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Abstract

Functional and evolutionary analyses of pneumococcal genome variation

Nicholas Jason Croucher

Streptococcus pneumoniae (the pneumococcus) is a human nasopharyngeal
commensal and respiratory pathogen responsible for a high burden of morbidity and
mortality worldwide. The bacterium’s primary virulence factor appears to be its
polysaccharide capsule, of which there are more than 90 different serologically-
distinguishable types (serotypes). Although this categorisation was originally used for
tracing pneumococcal epidemiology, the bacterium is naturally transformable, and
hence is able to switch serotypes through horizontal exchange of capsule biosynthesis
(cps) gene clusters. Therefore, following the emergence of multidrug-resistant
lineages in the late 1970s, superior, multilocus-based typing schemes were devised for
following pneumococcal evolution. Increasing antibiotic resistance also motivated the
development of a heptavalent conjugate polysaccharide vaccine, which targeted seven
S. pneumoniae serotypes, leading to a decrease in pneumococcal disease. However,
this impact has been ameliorated by an increase in disease resulting from replacement
by non-vaccine serotypes and switching of ¢ps loci by strains previously expressing
vaccine serotypes. This thesis describes the application of second-generation
sequencing technologies to investigating the mechanisms by which the pneumococcus

evolves, especially in response to such clinical interventions.

The first part concerns the Pneumococcal Molecular Epidemiology Network clone 1
(PMENT1) lineage, one of the first multidrug-resistant pneumococcal genotypes to
become a worldwide problem. Complete sequencing of the S. pneumoniae ATCC
700669 type strain, combined with draft sequencing of a global collection of 240
isolates, quantified the impact of recombination across the chromosome, as well as
revealing the diversity of conjugative elements and prophage in the population. The
acquisition of antibiotic resistances and the evasion of the conjugate polysaccharide
vaccine were both evident in among the strains. /n vitro transformation experiments,

in the same genetic background, were then used to perform a more detailed
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investigation of the types of homologous recombination events seen in the global

population.

The second part of this dissertation describes the use of RNA sequencing to
investigate the functional consequences of genomic variation. A novel method was
developed and validated, and, when applied to S. pneumoniae ATCC 700669,
revealed a family of expressed putative coding sequences that were formed by
extended forms of the BOX interspersed repeat. This technique was also applied to
two closely related strains of the PMEN31 lineage, both isolated from a single case of
disease. This allowed the functional consequences of a small number of
distinguishing polymorphisms on the global transcriptome to be ascertained,
providing an insight into the level of pneumococcal evolution that can occur within an
individual. Sequencing further members of this lineage showed that, although highly

successful, this lineage has a much more static genotype than that of PMENI1.

The different mechanisms of pneumococcal genome variation are associated with
evolution over different timescales, and in response to different selection pressures,
but clearly interact in a number of ways. Hence the use of whole genome sequencing,
surveying all the variation throughout the chromosome, will be crucial for greater

understanding, and therefore improved control, of this important pathogen.

