stocks in

cCAT (Section 2.7) to mid-exponential phase (A600 0.5) before diluting tenfold in CTM. Mean

A600 readings were taken at (a) 0, 40, 50, 60, 70, 80, 90, 100, and 110 min incubation in

CTM (experiment 1) and at (b) 0, 20, 30, 40, 50, 60, 70, 80, 90, 100 min incubation in CTM

(experiment 2). The transformation protocol was subsequently performed on each time

point aliquot. Transformation mixes were incubated for 10 min with CSP-1 before adding

chromosomal DNA and following the remainder of the protocol (Section 2.8.2). Error bars

represent the SEM of duplicate readings at each time point.

 



 
Chapter 6 – Competence in serotype 1 clinical isolates Page | 280  

a

b

  



 
Chapter 6 – Competence in serotype 1 clinical isolates Page | 281  

point at which A600 0.2 was reached by strain 4496 (Figure 6.3a). Therefore, the 

experiment was repeated with time points at 0, 20, 30, 40, 50, 60, 70, 80, 90 and 100 

min in CTM (Figure 6.3b). However, similar to the first experiment, recombinants of 

strain 4496 were not recovered at any time point, and no difference in the 

transformation efficiency of D39 was detected between time points. It is also worth 

noting that A600 readings of D39 growth in CTM were consistently lower than 4496 in 

both experiments. However, it is not clear whether this difference affects 

transformability. 

In summary, the culture density of CTM did not have a detectable impact on the 

transformation efficiency of either D39 or strain 4496. Therefore, the culture density 

used in the transformation attempts of strain 4496 was unlikely to be responsible for the 

lack of transformability. 

6.3.3 The effect of different DNA donors on the transformation 

efficiency of strain 4496 

The acquisition, processing and recombination of extracellular DNA into the 

chromosome is a complex process that in strain 4496 could potentially be defective at a 

number of different stages (reviewed by Claverys et al., 2009). Initial attempts at 

transformation of strain 4496 were primarily carried out using PCR product as the 

source of transforming DNA. These PCR products consisted of an antibiotic resistance 

cassette flanked by homologous DNA to allow recombination into the host 

chromosome. Therefore, in order to test whether the inability to transform strain 4496 

was due to a defect in recombination and not DNA uptake, transformations were 

attempted on strain 4496 and D39 competent cells (Section 2.8.1), using plasmid DNA 

(pVA891). The plasmid pVA891 has been shown to be maintained in pneumococcal 

strains such as D39. Following multiple attempts, successful transformants were 

recovered only from D39 and not 4496. Therefore, it appears that strain 4496 was either 
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unable to take up the plasmid DNA from the media, or was unable to maintain 

replication of this plasmid.  

 6.3.4 The effect of alternative media on the transformation efficiency 

of strain 4496 

Following failed transformation attempts using CAT as the base medium, CAT 

was replaced in a series of transformation attempts with either THY or TSB. However, 

neither media enabled the transformation of strains 1861 or 4496. In addition, previous 

work has shown that the expression of competence genes is increased in pneumococci 

in the sessile state (Oggioni et al., 2006). Therefore, it was decided to attempt the 

transformation of strain 1861 and 4496 on solid media using the method described in 

Iannelli and Pozzi (2004). However, recombinants were not recovered from either strain 

1861 or 4496 using such media. D39 was successfully transformed using all media 

tested in this section. 

  

6.4 Alternative methods for genetic manipulation of 

serotype 1 isolates 

Electrotransformation is a method commonly used to introduce recombinant 

DNA into a wide variety of bacteria.  Whilst electrotransformation has been shown to be 

difficult in S. pneumoniae (Lefrancois & Sicard, 1997; Lefrancois et al., 1998), it was 

attempted in this study on strains 1861 and 4496 in order to overcome potential defects 

in the competence system of these strains. D39 was used as a control strain. 

Electrotransformation was performed with plasmid DNA (pVA891) and chromosomal 

DNA (DP1617) using a method loosely based on that described in Lefrancois and 
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Sicard (1997) (Section 2.8.3). However, electrotransformation was unsuccessful in both 

strains 1861 and 4496, and the D39 control. 

Subsequently, it was decided to attempt transformation of strains 1, 4496 and 

D39 in the presence of LipofectamineTM 2000 reagent (Invitrogen). LipofectamineTM is 

routinely used for the transfection of eukaryotic cell lines and it was thought that the 

reagent might facilitate the uptake of DNA by strains D39, 1 and 4496. Transformation 

of strains 4496, 1 and D39 was performed in the presence of CSP-1, as described in 

Section 2.8.2. However, the protocol was modified by incubating the transforming DNA 

with LipofectamineTM at DNA:Lipofectamine ratios ranging from 1:0.5 to 1:5, 

according to the manufacturer’s instructions. In addition, transformations lacking 

LipofectamineTM were also performed as a control. However, neither strain 1 nor 4496 

transformants were recovered. Furthermore, treatment with LipofectamineTM had no 

effect on the transformation efficiency of D39. 

 

6.5 Expression of key competence genes in the 

presence and absence of CSP-1 

As discussed in Section 6.1, competence genes can be categorised as either early 

competence genes involved in competence regulation or late competence genes 

involved in DNA uptake and recombination. Therefore, expression of the key 

competence regulatory genes comD, comX and comW was compared between D39 and 

strain 4496 in the presence and absence of CSP-1. In addition, late competence genes 

involved in DNA uptake (cglA) and recombination (coiA) were selected to compare the 

expression of late competence genes between strains 4496 and D39. 

