
 
 

Genetic Characterisation of 

Streptococcus pneumoniae Serotype 1 

Isolates in Relation to Invasiveness 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 

 

Richard Manuel Harvey, B.Sc. (Biomedical Science) (Hons), AMusA 

A thesis submitted in fulfilment of the requirements for the degree of 

Doctor of Philosophy from the University of Adelaide 

 

August 2010 

 

Discipline of Microbiology and Immunology 

School of Molecular and Biomedical Sciences 

The University of Adelaide 

Adelaide, S.A., Australia 

 
 



Table of Contents  Page | i  

ABSTRACT ............................................................................................................................................... V 

DECLARATION ........................................................................................................................................ IX 

ACKNOWLEDGEMENTS ........................................................................................................................... X 

ABBREVIATIONS .................................................................................................................................... XII 

CHAPTER 1 – INTRODUCTION ..................................................................................................................1 

1.1 SIGNIFICANCE OF STREPTOCOCCUS PNEUMONIAE ........................................................................................1 
1.1.1 Pneumococcal disease in indigenous Australians ....................................................................3 

1.2 PNEUMOCOCCAL INFECTION ..................................................................................................................4 
1.2.1 Asymptomatic carriage and transmission ...............................................................................4 
1.2.2 Pneumococcal disease ............................................................................................................5 

1.3 MOLECULAR MECHANISMS OF PNEUMOCOCCAL CARRIAGE AND DISEASE ..........................................................6 
1.3.1 The contribution of virulence factors to pneumococcal survival in vivo ....................................6 

1.3.1.1 Adherence and transcellular migration across epithelial surfaces ....................................................... 7 
1.3.1.2 Interference with the host’s immune response .................................................................................. 11 
1.3.1.3 Transport and sequestration of nutrients in the host ......................................................................... 14 
1.3.1.4 Intra- and interspecies competition in vivo ......................................................................................... 16 
1.3.1.5 Polysaccharide capsule of the pneumococcus .................................................................................... 17 

1.3.2 Pneumococcal phase variation ..............................................................................................19 
1.3.3 Physiological states of the pneumococcus .............................................................................22 
1.3.4 Genetic competence in S. pneumoniae ..................................................................................23 

1.4 TREATMENT AND PREVENTION OF PNEUMOCOCCAL DISEASE AND ITS EFFECT ON EPIDEMIOLOGY...........................26 
1.4.1 Treatment with antibiotics ....................................................................................................26 
1.4.2 Vaccination targeting the capsule .........................................................................................27 

1.5 THE CONTRIBUTION OF SEROTYPE AND GENOMIC DIVERSITY TO INVASIVE DISEASE POTENTIAL ..............................32 
1.5.1 Multi-locus sequence typing for the genotyping of S. pneumoniae ........................................32 
1.5.2 Association between serotype, genotype and invasive disease ..............................................32 

1.5.2.1 Serotype one ......................................................................................................................................... 34 
1.5.3 Contribution of genomic diversity to invasive potential .........................................................38 

1.5.3.1 Small-scale genetic variability in the pneumococcus .......................................................................... 39 
1.5.3.2 Accessory regions of the pneumococcal genome associated with invasive potential ...................... 40 

1.6 PRELIMINARY STUDIES OF INVASIVE AND NON-INVASIVE SEROTYPE 1 PNEUMOCOCCI .........................................42 
1.6.1 Characterisation of serotype 1 isolates in murine models of infection ...................................42 
1.6.2 Examination of known virulence factors and relationship to invasive potential .....................44 
1.6.3 Chromosomal toxin-antitoxin system PezAT was found only in strains 1861 and 4496 ..........45 

1.7 AIMS ..............................................................................................................................................46 

CHAPTER 2 - MATERIALS AND METHODS...............................................................................................48 

2.1 BACTERIAL STRAINS AND PLASMIDS ........................................................................................................48 
2.2 GROWTH MEDIA...............................................................................................................................49 
2.3 CHEMICALS, REAGENTS AND ENZYMES ....................................................................................................50 

2.3.1 Antibiotics.............................................................................................................................51 
2.3.2 Oligodeoxynucleotides ..........................................................................................................51 