vi



Contents

Contents
DIECIATALION. ...ttt et il
ACKNOWIEAZEMENLS .....oeiiiiiiiiieeiiiiie ettt e ettt e e e e e e eenaaeeeennes il
ADSTIACE. ...ttt ettt et et e e e e e e v
COMEENES ..ttt et ettt ettt e e sab e e st e e sab e e sab e e e sabeeesabteesaaeeas vii
LSt Of FIGUIES ..ceieiiiiiiieeiiiiie ettt e e e e e e et e e e eenaaee s xii
LSt OF TaABIES .ottt e Xiv
ADDIEVIALIONS ...cc.tiiiiiiieiiiiee e et XV
I TOEOAUCTION. ..ceiiiiieiitie ettt et e s es 1
1.1 The history and biology of the pneumocoCCuUS.............ceevvvirieeriiiieeeeiireeens 1
1.1.1  “Une maladie nouvelle’ ...............ccocuvieviiiiiiiiiiiiieeecieee et 1
1.1.2 Taxonomic classifiCation...........ccueeerueiiniiiiniieiniieenieeeree e 2
1.1.3  Metabolic and microbiological characteristics...........cccceeevrviieeernnieeeennss 3
1.1.4 Microbiological identification..............cccvviiiiiiiiiiieeniiiee e 5
1.1.5 Pneumococcal SErology.......cccuuiiiiiiiiiieiiiiiieeeeiitee et 5
1.1.6 A transformable pathogen ...........cccceiiiiiiiiiiiiiiiiieeeceee e 8
1.2 Interactions with the host and microbiota............cccccuvveeeriiiiiieiniiiieeeiieeeene 8
1.2.1 The pneumococcus as a human commensal.............ccccveeeriiiiieeniiiieeens 9
1.2.2  Competition within the nasopharynX..........ccceccvveeeriiiireeeniiieeeniieeeens 10
1.2.3  The pneumococcus as a respiratory pathogen...........ccccceeevvvveeernnineeenns 11
1.2.4  Risk factors for diSaSE .........eeeruieeriiiiiiiiiiiiie e 12
1.2.5 Epidemiology of pneumococcal diSease..........cceeeevruviireeriiiieeennnieeaenns 13
1.2.6  Structures involved in pathOgenesis.........c..eeeerrviiieeriiiieeeeiiieeeeiieee e 15
1.3 Pneumococcal genomics and epidemiology ..........cccceeeeriiiiiieiniiiieeiniiieeene 18
1.3.1 The genome of S. pneumoniae TIGRA............ccceviiviiiiiiiiiiiieiiieee, 18
1.3.2 Functional genomics eXPeriments ..........c..eeeeervreeeerrvieeeennnreeeennneeeaennes 19
1.3.3 Variation uncovered by dideoxy terminator sequencing ........................ 20
1.3.4 Epidemiological typing teChniques............ccceevuiiiieriiiiieeiiiiiee e 21
1.4 The emergence of antibiotic-resistant pneUMOCOCCI ......cccuveeeriveeerreeenieeennne 24
1.4.1 Early observations of réSiStance .............cceeeeeruieeeeriiiieeeeiiiieeeeiieeeeenes 24
1.4.2 Resistance to B lactams .......ccuveeeeeiiiiiieeiiiiiieeeiiiee et 25
1.4.3 Resistance to other antibiotiCS..........cueerruiiiriiieeniieinieeeeeseee e 27