The transformation protocol was performed on each strain in the presence and 

absence of CSP-1. The experiment was performed on two independently prepared 
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batches of competent cells per strain (Section 2.8.1). RNA was prepared for gene 

expression analysis from cells immediately prior to adding the donor DNA (Section 

2.12.1). The remainder of the transformation mixes were used to continue the 

transformation protocol (Section 2.8.2) to confirm whether or not transformation was 

successful in each case. 

The relative expression of comD, comX, comW, cglA and coiA between samples 

was determined by real time RT-PCR using the Ct method, as described in Section 

2.12.7. Approximately 100 ng of RNA was used as template for each reaction. 

However, differences in the actual amount of RNA in each sample were normalised 

against the amount of 16S rRNA, using RH16SF(3) and RH16SR(3) (Table 2.3). Five 

reactions were performed for each gene, with three reactions containing template and 

two lacking template. Melt-curve analysis was performed to ensure that only a single 

product was amplified in each reaction. Statistical significance between the relative 

amounts of target mRNA in different samples of the same strain was calculated by 

comparing the mean amount of target mRNA relative to 16S rRNA in each niche using 

the two-tailed unpaired t-test, where P< 0.05 was considered statistically significant.  

Primers used to amplify the target genes were designed from the strain 1861 

consensus sequence generated in Section 5.3 and the D39 genomic sequence using the 

criteria described in Section 2.3.2. The primers used for each target gene are indicated 

in Table 6.1. 

 

Table 6.1 Primers used for real-time RT-PCR of key competence genes 
Gene Primers* 
comD RHrtcomDF/RHrtcomDR 
comX RHrtcomXF/RHrtcomXR 

comW RHrtcomWF/RHrtcomWR 

cglA RHrtcglAF/RHrtcglAR 
coiA RHrtcoiAF/RHrtcoiAR 

*Primer sequences are described in Table 2.3 
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The expression of comD was significantly greater in the presence of CSP-1 for both 

D39 experiments (P<0.001 and P<0.05, respectively). However, the fold increase in 

comD expression was much greater in experiment 1 due to the lower baseline 

expression in the sample lacking CSP-1 (Figure 6.4). In contrast, comD expression was 

not significantly different in the presence or absence of CSP-1 in either strain 4496 

experiment. Nevertheless, the absolute level of expression of comD by strain 4496 

(Figure 6.4) suggests that the CSP receptor is being transcribed at a level that, at least in 

D39, is sufficient for transformation. Therefore, comD expression is unlikely to account 

for the difference in transformability between the two strains. ComX expression was 

significantly greater in the presence of CSP-1 in both experiments of both strains 

(P<0.001), which indicated that CSP-1 was able to induce early competence gene 

expression in both D39 and 4496 (Tables 6.2 and 6.3). In contrast, CSP-1 was not 

associated with either a consistent increase or decrease in comW expression in either 

D39 or 4496. Interestingly, Figure 6.4 shows that the mean expression of comW in 

strain 4496 was significantly greater than in D39 (P<0.05), in a CSP-1-independent 

manner. The expression of comW in strain 4496 compared to D39 might indicate that 

comW over-expression could inhibit competence. However, successful transformation 

with expression of comW on a multicopy plasmid using a nisin-inducible promoter 

suggests that this is not case (Luo et al., 2004). Alternatively, comW over-expression 

could occur in response to the absence of some unknown negative feedback mechanism 

that might limit comW expression in D39. CglA expression was consistently greater in 

the presence of CSP-1 than without CSP-1 in both D39 and strain 4496. Furthermore, 

increased cglA expression in response to CSP-1 suggests that CSP-1 is able to induce 

the expression of some late competence genes in strain 4496. Therefore, cglA 

expression was unlikely to be linked to the lack of strain 4496 transformability. CoiA 

expression was consistently greater in the presence of CSP-1 than without CSP-1 in  
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Figure 6.4 Expression of key competence genes relative to 16S rRNA in D39 and 4496 in 

response to CSP-1

The mean expression of the target competence genes relative to 16S rRNA in the presence

and absence of CSP-1 was determined by real time RT-PCR from two duplicate

transformations per strain. Competent cells were prepared and transformations were

performed on two independently prepared batches of competent cells (Section 2.8). All

competent cells were incubated in CTM pH 7.8 at 3737 C with or without CSP-1, before adding

chromosomal DNA. The remainder of the transformation protocol was followed, as described

in Section 2.8.2. Immediately prior to adding DNA, aliquots of each transformation mix were

taken for the extraction of RNA and DNase treatment as described in Section 2.12.1. Real-

time RT-PCR was performed, as described in Section 2.12.6. The relative difference in

expression was calculated using thehe Ct method, as described in Section 2.12.7. Error bars

indicate the standard deviation of triplicate reactions for each gene. Statistical significance

was determined by unpaired two-tailed t-test (*, P<0.05; **, P<0.01; ***, P<0.001). Black

asterisks indicate a significant difference in expression relative to 16S rRNA between the

presence and absence of CSP-1. The red asterisk indicates differences in the the mean

expression of comW relative to 16S rRNA between all four D39 samples compared to all four

strain 4496 samples.
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Table 6.2 Relative expression of competence genes in D39 in the presence of CSP-1 
versus the absence of CSP-1 

ORF 
Exp 1 Exp 2 

Fold change Direction Fold change Direction 
comD 53.82c up 2.00a up 
comX 9.30c up 38.76c up 
comW 5.90c up 1.19ns up 
cglA >6.74*a up 7.53b up 
coiA 2.38a up 5.84b up 