2.4 SEROTYPING OF PNEUMOCOCCAL STRAINS ...............................................................................................57 
2.5 OPTOCHIN SENSITIVITY .......................................................................................................................58 
2.6 BIOINFORMATIC SOFTWARE .................................................................................................................58 

2.6.1 Sequence analysis .................................................................................................................58 
2.6.2 Search engines ......................................................................................................................58 

2.7 PREPARATION OF FROZEN STOCK CULTURES FOR IN VITRO GROWTH MEASUREMENTS .........................................59 
2.8 TRANSFORMATION OF S. PNEUMONIAE ..................................................................................................60 

2.8.1 Preparation of competent cells .............................................................................................60 
2.8.2 Transformation of S. pneumoniae .........................................................................................60 
2.8.3 Electrotransformation of S. pneumoniae ...............................................................................60 

2.9 DNA ISOLATION AND MANIPULATION ....................................................................................................61 
2.9.1 Agarose gel electrophoresis ..................................................................................................61 
2.9.2 S. pneumoniae chromosomal DNA isolation for applications other than CGH and next 
generation sequencing ..................................................................................................................62 
2.9.3 S. pneumoniae chromosomal DNA isolation for CGH and next generation sequencing ..........62 



Table of Contents  Page | ii  

2.9.4 Restriction endonuclease digestion of DNA ...........................................................................63 
2.9.5 DNA Ligation.........................................................................................................................63 
2.9.6 Polymerase chain reaction ....................................................................................................63 
2.9.7 PCR product purification .......................................................................................................64 
2.9.8 DNA sequencing....................................................................................................................64 
2.9.9 Next generation sequencing .................................................................................................64 

2.10 MULTI-LOCUS SEQUENCING TYPING OF S. PNEUMONIAE STRAINS ................................................................65 
2.11 COMPARATIVE GENOMIC HYBRIDISATION ..............................................................................................65 

2.11.1 Generation of microarray probes ........................................................................................65 
2.11.2 Hybridisation to microarray slides .......................................................................................66 

2.12 RNA ISOLATION, MANIPULATION AND ANALYSIS ....................................................................................67 
2.12.1 Acid-phenol RNA extractions ...............................................................................................67 
2.12.2 Enrichment for prokaryotic RNA ..........................................................................................68 
2.12.3 RNA amplification ...............................................................................................................68 
2.12.4 Generation of cDNA ............................................................................................................68 
2.12.5 Reverse transcription polymerase chain reaction (RT-PCR) ..................................................69 
2.12.6 Real-time RT-PCR ................................................................................................................69 
2.12.7 Real-time RT-PCR analysis ...................................................................................................70 

2.13 CHALLENGE OF MICE ........................................................................................................................70 
2.13.1 Growth of challenge strain ..................................................................................................70 
2.13.2 Intranasal challenge ...........................................................................................................71 
2.13.3 Quantitation of S. pneumoniae in mouse tissues .................................................................71 
2.13.4 Preprartion of infected mouse tissues for extraction of prokaryotic RNA .............................72 
2.13.5 Calculation of competitive index in vivo ..............................................................................72 

CHAPTER 3 – CHARACTERISATION OF PNEUMOCOCCAL PATHOGENICITY ISLAND-1 SEQUENCE IN A 
SELECTION OF SEROTYPE 1 CLINICAL ISOLATES .....................................................................................73 

3.1 INTRODUCTION .................................................................................................................................73 
3.2 GENETIC RELATEDNESS OF SEROTYPE ONE STRAINS 1, 2, 3415, 5482, 1861 & 4496 ......................................77 

3.2.1 ST of strains 1861 and 4496 ..................................................................................................77 
3.2.2 Relatedness of strains 1861 and 4496 to other serotype 1 strains .........................................78 

3.3 SEQUENCE AND ANNOTATION OF PPI-1 IN STRAINS 1, 2, 4, 3415, 5482, 1861 AND 4496 ..............................80 
3.3.1 Step-wise sequencing of the PPI-1 variable region ................................................................80 
3.3.2 Annotation of the PPI-1 variable region in the sequenced strains ..........................................81 

3.3.2.1 Strains 1, 2, 4, 3415 and 5482 .............................................................................................................. 82 
3.3.2.2 1861 & 4496 .......................................................................................................................................... 87 