vii



Contents

1.4.4 The spread of the PMEN Clones..........ccccouviiiiiiiiiieniiiiieeeiiieeeeiieee e 29
1.5 Horizontal sequence exchange in the pneumococcus.............ceecvveeeeenveeeeennn. 30
1.5.1 The pneumococcal competence SYSteM ........cccuvvreeerriviieeeniiiieeeeiiieeaenes 30
1.5.2 Transduction and pneumophage............cccuveeerriiiieeeiiiieeeeiiieeeeiieee e 32
1.5.3 Conjugative elements..........ccuereeiiiiiieeiiiiiee et e e eaeee e 33
1.6 Anti-pneumocoCCal VACCINES ......c..eeeeeriuiiieeeiiiiieeeriiieeeeeiieeeeeireeeeeneiaeeeeenes 36
1.6.1 Early whole cell vaccines...........cccccuveeeiiiiiieeiiiiieeeeiiee e 36
1.6.2  Polysaccharide VACCINES.........ueeeeeriiiiieeeiiiieeeeiiiee et e e eee e 36
1.6.3 Conjugate polysaccharide vacCines ...........ccceevvvieeeriiiieeeeiiiieeeeiieee e 37
1.7 The impact of second-generation sequencing technologies................cc.cc...... 40
1.7.1 Dideoxy terminator SEQUENCING.........cceervirreerrurreeeriiireeeanirareeennneeeaaanes 41
1.7.2  Second-generation sequencing technologies.............cccceeevriiieiernnieeennns 41
1.7.3 Bacterial population SENOMICS ..........cceeruirieeriuiieeeriiiieeeeiiieeeeeiieeaeenes 45
1.7.4  Bacterial RNA-SEQ .....ccuutiiiiiiiiieeeiiiiee ettt e e iiee e e ivreea e 47
L8 SUMMATY .ottt e e e e e e et e e e e e e e e nnaes 48
2 Materials and Methods ............oooiiiiiiiiiiiiiieee e 50
2.1 Culturing and transforming S. pneumoniae ...............cccccoeeeeuveeenicieeeennnnnnnn. 50
2.1.1  Culturing of StrAINS .......vviieeiiiiiee ettt e e et e e e iaeee e 50
2.1.2  Sampling of PMENT1 and ST180 iSolates..........ccocuveeruieeniieeniieenieeennn 50
2.1.3  Transformation EXPeriments. ........ccueeeeeriurreeeeriurreeeeniireeeennrreeeenneeeaeanns 51
2.1.4  Omnilog EXPErimMENtS........cceiuiieeeriiiiieeeeiiieeeeriieeeeesiieeeeesnreeeeennnaeeaeenns 51
2.2 Extraction and analysis of nucleic acids..........cccovveeiiiiiiniiiniiiniicneeee 52
2.2.1 Genomic DNA eXtraCtions ......ccccuveeerireeiniieeiniiieeniieenieeenieeesieeesieee s 52
2.2.2  RNA sample XtraCtionS.......c.uueeeeriuiiereeriieeeeeniieeeeesiieeeeennreeeeenneeeaeenns 52
2.2.3 PCRANd RT-PCR .....coooiiiiiiiiiiiiieie et 53
2.3 Construction of mutant Strains ...........c.eevreeeriieeinieeeriee e 54
2.3.1 Construction of S. pneumoniae TIGRA™S ..o, 54
2.3.2 Construction of S. pneumoniae ATCC 700669AhexB.............cccveeenn. 55
2.4 DNA and RNA SEQUENCING......ccceriuriireaiiiiieeeniiiieeeiiiieeeeeiiaeeeeseraeeeeenneeeens 56
2.4.1 GENOMmME SEQUENCING .....uvvereeiuiiiieeeriiieeeeeireeeeesireeeeesnreeeesasseeeesnsnseeasanns 56
2.4.2  TranscriptOme SEQUENCING........eeeerrurrereeriirreeeerurreeeenrereeeenirreeeesssseeasanns 58
2.4.3  Oligonucleotide SEqUENCING ........cccuviireeriiiiieeeiiiieeeeriireeeeriireeeeaaeeee e 58
2.5 Alignment and assembly of short sequence reads...........cccccvvveeeriiieeeennnnnnn. 59
2.5.1 Generation of whole genome alignments for phylogenetic analyses ...... 59

viii



Contents

2.5.2  Generation of a genome alignment for in vitro transformation analysis .60

2.5.3 Assembly of Illumina data ............ccceeeeiiiiiiiiiiiiiiic e 60
2.5.4 Detecting accessory genome components through mapping .................. 61
2.5.5 Analysis of RNA-Seq data........ccccooiiiiiiiiiiiieeiiiie e 61
2.6 Bioinformatic analySes .........cceeeeriiiiieeiiiiieeeeiiee e et e e 61
2.6.1 Mathematical analySes .........ccceeeeriiiiieiiiiiieeeiiiee et 61
2.6.2  Annotation Of SEQUENCES .....c.uvveeeeriiiieeeiiiieeeeriieeeeerieeeeeeriteeeeenenreeeeenes 61
2.6.3 Extraction of serotype and SEqUENCE tYPe......cccuvvreeeruireeeriiuiieeeeiiiieaenes 62
2.6.4 Recombination and phylogenetic analyses ..........cccoccvveeeeiiiiieeeniieeeens 62
2.6.5 Analysis of gene diSruption €VeNtS..........c.eeeeeruiieeeeniiiieeeeniiieeeeniieeeeenns 63
2.6.6 Bayesian phylogenetic analyses ..........cccccveeeeiiiiiieeiiiiin e 63
2.6.7 Alignment of assembled SEqUENCES ..........ueeveeriiiiieiniiiieeeiiiiee e 64
2.6.8 Clustering of prophage elements ............ccceeeeriiiieeeniiieeeeiiieeeeiieee e 64
2.6.9  Analysis Of 1€Peat SEQUENCES......cccuriireeriiiieeeiiiieeeeniireeeeniteeeeeneireeaeenes 64
2.6.10 Prediction of RNA secondary Structures............eeeervvveeeeniurreeeeniveeeenns 66
2.6.11 Analysis of in vitro transformation data...............ccoecuveeriiiniieenineennn 66
2.6.12 Differential gene expression and phenotype analyses ..............cccueeeene. 68