*Indicates where the target was not detected in the absence of CSP-1 
Results of statistical analysis: ns, not significant (includes values <2); a, P<0.05; b, P<0.01; c, P<0.001 
 

 

 

Table 6.3 Relative expression of competence genes in 4496 in the presence of CSP-1 
versus the absence of CSP-1 

ORF 
Exp 1 Exp 2 

Fold change Direction Fold change Direction 
comD 1.59ns up 1.56ns up 
comX 20.87c up 10.24c up 
comW 1.13ns up 4.31c down 
cglA 5.41b up 4.07c up 
coiA 9.30c up 1.59ns down 

Results of statistical analysis: ns, not significant (includes values <2); a, P<0.05; b, P<0.01; c, P<0.001 
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D39. Similarly, experiment 1 of strain 4496 showed that increased coiA expression 

occurred in the presence of CSP-1 (P<0.001). In the second 4496 experiment, coiA 

expression was not significantly altered by the addition of CSP-1. However, as the 

baseline expression level in this experiment was higher than the first 4496 experiment 

and both D39 experiments (Figure 6.4), the expression of this gene was probably not 

linked to the lack of transformability. 

In summary, the expression of the competence genes comD, comX, cglA and 

coiA in strain 4496 was for the most part not particularly different from D39. Therefore, 

strain 4496 responds to CSP-1, by inducing the expression of the early competence 

gene, comX, which in turn induces the expression of the late competence genes, such as 

cglA. However, it was interesting that comW over-expression by strain 4496 occurred 

both in the presence and absence of CSP-1. Interestingly, over-expression in the 

competence regulatory system has been previously reported, but in ComW-deficient 

mutants that were also non-transformable (Sung & Morrison, 2005). In this case it was 

thought that the absence of ComW had inhibited a negative feedback mechanism that 

would have normally limited comX expression. Therefore, it is possible that comW 

expression might similarly be suppressed in a normally functioning competence system. 

In light of the expression data of this section, it is possible that some defect in a 

component of the late competence genes of strain 4496 might contribute to the strain’s 

lack of transformability. 

   

6.6 Essential competence genes present in strain 1861 

and 4496 by CGH 

As described in Section 6.1, competence induction is a complex process that 

requires the expression of 23 genes (Peterson et al., 2004). However, given that comW 
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was over-expressed in strain 4496 compared to D39 (Section 6.5), perhaps strain 4496 

had some defect in a component of the competence system that if functional, would 

allow a negative feedback mechanism to limit comW expression and allow 

transformation. Therefore, the presence of essential competence genes was confirmed in 

strains 1861 and 4496 using the raw CGH data generated in Section 5.2. For genes that 

were not detected by CGH, searches of the 1861 consensus sequence (generated in 

Section 5.3) were performed to independently verify the CGH data. Since the genome 

sequence of only strain 1861 was available and that both strains 1861 and 4496 were 

non-transformable, it was assumed that the strain 1861 consensus sequence would be 

representative of both strains 1861 and 4496. 17 of the essential competence genes were 

detected in strains 1861 and 4496 by CGH (Table 6.4). Whilst comA, comEA, comEC 

and ssbB were not detected by CGH in either strain 1861 or 4496, analysis of the strain 

1861 consensus sequence confirmed that these genes were indeed present in strain 1861. 

Therefore, it is probable that comA, comEA, comEC and ssbB are also present in strain 

4496. In addition, alignments between comA, comEA, comEC and ssbB of TIGR4 and 

strain 1861 (data not shown) revealed that all genes contained small pockets of variable 

sequence that may have prevented hybridisation in CGH. 

However, despite CGH confirming the presence of the majority of competence 

genes, the technology is unable to detect point mutations that could lead to premature 

termination of translation. In addition, sequence variation in non-coding sequence could 

interfere with the expression of some competence genes. Furthermore, there are many 

other apparently non-essential genes with unknown roles in competence that exhibit 

CSP-1 inducible expression (Peterson et al., [2004]).  

 

  



 
Chapter 6 – Competence in serotype 1 clinical isolates Page | 292  

 

 

 

Table 6.4 Detection of essential competence genes by CGH and genomic sequencing 
Gene  TIGR4 ID Putative role in competence* 1861 4496 
comA SP_0042 CSP export + - 
comB SP_0043 CSP export + + 
comE  SP_2236 Response regulator for early 

competence gene expression  
+ + 

comX# SP_0014 & 
SP_2006 

Activator of late competence 
gene expression 

+ + 

comW SP_0018 Stabilisation of ComX + + 
coiA SP_0978 DNA processing and 

recombination 
+ + 

cglA SP_2053 DNA uptake + + 
cglB SP_2052 DNA uptake + + 
cglC SP_2051 DNA uptake + + 
cglD SP_2050 DNA uptake + + 
cglG SP_2047 DNA uptake + + 

comFB SP_2207 DNA uptake + + 
ccla SP_1808 DNA uptake + + 
recA SP_1940 DNA processing and 

recombination 
+ + 

ssbB SP_1908 DNA processing and 
recombination 

+ - 

comEA SP_0954 DNA uptake + - 

comFA SP_2208 DNA uptake + + 
comEC SP_0955 DNA uptake + - 

dprA SP_1266 DNA processing and 
recombination 

+ + 

ComC and ComD are not included above as their presence had already been confirmed (Section 6.2). 
# Two identical copies exist in the chromosome, which are impossible to detect individually using either 
CGH or the strain 1861 consensus sequence. 
*Roles are reviewed in Claverys et al. (2009) and Johnsborg and Havarstein (2009)  
Red ‘+’ Indicates those genes confirmed from the consensus sequence of strain 1861. 
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6.7 Discussion 

A significant roadblock to definitively confirming the importance of genomic 

ARs to the invasive potential of strains 1861 and 4496 was the inability to genetically 

manipulate these strains. Therefore, this chapter summarised the attempts to transform 

strains 1861 and 4496. Whilst it has been previously reported that many clinical isolates 

of S. pneumoniae are difficult to transform in vitro (Pozzi et al., 1996), it has not been 

shown whether such difficulty is due to an inherent defect in the competence system of 

those strains or whether the inability to transform such strains is due to suboptimum in 

vitro conditions. 