3.4 PPI-1 VARIABLE REGION SEQUENCE COMPARISONS ...................................................................................94 
3.4.1 Comparison of PPI-1 between serotype 1 strains ...................................................................94 
3.4.2 The PPI-1 variable region in a variety of S. pneumoniae strains and serotypes ......................97 

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 .............................................................................................. 98 
3.4.2.2 Survey of PPI-1 in a selection of S. pneumoniae clinical isolates ...................................................... 104 

3.5 DISCUSSION ................................................................................................................................... 111 
3.5.1 Association between ST and content of the PPI-1 variable region........................................ 112 
3.5.2 Sequencing and annotation of the PPI-1 variable region ..................................................... 113 

3.5.2.1 Sequence shared between both versions of the PPI-1 variable region ............................................ 115 
3.5.2.2 PPI-1 variable region present in only the lineage A strains ............................................................... 117 
3.5.2.3 PPI-1 variable region present only in strains 1861 and 4496 ............................................................ 118 

3.5.3 Generalised organisation of PPI-1 ....................................................................................... 120 
3.5.4 Survey of PPI-1 in a selection of clinical isolates .................................................................. 123 

CHAPTER 4 – FUNCTIONAL CHARACTERISATION OF PNEUMOCOCCAL PATHOGENICITY ISLAND-1 ..... 129 

4.1 INTRODUCTION ............................................................................................................................... 129 
4.2 TRANSCRIPTION OF THE PPI-1 VARIABLE REGION IN VITRO ........................................................................ 130 
4.3 IN VIVO EXPRESSION ANALYSIS OF THE PPI-1 VARIABLE REGION OF STRAINS 1861 AND 4496 ........................... 139 

4.3.1 Pathogenesis of strains 1, 1861 and 4496 using an intranasal model of infection ............... 139 
4.3.2 Differential expression of select PPI-1 variable region genes in different niches of the mouse
 .................................................................................................................................................... 145 

4.4 THE EFFECT OF MUTAGENESIS OF PPI-1 IN D39 ON VIRULENCE IN THE MOUSE .............................................. 153 
4.4.1 Construction of PPI-1 mutants in D39.................................................................................. 153 



Table of Contents  Page | iii  

4.4.2 Competitive index of PPI-1 variable region mutants in different niches of the mouse .......... 160 
4.5 DISCUSSION ................................................................................................................................... 167 

4.5.1 Transcription of the PPI-1 variable region in vitro................................................................ 167 
4.5.2 Differential expression of PPI-1 variable region genes in vivo .............................................. 168 
4.5.3 Mutagenesis of the PPI-1 variable region in D39 and competitive fitness ............................ 169 
4.5.4 Potential mechanisms of PPI-1 variable region genes of strains 1861 and 4496 in virulence170 
4.5.5 Conclusion .......................................................................................................................... 172 

CHAPTER 5 – GENOMIC DIFFERENCES BETWEEN CARRIAGE AND INVASIVE SEROTYPE 1 ISOLATES 
IDENTIFIED BY GENOMIC SEQUENCING ............................................................................................... 174 

5.1 INTRODUCTION ............................................................................................................................... 174 
5.2 COMPARISON BETWEEN NON-INVASIVE, INTERMEDIATELY VIRULENT AND HIGHLY VIRULENT SEROTYPE 1 ISOLATES BY 

CGH ................................................................................................................................................. 175 
5.2.1 Differences associated with non-invasiveness ..................................................................... 176 
5.2.2 Differences associated with invasiveness ............................................................................ 177 
5.2.3 Differences associated with heightened invasiveness .......................................................... 182 

5.3 GENOMIC SEQUENCING OF STRAINS 1 AND 1861 USING THE ILLUMINA
®
 GENOME ANALYZER II SYSTEM .............. 187 

5.4 GENETIC DIFFERENCES IDENTIFIED BETWEEN STRAINS 1 AND 1861 BY GENOMIC SEQUENCING ........................... 191 
5.4.1 Discrepancies between the P1031 sequence and the assembled strain 1861 consensus 
sequence ..................................................................................................................................... 195 
5.4.2 Discrepancies between the P1031 sequence and the assembled strain 1 consensus sequence
 .................................................................................................................................................... 197 