3 The genome of S. pneumoniae ATCC 700609 .........cccooovriieiiiiiieiiniiieeeiieeeens 70
3.1 INETOAUCTION ..ottt ettt e 70
3.1.1 The spread of the PMENT lin€age.........cccceeeeviiiiieeiiiiieeeeiiiee e 70
3.1.2 S pneumoniae ATCC TOOO69.......cccoommiiiiiiiiiiiiiiiiiieee e 71
3.2 Description Of the EeNOME .........cuuiiieiiiiiiieiiiiee et iaee e 71
3.2.1 Features of the chromosome...........cccceeviiiiiiiiiiiiiiiiiccc e 71
3.2.2  Genes implicated in pathOgenesis. .........ccuueieeriiiireeiiiiiee e 73
3.2.3  PrOPRA@E.....eoiiiiiiiiieeieee e et e e 74
3.2.4 TCESPH23FST8I cooiiieiieiiieeeeee et 76
3.2.5 An ICE-derived genomic island ............cccceeeriiiiiiinniiiiieeiiiiee e 78
3.2.6  PneumMOCIAINS. ......coiuiiiiiiiiiiiie ettt 81
3.3 DASCUSSION ..eeeniiiteiiiiee ettt e ettt ettt ettt e ettt e et e e bt e e sabeeesabeeesabeeesabeeesaaaeas 83
4  The evolution of the PMENT lin€age..........cccccuveieriiiiieeniiiiieeeiiiee e 86
4.1 INErOAUCHION c..eiiiiie ettt et ettt et 86
4.1.1 Global collection of PMENT Strains...........ccceveuvveeeeniieeeeeniiiieeeeniieeeeenes 86
4.1.2 Detecting recombination in sequence data...........ccceccuvveeeeriireeeeniieeeenns 86
4.2 Analysis of the PMENT population.............coeevuiiieeiiiiiieeniiiee e 89

X



Contents

4.2.1 Construction of the phylogeny ..........ccceeeiiiiiiiiiiiiiiiiiee e 89
4.2.2 Recombination and antigenic variation............cccceeeeruveeeeeniuireeeenuveeeennns 94
4.2.3 Population and serotype dynamicCs .............ceeerurreeeeniuirereeniiiieeeeriireeeenes 97
4.2.4 Resistance to non—B-lactam antibiotics...........cccvuereerriiiieeeriiieeeennninnnn. 102
4.2.5 Components of the acCessOry Zenome...........ccccvvveeeriirireernvieeeeenenennnn 107

4.3 DISCUSSION c.uutteiniiieeiite ettt ettt e st e e ettt e sttt e sttt e e et e ebteeesabeeenabeeesabeeesabaeenas 113

5 Invitro transformation of S. pneumoniae ATCC 7006060 ............cccovevvvveeennnnnnn.. 117
5.1 INErOAUCTION ..ceiuiiiiiiiiieiitce ettt 117
5.2 Analysis of in vitro transformants............cccoeccvvereeiiiiieeeniiiie e 119
5.2.1 Genome-wide exchange of sequence between pneumococci................ 119
5.2.2  Characterisation of ‘capsule switching’ recombinations ...................... 123
5.2.3 Mosaic recombinations in the ¢ps loCUS.........ccueeeeeriiiiieiniiiieeiiieeeee 124
5.2.4 Analysis of secondary recombinations ..............cceeeeuveeeeeniiiereesnieeeeenns 126
5.2.5 Efficiency of polymorphism transfer.........ccccccovieiiniiiiniieiniieeniieen, 128
5.2.6 The role of miSmMatCh repair ............eeeeviiiiiieeiiiiie e 130