6.7.1 Compatibility of CSP pherotype and ComD 

Since it is known that the concentration of CSP required for competence 

induction is dependent on the compatibility of the CSP pherotype and its receptor 

encoded by comD (Iannelli et al., 2005), it was decided to sequence comC and comD of 

strains 1861 and 4496 to ensure that the CSP of the correct pherotype was used in 

subsequent transformation attempts. Sequencing revealed that strains 1861 and 4496 

both encoded CSP-1. In addition, strain 1861 encodes ComD1 and strain 4496 encodes 

ComD4. However, whilst tenfold greater concentration of CSP-1 is required for 

maximum activation of ComD4 compared to ComD1 (Iannelli et al., 2005), the 

concentration of CSP-1 used in this study exceeded this threshold. Therefore, the CSP 

receptors of strains 1861 and 4496 were unlikely to have limited the transformability of 

these strains. 

6.7.2 Optimisation of conditions required for in vitro transformation 

of strain 4496 

Given that it was not known whether the inability to successfully transform 

strain 4496 was due to the use of suboptimum in vitro conditions, transformation of 
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strain 4496 was attempted at a range of culture densities and in a number of different 

media. However, whilst D39 was competent in all conditions, successful transformation 

of strain 4496 could not be achieved. In addition, a number of different DNA donors 

were used to transform strain 4496, including plasmid DNA, chromosomal DNA and 

PCR products. However, whilst all were able to successfully transform D39, 

transformation of strain 4496 could still not be achieved. The inability of strain 4496 to 

be transformed by plasmid DNA suggested that strain 4496 was unable to take up 

exogenous DNA. 

Alternative methods of transformation were attempted, including 

electrotransformation and natural transformation in the presence of LipofectamineTM 

2000 reagent. However, electrotransformation could not transform even D39 and 

LipofectamineTM did not have a detectable impact on the transformation efficiency of 

D39. In both cases successful transformation of strain 4496 was not achieved. 

6.7.3 Comparison between the CSP-induced expression of key 

competence genes in D39 and strain 4496  

Real-time RT-PCR was used to compare the expression of the competence genes 

comD, comX, comW, cglA and coiA between D39 and strain 4496, both in the presence 

and absence of CSP-1. The expression of comD was not thought to impact on the 

transformability of strain 4496, as its level of transcription in strain 4496 was at least 

equal, if not greater than that of D39, where transformation was successful. In addition, 

a significant increase in comX expression was observed in the presence of CSP-1 by 

both D39 and strain 4496. The increase in comX expression indicated that whilst strain 

4496 was not successfully transformed, the strain was able to respond to CSP-1. 

Furthermore, the expression of late competence genes, such as cglA was increased in the 

presence of CSP-1, suggesting that the ability of ComX to activate late competence 

gene expression was probably not compromised. However, a significant difference was 
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observed in comW expression between D39 and strain 4496, as the gene appeared to be 

over-expressed in strain 4496 in a CSP-independent manner. Therefore, it was thought 

that perhaps the over-expression of comW had inhibited competence. However, given 

the role of ComW in the stabilisation of ComX (Section 6.1), if ComW over-expression 

had inhibited competence then it would be expected that the induction of late gene 

expression would have been compromised, which did not appear to be the case. Instead 

it was thought that perhaps some defect in a downstream component of the competence 

system had prevented the successful transformation of strain 4496, and subsequently 

resulted in the failure of an unknown negative feedback mechanism that would normally 

suppress comW expression.  

6.7.4 Search for missing genes known to be required for successful 

transformation 

In Section 6.6, searches for the presence of essential competence genes were 

performed in case the absence of one or a number of such genes was responsible for the 

lack of transformability of strains 1861 and 4496. However, whilst CGH suggested that 

comA, comEA, comEC and ssbB were absent from both strains 1861 and 4496, 

verification using the genome sequence of strain 1861, showed that the sequence of 

these genes varied from that of TIGR4. Therefore, all essential competence genes 

identified by Peterson et al. (2004), were present in strain 1861, and probably strain 

4496. Instead possible defects in the competence system that could not be detected by 

CGH might exist, such as single nucleotide frame-shift mutations in competence genes 

or sequence changes in non-coding regions that are important for the expression of 

some competence genes. 
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Chapter 7 – Final Discussion 
 
  

The pneumococcus is a globally successful pathogen, responsible for significant 

mortality and morbidity (Section 1.1). However, such high mortality and morbidity 

occurs primarily as a consequence of the extraordinary rate of pneumococcal carriage, 

which has been recorded as high as 90% in some communities within both developed 

and developing countries (Section 1.2.1). Such successful global colonisation requires 

the ability to adapt to environments that can differ in terms of antibiotic usage, 

vaccination coverage, health of the host, host population density, climate and 

competition with other bacteria. However, presumably as a consequence of adaptation, 

differences in invasive potential exist between different strains of S. pneumoniae. The 

ability of the pneumococcus to adapt to the environment is thought to be facilitated by 

the plasticity of the pneumococcal genome. Such plasticity has promoted an enormous 

pool of non-core sequence within the S. pneumoniae pan-genome, which is at least as 

large in size as the core genome (Hiller et al., 2007). The pool of non-core sequence is 

divided into ARs, which are thought to not only promote environmental adaptation at 

the species level, but also influence the invasive potential of individual clones. 