5.4.2.1 Strain 1 sequencing gaps greater than 1-kb in size ........................................................................... 197 
5.4.2.2 Deletions in strain 1 within virulence factors .................................................................................... 214 

5.5 CLARIFICATION OF DISCREPANCIES IDENTIFIED BY GENOMIC SEQUENCING USING PCR IN STRAINS 1, 2, 3415, 5482, 
1861 & 4496 ..................................................................................................................................... 219 

5.5.1 Verification of strain 1 assembly gaps greater than 1-kb in size .......................................... 220 
5.5.2 Verification of strain 1 sequencing gaps within virulence factors......................................... 247 

5.6 COMPARISON OF IN VIVO EXPRESSION OF KEY 1861 GENES BETWEEN DIFFERENT NICHES OF THE MOUSE .............. 256 
5.7 DISCUSSION ................................................................................................................................... 265 

5.7.1 Identification of virulence phenotype-associated genes by CGH .......................................... 266 
5.7.2 Identification of genes associated with hypervirulent serotype 1 isolates by genomic 
sequencing .................................................................................................................................. 266 
5.7.3 Differential in vivo expression of key genes associated with heightened invasiveness ......... 268 

CHAPTER 6 – COMPETENCE IN SEROTYPE 1 CLINICAL ISOLATES .......................................................... 271 

6.1 INTRODUCTION ............................................................................................................................... 271 
6.2 SEQUENCING COMC AND COMD IN 4496 ............................................................................................. 273 
6.3 OPTIMISATION OF CONDITIONS FOR TRANSFORMATION OF STRAIN 4496 IN VITRO.......................................... 275 

6.3.1 Comparison between D39 and 4496 growth in cCAT ........................................................... 275 
6.3.2 The effect of culture density in CTM on transformation efficiency of D39 and strain 4496 ... 276 
6.3.3 The effect of different DNA donors on the transformation efficiency of strain 4496 ............ 281 
6.3.4 The effect of alternative media on the transformation efficiency of strain 4496 .................. 282 

6.4 ALTERNATIVE METHODS FOR GENETIC MANIPULATION OF SEROTYPE 1 ISOLATES ............................................. 282 
6.5 EXPRESSION OF KEY COMPETENCE GENES IN THE PRESENCE AND ABSENCE OF CSP-1 ....................................... 283 
6.6 ESSENTIAL COMPETENCE GENES PRESENT IN STRAIN 1861 AND 4496 BY CGH .............................................. 290 
6.7 DISCUSSION ................................................................................................................................... 293 

6.7.1 Compatibility of CSP pherotype and ComD .......................................................................... 293 
6.7.2 Optimisation of conditions required for in vitro transformation of strain 4496 .................... 293 
6.7.3 Comparison between the CSP-induced expression of key competence genes in D39 and strain 
4496 ............................................................................................................................................ 294 
6.7.4 Search for missing genes known to be required for successful transformation .................... 295 

CHAPTER 7 – FINAL DISCUSSION .......................................................................................................... 296 

7.1.1 Genetic diversity of serotype 1 isolates ............................................................................... 297 
7.1.2 Sequence analysis of the variable region of the Pneumococcal Pathogenicity Island 1 ........ 298 
7.1.3 Functional characterisation of the Pneumococcal Pathogenicity Island 1 ............................ 299 
7.1.4 Identification of regions associated with hypervirulent serotype 1 isolates ......................... 300 
7.1.5 Competence of serotype 1 isolates ...................................................................................... 303 



Table of Contents  Page | iv  

7.2 CONCLUSION.................................................................................................................................. 304 
7.3 FUTURE DIRECTIONS ........................................................................................................................ 304 

REFERENCES ......................................................................................................................................... 308 

APPENDIX............................................................................................................................................. 336 

A.1 CHAPTER 5 SUPPLEMENTARY MATERIAL................................................................................................ 336 
A.1.1 Explanatory notes ............................................................................................................... 336 

A.2 CONFERENCE PRESENTATIONS ............................................................................................................ 366 
A.3 POSTER PRESENTATIONS ................................................................................................................... 366 

 



Abstract  Page | v  

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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