5.3 DISCUSSION ...teeeniiieeiiieeeieee ettt ettt e ettt e ettt e et e et e e et e e sibeeesabeeesabeeesabeeenaeee 131

6 A simple method for directional RNA-S€q.........ccoeuviiieiniiiiieiiiiiieeeiiiee e 136
6.1 INIrOAUCTION ...eiuiiiiiiiiiiiiiiee e 136
6.2 Description and validation of the RNA-seq methodology..........c..cccceuenee... 136
6.2.1 Illumina sequencing libraries can be generated from ss-DNA.............. 136
6.2.2 ss-cDNA sequencing retains data directionality............cccccuveeevnineeeannns 141
6.2.3 ss-cDNA sequencing iS qUANtItatiVe ..........cceeeuveeeeeriuieeeeeniiieeeeniieeeeenes 143

0.3 DISCUSSION ...eeeniiieiiiiiee ettt ettt ettt e et e et e e st e e e e st e e s e e saeee 144

7 Analysis of pneumococcal small interspersed repeats ...........ccceevveeeriieerineennnn. 145
7.1 INETOAUCTION ..ottt et 145
7.2 Analysis of small interspersed repeat SEqUENCES...........coevvveeeerrrreeeernenennnn. 147
7.2.1 Three families of pneumococcal repeats...........cceeeveuviieeeniiiieeeniiiieeens 147
7.2.2  Genomic distribution of pneumococcal repeats ..........ccceecvvveeeeiiieeeenns 150
7.2.3 Mobility of pneumococcal repeats............eeeeriiiieeeriiiiieeeiiiie e 153
7.2.4 Repeat sequences in other StreptoCOCC....uuiieruriieerriiiieeeiiiieeeeiiieeeens 154
7.2.5 Genes affected by repeat element inSertions...........cc.eeeeeevveeeeenneeeeenns 155
7.2.6 Expressed open reading frames generated by large BOX elements......157

7.3 DISCUSSION ...eeeniiieeiiiieeeiitee ettt ettt ettt ettt e ettt e et e et e e st e e st e e sabeeesabeeenaeee 160

8 The evolution of serotype 3 ST180 pNeUMOCOCCI.....cccuvvrrreeriiiiieeeiiiieeeeiiireeens 168



Contents

8.1 TNrOAUCHION ..ttt e 168
8.2 Genetics of the serotype 3 ST180 population ...........cceevviveeeriiiieeeiniiieeens 169
8.2.1 The genome of S. pneumoniae OXC141.....ccccvvvieviiiiiieiiiiiieeeiiiieeens 169
8.2.2 The phylogeny of STI80.......cccemiiiiiiiiiiiiieeeiiiee et 170

8.3 Comparison of S. pneumoniae 99-4038 and 99-4039 ..........ccccvvvieviiieenns 177
8.3.1 Transcriptional profiles of S. pneumoniae 99-4038 and 99-4039 ......... 177
8.3.2 Phenotypic differences between S. pneumoniae 99-4038 and 99-4039.178
8.3.3 The mechanism of patAB upregulation.............ccceevvveeeerniiieeeericiieeeens 181

8.4 DISCUSSION ...eeiniiiieiiite ittt ettt et ettt e et e et e et eesabeeeeaeee 182

O DISCUSSION ...ttt ettt ettt ettt ettt ettt e et e et e et e e st e e st e e sabeeesaaee 190
9.1 Pneumococcal transformation............ccecueeerieiiniieenieeeniieeneeeeee e 190
9.1.1 Biases in the detection of recombination .............ceceuveeeeeriiieeeeniieeeens 190
9.1.2 Impact of biases on 7/ eStIMALES........ccuvveeeeriiiieeeiiiieeeeriieeeeeiieeee e 192
9.1.3 The advantage of being transformable...............ccoeeiiiieiniiiiiiiiiiieeen, 193
9.1.4 Inferences from PMENI and ST180.........ccovviiiniiiiiniiieiiieeniieenieeene 195