The primary objective of this study was to identify and characterise serotype-

independent ARs that contribute to increased invasive potential. In preliminary work, 

the virulence of a selection of serotype 1 isolates that were either non-invasive or 

invasive in humans, was characterised in mice, which identified non-invasive, 

intermediately virulent and highly virulent isolates (Section 1.6.1). In addition, it was 

revealed that the highly virulent strains were able to rapidly invade and survive in the 

blood, whilst the non-invasive strains did not appear to progress any further than 

colonisation of the nasopharynx (Section 1.6.1). Preliminary genomic comparisons 
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identified a chromosomally-encoded TA system (PezAT) within the variable region of 

PPI-1 that was only present in the highly virulent strains and not in either the non-

invasive or intermediately virulent strains (Section 1.6.3). Interestingly, PezAT had 

previously been reported to be involved in the virulence of TIGR4 (Brown et al., 2004). 

Other studies have attempted to identify ARs associated with invasive potential (Section 

1.5.3.2). However, such studies have usually been based on broad assumptions about 

invasive potential between serotypes and genotypes. In contrast, this study performed 

genomic comparisons on a group of serotype 1 isolates with known virulence in humans 

and mice, in order to identify ARs associated with invasive potential. 

7.1.1 Genetic diversity of serotype 1 isolates 

As mentioned above, the virulence of a selection of non-invasive and invasive 

serotype 1 human isolates were grouped as non-invasive, intermediately virulent and 

highly virulent following characterisation in mice. However, whilst the non-invasive 

and intermediately virulent strains were known to be in lineage A (Section 1.5.2.1), the 

genetic relatedness of these strains to the highly virulent strains was unknown. 

Therefore, the STs of the highly virulent strains were determined using MLST, which 

found strain 1861 to be of lineage B and strain 4496 to be of lineage C (Section 3.2.1). 

Interestingly, strain 1861 is very closely related to the hypervirulent clones responsible 

for epidemics of severe IPD with unusually high mortality rates (Antonio et al., 2008). 

Therefore, it is quite likely that strain 1861, and probably strain 4496, are also quite 

virulent in humans, which is consistent with the heightened virulence of these isolates in 

mice (Section 1.6.1).  
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7.1.2 Sequence analysis of the variable region of the Pneumococcal 

Pathogenicity Island 1  

In preliminary genomic comparisons, PezAT was associated with the highly 

virulent strains (Section 1.6.3). The role of chromosomally encoded TA systems is 

controversial (reviewed in Van Melderen & Saavedra De Bast [2009]) and has been 

suggested to mediate processes such as resistance to environmental stresses and the 

genomic stability of non-core regions of the chromosome (Szekeres et al., 2007). 

Therefore, if PezAT had a role in maintaining the stability of non-core regions of the 

genome, it was possible that PezAT might function to prevent the loss of virulence-

enhancing genes within the PPI-1 variable region of the highly virulent strains. 

Sequencing and subsequent analysis of the PPI-1 variable region in the non-invasive, 

intermediately virulent and highly virulent strains (Section 3.3), predicted that the non-

invasive and intermediately virulent strains lacked pezAT, as expected, and possessed a 

truncated version of a putative neopullulanase encoded by nplT. A major feature of the 

PPI-1 variable region in these strains was the presence of a putative immunity system 

against the bacteriocin, mersacidin that is expressed in vitro by strain 1 (Section 4.2), 

and might provide a survival advantage in the presence of mersacidin-producing 

pneumococci and against other species present in the nasopharynx. However, the 

importance of mersacidin in the nasopharyngeal environment is unknown as it is 

unknown what species produce mesacidin and how common it is for the bacteriocin to 

be present in the nasopharynx. 

In contrast, the highly virulent strains possess a full-length, but fragmented, nplT 

and encode PezAT (Section 3.3). However, the predominant feature of the PPI-1 

variable region is a putative operon (Section 4.2) that encodes hypothetical proteins and 

putative enzymes responsible for catalysing the rate-limiting steps of BCAA catabolism, 

phenylalanine biosynthesis and UDP-sugar conversion (Section 3.3.2.2). In addition, a 



Chapter 7 – Final Discussion  Page | 299  

biotin carboxylase and a putative transporter of the major facilitator superfamily are 

present within the region of the highly virulent strains. In summary, one role for the 

PPI-1 variable region of the highly virulent strains might be to regulate multiple 

metabolic pathways following the activation of a single promoter (Section 4.2). 

Alignments between the PPI-1 variable region of the strains of this study with 

the region in a number of strains with publicly available genomes highlighted the 

composite nature of the PPI-1 variable region (Section 3.5.3). The region could be 

divided into components including pezAT, Tn5252-associated sequence and an 

accessory region that could include a variety of genes with various functions. Therefore, 

it was decided to screen a large selection of S. pneumoniae strains belonging to various 

serotypes to assess the prevalence of different versions of the PPI-1 variable region 

(Section 3.4.2.2). Interestingly, the mersacidin immunity system present in the lineage 

A strains of this study was the most common component of the PPI-1 variable region in 

the tested strains, and was present in a range of serotypes and clones, including the 

pandemic carriage Spanish23F ST81 clone (Croucher et al., 2009) and serotypes 18C, 3, 

11, 19A, 9N and 24. In addition, the accessory region of strains 1861 and 4496 was the 

next most common component of the region and was present in serotypes including 19F 

and 11A. Therefore, whilst the PPI-1 variable region is quite diverse, the region appears 

to have an ordered structure. In summary, the PPI-1 variable region appears to be a 

hotspot for recombination within the genome that could promote adaptation and 

contribute to differences in the invasive potential of the serotype 1 isolates. 

7.1.3 Functional characterisation of the Pneumococcal 

Pathogenicity Island 1 

The expression of a number of genes that encode enzymes that catalyse the rate-

limiting steps of a number of metabolic pathways were transcriptionally coupled in the 

PPI-1 variable region of highly virulent serotype 1 isolates (Section 4.2). Interestingly, 
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this operon exhibited significantly greater expression in the blood and lungs when 

compared to the surface of the nasopharynx, which suggested that the catabolism of 

BCAAs, the biosynthesis of phenylalanine and the conversion of UDP-sugars were 

possibly up-regulated by the highly virulent strains in the blood and lungs compared to 

the surface of the nasopharynx. In addition, the expression of nplT and pezAT was also 

found to be greater in the blood and lungs compared to the surface of the nasopharynx 

and expression of the major facilitator was greater in the blood than either the lungs or 

the surface of the nasopharynx. Therefore, it is quite clear that a significant proportion 

of the PPI-1 variable region in strains 1861 and 4496 was preferentially expressed in 

niches associated with disease, thus supporting a role for this region in IPD. The 

contribution of the region to virulence was confirmed by mutagenesis. However, due to 

the inability to genetically manipulate the serotype 1 isolates of this study (Chapter 6), 

mutagenesis was instead carried out on the easily transformable serotype 2 strain, D39. 

Competition between the mutants that were generated in Section 4.4.2 showed that the 

D39 mutant harbouring the PPI-1 variable region from strain 1861 was significantly 

more fit in the blood, lungs and nasopharyngeal tissue than the D39 mutant harbouring 

the PPI-1 variable region from strain 1. The consistency between the competition data 

of the D39 mutants and the virulence of strains 1 and 1861 strongly suggests that the 

PPI-1 variable region contributes to the heightened virulence of strains 1861 and 4496. 

7.1.4 Identification of regions associated with hypervirulent 

serotype 1 isolates 

Whilst the PPI-1 variable region of the highly virulent strains was shown to 

contribute to survival in vivo, the region may not be solely responsible for the 

heightened virulence of strains 1861 and 4496. Therefore, lists of additional ARs were 

compiled that were either associated with all strains that were capable of IPD or with 

only the highly virulent strains. Of particular interest was that the psrP-secAY2A2 
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region is present in the intermediately virulent strains and not the non-invasive strains 

(Section 5.2.2). As the region has been suggested to be involved in adherence to lung 

epithelium and controversially suggested to be required for the virulence of TIGR4 

(Orihuela, 2009; Blomberg et al., 2009; Shivshankar et al., 2009; Obert et al., 2006), it 

is possible that the inability of the non-invasive strains to cause IPD may be due to the 

absence of psrP-secAY2A2. However, the importance of psrP-secAY2A2 in virulence 

was complicated by the fact that whilst strain 4496 possessed the region, strain 1861 did 

not. Therefore, either the region is not required for virulence, or strain 1861 was able to 

compensate for the absence of psrP-secAY2A2 by possessing an alternative adherence 

factor. A potential alternative to PsrP is PblB, which mediates binding to human 

platelets by S. mitis and is encoded within a lysogenic phage (Bensing et al., 2001). 

Furthermore, PblB is present only in the highly virulent strains and not in either the 

non-invasive or intermediately virulent strains. In addition to PblB, the prophage also 

encodes an endolysin, presumably involved in the lysis of the host bacterium and phage 

release during the lytic cycle (reviewed in Loessner et al., 2005). Interestingly, the 

endolysin of the highly virulent strains exhibited greater expression in the blood and 

lungs of infected mice than on the surface of the nasopharynx. Increased endolysin-

mediated lysis could indirectly lead to increased display of PblB on the surface of 

unlysed pneumococci as described for S. mitis (Mitchell et al., 2007). In addition, the 

role of S. pneumoniae-bound plasmin in the penetration of epithelial monolayers (Attali 

et al., 2008) suggests that greater PblB-mediated attachment to plasmin could facilitate 

greater migration into sterile sites and the development of IPD. Furthermore, the cell 

lysis triggered by the endolysin could also contribute directly to virulence via a similar 

mechanism to LytA (Section 1.3.1.2). Therefore, it is possible that the prophage that 

encodes PblB and the endolysin might not only compensate for the absence of PsrP by 



Chapter 7 – Final Discussion  Page | 302  

strain 1861, but could also contribute to the heightened virulence of both highly virulent 

strains.  

The presence of a conjugative transposon (Tn5253) only in the highly virulent 

strains and not either the intermediately virulent or non-invasive strains could increase 

the resistance of strains 1861 and 4496 to environmental stresses. For example the 

region harbours umuC- and umuD-like genes, which are thought to be involved in the E. 

coli stress response (Munoz-Najar & Vijayakumar, 1999). In addition, the region 

encodes a putative TA system, homologous to PezAT and genes for resistance to 

tetracycline. Immediately upstream of Tn5253 is zmpD, which encodes a putative zinc 

metalloproteinase. Other zinc metalloproteinases such as IgA1 protease and ZmpC have 

known functions in virulence (Section 1.5.3.1). However, the substrate of ZmpD 

remains to be determined. 