9.2 Site-specific and homologous recombination.............cceeeevveeeeriniieeennenennnn. 196
9.2.1 The characteristics of horizontal sequence transfer................ccccueeeenne. 196
9.2.2 Transformation as bacterial ‘gene therapy’..........cccccuveveeiiiiieeiniiieeenns 197
9.2.3 The interaction of mobile elements and transformation ....................... 199
9.2.4 Criticism of this MOdel...........cooviiiiiiiiiiiiiiiie e 201
9.2.5 Comparing the evolutionary dynamics of PMENI1 and ST180............. 202

0.3 Concluding remarks..........ccueiiiiriiiiiiiiiiie e 203
AppendiX [: Primer SEQUENCES .......eeeeruriiieeiiiiieeeiiiieeeeeiteeeeeeiteeeeesireeeeesrreeeeeenes 204
Appendix IT: PMENT Strains .....c..eeeeeiiiiiiieiiiiiieeeiiiieeeeeiieee et eeesiree e iaaeee e 207
Appendix ITII: EMBL accession COAES ........ccuuiieiriiiiieeiiiiieeeniiieeeeeiieeeeervieee e 213
Appendix [V: Serotype 3 Strains........cccueeeeeriiiieeeriiieeeeciiieeeeriieeeeesiieeeeeareee e 214
RETETEINCES ....eeinieiiiiiiieeee et 217

Xi



List of Figures

List of Figures

Figure 1.1 A timeline of pneumococcal research ..........cocceevviiiiniiiniiinieicee 35
Figure 1.2 A summary of the SGST methods..........coooveiiiiiiiiiiiiniiiece 44
Figure 2.1 Construction of S. pneumoniae ATCC 700669AhexB ...........cccceeveueeennne. 55
Figure 3.1 Circular diagram representing the S. preumoniae ATCC 700669
CRIOMOSOME. ...t e 72
Figure 3.2 Representation of ICESp23FST81 ...cooviiiiiiiiiiiiiiiieeeceeeeee 75
Figure 3.3 Comparison of streptococcal integrative and conjugative elements.......... 77
Figure 3.4 Comparison of PPI-1 of ATCC 700669 with ICESp23FST8I .................. 78
Figure 3.5 Alignment of PPI-1 sequences from pneumococcal genome data............. 80
Figure 3.6 Lantibiotic synthesis gene clusters and predicted structures..................... 82
Figure 3.7 Comparison between bIp 10CI.........ccoevuiiiieiiiiiieeiiiieeeieee e 84
Figure 4.1 Phylogeography and sequence variation of PMENT.............ccoceeiniienne 94
Figure 4.2 Construction of the PMENI1 phylogeny ..........cccooooiiiiiniiiiiieeniiieeeeiee. 96
Figure 4.3 Robustness of the PMENT1 phylogeny..........cccccoviiiiiiiiiiiiiiniiieeeee. 97
Figure 4.4 Histogram showing the variation of recombination event lengths............. 98
Figure 4.5 Population dynamics of PMENT1 inthe USA ........ccccooiiiiniiiniiiieee 99
Figure 4.6 Recombinations causing changes in Serotype.........ccceeeevvvieeeerrneeeeennnnnn. 100
Figure 4.7 Variation in the serogroup 19 ¢ps 10Ci.......ccccviiieeriiiiiiiniiiiieeeiieee e, 101
Figure 4.8 Presence of macrolide-resistance cassettes in Tn9/6............ccccceeevneenn. 103

Figure 4.9 Distribution of macrolide resistance cassettes among PMENT strains. ...104