Another potentially important virulence-associated AR encodes an ABC 

transporter and enzymes thought be involved in the degradation and transport of sialic 

acids. This region is present only in the highly virulent strains and not in either the 

intermediately virulent or non-invasive strains. Interestingly, in vivo expression analysis 

also suggested that components of this region were more active in the blood than in the 

lungs or on the nasopharyngeal mucosa. Therefore, the genes of this region may 

promote survival within the bloodstream and perhaps contribute to the severity of 

disease. 

In addition, a 408-bp deletion and a late frameshift mutation (Section 5.5.2) 

were identified within hylA of the non-invasive strains, which could contribute to the 

reduced invasive potential of these strains if these nucleotide changes impact on the 

enzyme’s activity. 

In summary, whilst a number of differences were identified between the 

genomes of the non-invasive, intermediately virulent and highly virulent strains, a 
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number of key regions and genes, which include the PPI-1 variable region, psrP-

secAY2A2, the PblB-associated prophage Tn5253, ZmpD and the sialic acid 

degradation/transport region, appeared to be the most likely to promote IPD and thus 

contribute to the differences observed in virulence between the serotype 1 isolates of 

this study. 

7.1.5 Competence of serotype 1 isolates 

Mutagenesis is an important tool for confirming the importance of potential 

virulence factors to IPD. However, a frustrating feature of the serotype 1 isolates used in 

this study was their apparent inability to undergo genetic transformation in vitro. 

Furthermore, whilst difficulty in genetically manipulating clinical isolates of S. 

pneumoniae is not uncommon (Pozzi et al., 1996), it is not clear whether these isolates 

are inherently non-transformable due to a naturally occurring defect in the competence 

system, or whether these isolates are only non-transformable in the in vitro conditions 

that were used. In this study, attempts were made to address both possibilities. 

Sequencing confirmed that strains 1861 and 4496 both encoded a CSP receptor that is 

compatible with CSP-1. In addition, different DNA donors, culture densities and media 

did not have a detectable effect on transformability. A number of alternative methods of 

genetic manipulation were also unsuccessfully trialled. Therefore, the possibility that a 

naturally occurring defect exists in the competence system of these strains was 

investigated. Gene expression comparisons showed that strain 4496 was able to respond 

to exogenous CSP-1 by increasing the expression of comX, which in turn triggered an 

increase in the expression of two late competence genes in a manner that was mostly 

consistent with D39. However, an interesting observation was the apparent CSP-1-

independent over-expression of comW in strain 4496 when compared to D39. Initially it 

was thought that perhaps excessive comW expression could inhibit competence. 

However, if this was the case then given the role of ComW in the stabilisation of 
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ComX, it would be expected that ComX activity would be compromised. Instead, 

evidence of CSP-1-associated late competence gene expression suggested that ComX 

activity was unaffected. Therefore, perhaps a defect in a downstream component of the 

competence system had either directly or indirectly caused a lack of transformability, 

and resulted in over-expression of comW in 4496. 

 

7.2 Conclusion 

The diversity of the pneumococcal genome is thought to facilitate the pathogen’s 

ability to adapt to different host environments and enable such high infection rates 

throughout the world. However, such adaptability appears to result in differences in 

invasive potential. Whilst a number of studies have attempted to identify ARs that 

determine the invasive potential of the host strain, this is the first study to perform 

comparisons on a group of serotype 1 isolates with well-defined virulence 

characteristics that appear to be similar in both mice and humans. In addition, the genes 

that were associated with heightened virulence in these strains might be responsible for 

the severity of disease caused by clonally-related serotype 1 isolates in sub-Saharan 

Africa. An understanding of the mechanism behind the progression from carriage to 

IPD is fundamental to understanding pneumococcal pathogenesis. Furthermore, by 

identifying factors responsible for the invasive potential of hypervirulent clones of S. 

pneumoniae, it might be possible to develop treatment strategies that selectively target 

these highly virulent clones during epidemics of severe IPD. 

 

7.3 Future directions 

As might be expected from large scale genetic/genomic comparisons, this study 

has identified many avenues for further research into the contribution of genetic 
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variability to the invasive potential of S. pneumoniae. In particular, whilst the PPI-1 

variable region of the highly virulent strains was shown to have a role in IPD, future 

work should focus on specific components of the region, by comparing the competitive 

fitness in vivo of nplT-, pezAT- and accessory region-deficient mutants. In addition, the 

various D39 PPI-1 mutants should also have the endogenous capsule locus replaced 

with the serotype 1 locus to assess whether the serotype 1 capsule either increases or 

decreases the importance of the PPI-1 variable region in virulence. Furthermore, the 

importance of the PPI-1 variable region to the invasive potential of a variety of 

serotypes and clones should be investigated. In vitro assays should also be used to 

confirm the activity of the enzymes encoded within the region. In addition, as more 

bioinformatic data become public, the functions of hypothetical proteins within the 

region could also be predicted and confirmed in vitro. 

The mersacidin immunity system that is present in many different serotypes and 

clones, including the non-invasive and intermediately virulent serotype 1 isolates of this 

study, and the Spanish23F ST81, clone should be investigated further. Firstly, in vitro 

growth comparisons should be used to confirm that the mersacidin immunity system is 

functional in these strains, and should be followed by investigations into possible 

mersacidin-mediated competition amongst the nasopharyngeal microflora. The findings 

of such studies may inform the development of mersacidin as a future antibiotic against 

methicillin-resistant S. aureus (Kruszewska et al., 2004).  

The genomic comparisons of Chapter 5 unearthed enormous potential for future 

work. However, some key areas warrant particular priority. Initially the prevelance of 

key virulence-associated genes, such as pblB and the putative sialic acid utilisation 

region could be assessed in a selection of strains belonging to various serotypes using 

PCR and Southern blotting. In addition, in vitro and in vivo assays should confirm the 

contribution of the genes of interest to invasive potential. For example, particular 
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attention should be paid to the role of PblB in adherence to human platelets. Further 

investigations should test to see if the invasive potential of a non-invasive or 

intermediately virulent strain is increased by the insertion of pblB and its associated 

endolysin into the genome. Similarly, it would be interesting to see if the sialic acid 

utilisation region provides a survival advantage within the blood to strains that normally 

lack the region. The ability of the pneumococcus to grow in the presence of sialic acid 

should also be addressed in vitro using assays that examine both planktonic growth and 

biofilm formation. Future work should also address the TA system in Tn5253 that is 

homologous to PezAT. Whilst some evidence suggests that chromosomal TA systems 

rarely complement each other in trans (Fiebig et al., 2010), the ability of this system to 

compensate for the absence of PezAT should be investigated by mutagenesis. 

The activity of HylA encoded by the non-invasive strains should be compared 

with the full-length enzyme in vitro. In addition, the full-length hylA in a strain such as 

D39 should be replaced with the strain 1 allele to assess the impact on virulence. 

Allelic differences in pspA, zmpB, iga, prtA, phtB and phtD between the 

serotype 1 isolates should be investigated by sequencing the genes in all six strains to 

assess whether certain alleles of each gene are associated with a particular phenotype. 

As discussed in Section 1.3.2, it has been suggested that long-term colonisation 

by S. pneumoniae requires localised deep invasion within the nasopharyngeal tissue. 

Therefore, the nasopharyngeal tissue could be a key niche for the transition from 

asymptomatic carriage to IPD. However, gene expression comparisons with 

pneumococci from the nasopharyngeal tissue have been hampered by microfloral 

contamination that interferes with the quantification of the internal reference gene (16S 

rRNA). Therefore, an alternative internal reference gene should be investigated and 

optimised to replace 16S rRNA in order to enable S. pneumoniae-specific quantification 

of target mRNAs within the nasopharyngeal tissue.  
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Further investigation into the competence of strain 4496 should include 

microarray analysis to compare global transcription patterns between strain 4496 and 

D39 in the presence and absence of CSP-1. This may allow the potentially defective 

component of the competence system to be identified. The analysis of strain 4496 will 

also shed light on parts of the competence system that are not well understood, such as 

the role of ComW. In addition, alternative options for the transformation of strain 4496 

should also be investigated. For example transformation of strain 4496 in the presence 

of human lung epithelial cells should be attempted. Hammershcmidt et al. (2005) 

showed that immediately prior to invasion of lung cells, pneumococci become 

unencapsulated. Therefore, such a reduction in capsule might facilitate the import of 

DNA into the cell. In addition, genetic manipulation mediated by conjugation and 

transduction should also be attempted as these should operate independently of the 

competence system. Development of a method for genetic manipulation of the serotype 

1 isolates of this study would enable more direct confirmation of the roles of candidate 

virulence genes in determining the invasive potential of S. pneumoniae.  
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Appendix 
  

A.1 Chapter 5 supplementary material 

A.1.1 Explanatory notes 

Additional data from the genomic comparisons of Section 5.4 is contained 

within this appendix. Tables A.1 and A.2 include the BLASTx and BLASTn search 

results of the contigs greater than 300-bp in size that were assembled from ‘boneyard’ 

sequences from strain 1 (Table A.1) and strain 1861 (Table A.2). Genes homologous to 

those returned from the BLAST results are also included in Tables A.1 and A.2 and 

were identified using the KEGG database (Section 2.6.2). Where a high-scoring hit was 

not returned from the KEGG database, the strain or species with the highest-scoring hit 

from the NCBI database is included in the ORF description in brackets. In addition, 

ORF descriptions are colour coded according to the criteria of Table A.i.  

 

Table A.i Colour coding for ORF descriptions of BLAST results 
 

Colour key for gene description 

Virulence factors   
Transporters   

Metabolism-associated   
Regulation of transcription   

Phage-associated   
Transposase/transposon-associated   

Hypothetical proteins   
Other types of genes   

 

In addition, the BLASTx and BLASTn search results of the complete list of 

discrepancies between the consensus sequences of the sequenced strains and the 

reference genome (P1031) are included for strain 1 (Table A.3) and strain 1861 (Table 

A.4). For discrepancies less than 150-bp in size, 150-bp of P1031 sequence including 
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and flanking the discrepancy was used for the BLAST searches. Therefore, the data of 

Tables A.3 and A.4 for discrepancies less than 150-bp in size would require verification 

in order to confirm the location of the discrepancy relative to the genes returned from 

the BLAST searches. In addition, S. pneumoniae ORFs of the KEGG database (Section 

2.6.2) homologous to those identified by the BLAST searches are also included in 

Tables A.3 and A.4. The ORF descriptions are colour coded according to that of Table 

A.i. 
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