Figure 4.10 Deletions affecting [CESp23FST81 ......cooiviiiiiiiiiiieeeieeeeeeee e 107
Figure 4.11 The putative ICE ICESp11876.......ccoooiiiiiiiiiiiiiiiieiiceeeeeceeee 108
Figure 4.12 The putative ICE ICESp11930.......ccccoiiiiiiiiiiiiiiiieiiceceeceeeee 109
Figure 4.13 The putative ICES?1-like element ICESp8140.........ccccceeeviiiiniiiinincn. 110
Figure 4.14 Prophage sequences in PMENT ..........ccccoooiiiiiiiiiiiiiiiee e 111
Figure 4.15 Distribution of prophage sequences between PMENI isolates ............. 112
Figure 4.16 Competence of isolates carrying prophage inserted in comYC.............. 114
Figure 5.1 Distribution of transformation events across the genome.............c.......... 119
Figure 5.2 Structure of transformation events within the primary locus .................. 122
Figure 5.3 Distribution of transformation event SiZes..........cccccueeeviiienieeeniieeeniineen. 125
Figure 5.4 Frequencies of SNPs within transformation events .........c.cccceecueeennneenne 127

Xii



List of Figures

Figure 5.5 Knock out of hexB gene in S. pneumoniae ATCC 700669 *°AhexB ....... 129
Figure 5.6 Distribution of transformation events in the absence of MMR ............... 130
Figure 5.7 Recombination sizes in PMENT1 isolates and in vitro transformants....... 132

Figure 6.1 Example of the data produced by sequencing ss-cDNA and ds-cDNA ...137

Figure 6.2 Potential mechanisms for the attachment of adapters to ss-cDNA........... 139
Figure 6.3 Studying the attachment of adapters to an oligonucleotide...................... 141
Figure 6.4 Comparison of RPKMs from ss-cDNA and ds-cDNA sequencing......... 143
Figure 7.1 HMM logos representing pneumococcal interspersed repeats ................ 147
Figure 7.2 Predicted repeat sequence secondary StruCtures .............cceeeveeerueeenuneenne 149
Figure 7.3 Distribution of repeat sequences within the pneumococcal genome. ...... 150
Figure 7.4 Distribution of repeat sequences relative to CDS functional classes....... 151
Figure 7.5 Repeat sequence variation between pneumococcal genomes.................. 153
Figure 7.6 Repeat sequence expression congruent with genome annotation............ 157

Figure 7.7 Potential misannotation of the S. pneumoniae ATCC 700669 genome...159

Figure 8.1 Circular diagram representing the S. pneumoniae OXC141 genome ...... 170

Figure 8.2 Phylogenetic analysis of serotype 3 iSolates..........cccceevveeeniieeniieeniineen. 171
Figure 8.3 Distribution of detected recombination lengths in serotype 3 ................. 172
Figure 8.4 Heatmap showing the distribution of prophage sequences...................... 174
Figure 8.5 Activity of prophage QOXCI41.......coviiiiiiiiiiiiiiiiiieieceeeeceeeeee 176
Figure 8.6 Distribution of accessory genome loCi ........ccveeveeriiiiieeniiiieeeeiiiee e, 179
Figure 8.7 Expression of the patAB 10CUS .........ccccueeriiiiiiiiiiiiiieieceneeeeee e 180
Figure 8.8 Leader sequence upstream of patAB .........ccccoovueeeniiiiniiieniiienieeiieene 181
Figure 8.9 The effect of the PUS. .......ooiiiiiiii e 183
Figure 8.10 Model to explain the differences caused by the PUS..............ccccooneee. 184
Figure 9.1 Modelling the ability to detect recombinations and mutations................ 191
Figure 9.2 Model for the role of transformation in pneumococcei ..........cccecvveerneeene. 199

Xiil



List of Tables

List of Tables

Table 4.1 Convergence of the PMENT1 phylogeny .........ccccoooviiiiiiiiiiieniiiiieeeieen. 115
Table 4.2 CDSs frequently disrupted by mutations in the PMEN1 phylogeny......... 116
Table 5.1 Association of indels with in vitro recombination events............c.....c...... 135
Table 7.1 Distribution of repeat elements relative to CDSs.........ccccvveeriiiiieennnnenn.. 164
Table 7.2 Association of repeat sequences with in vitro recombination events........ 165
Table 7.3 Frequency of repeats in streptococcal genome sequences. ....................... 166

Table 8.1 Microarray analysis of differential expression between S. pneumoniae 99-
4038 aNd 99-4039....c..eiieiieetee et 185
Table 8.2 CDSs found to be significantly more highly expressed in S. pneumoniae 99-
4039 than in S. pneumoniae 99-4038 using RNA-S€q. .....ccevvvvrreeviiiieeeenninnn. 186
Table 8.3 CDSs found to be significantly less highly expressed in S. pneumoniae 99-
4039 than in S. pneumoniae 99-4038 using RNA-S€q. .....ccevvvvireeeiiiiieeeninnn. 187
Table 8.4 Comparison of S. pneumoniae 99-4038 and 99-4039 using phenotype
TIICTOAITAYS «.vvvveeeeuirrreeeeirteeeeanireeeeeaaenteeeeaasnseeesanssseeesanssseeessnssseeessnssseesssnnseeens 188
Table 8.5 Microarray analysis of differential expression between S. pneumoniae

TIGR4 and TIGRA S oo, 189

X1V



Abbreviations

Abbreviations

BA ettt Amino acid
ABC..oooiiiieee e ATP-binding cassette

ATCC i American type culture collection
ATP oo Adenosine triphosphate

BAC. .. Bacterial artificial chromosome
BHI...ooiiiic, Brain heart infusion

BLAST oo, Basic local alignment search tool
DD e Base pair

CBP ..o Choline-binding protein

CC e Clonal complex

CDNAL ..ot Complementary DNA

CDS .o Coding sequences

CGH ..o, Comparative genome hybridisation
CSF ..o Cerebrospinal fluid
CSP..eee e Competence stimulating peptide
DNA .. Deoxyribonucleic acid

ANTP oo Deoxynucleoside triphosphate

AS e Double stranded

DUS .. DNA uptake sequence

EDTA .o, Ethylenediaminetetraacetic acid
EMBL....oooiiiiiiiiiieeeeee e, European Molecular Biology Laboratories
FR oo, Flanking region

GC o Guanine and cytosine

GMP ..o Guanosine monophosphate

HIV e, Human immunodeficiency virus
HMM ..o, Hidden Markov model

ICE .o, Integrative and conjugative element
IPD oo Invasive pneumococcal disease
IS Insertion sequence
LB Luria broth

MCS .. Multiple cloning site

XV



Abbreviations

MEPS ..o, Minimum efficiently processed segment
MGE ..ot Mobile genetic element

MITE ...t Miniature inverted repeat transposable element
MLEE ..ot Multilocus enzyme electrophoresis
MLST ..ot Multilocus sequence typing

MMR ... Mismatch repair
MR Mosaic recombination

MRNA Messenger RNA

1| PSSP PUP SR Nucleotide

NTP oo Nucleoside triphosphate

ORF ..ot Open reading frame
PBP..ie Penicillin binding protein

PCR ..o, Polymerase chain reaction

PCV e, Polysaccharide conjugate vaccine

PEP ..o, Phosphoenolpyruvate

PFEGE ..., Pulsed field gel electrophoresis
PMEN....ccooiiiiiiiiiiieeeeee e, Pneumococcal molecular epidemiology network
PPI-1 e, Pneumococcal pathogenicity island 1
PTS e, Phosphotransferase system

PUS ., patAB upregulatory SNP

IDNA o Ribosomal DNA

RNA Lo, Ribonucleic acid
RPKM....ooiiiiiiiiiieiieeeeeee e, Reads per kilobase per million mapped reads
TRNA Ribosomal RNA

RSS. ., Recombined sequence segment
RT-PCR...oooiiiiiiieeeeee e, Reverse transcription PCR

RUP ..., Repeat unit of pneumococcus

SGST oo Second generation sequencing technology
SNP oot Single nucleotide polymorphism

S ettt entttte e e ettt e e e et e e e e e b aeeeennbaeaeanes Single stranded

ST et Sequence type

TCA e Tricarboxylic acid

TIR o Terminal inverted repeats

tRNA Lo Transfer RNA

XVi



Abbreviations

TSD e Target sequence duplication
USS e Uptake signal sequence

UTR oo Untranslated region

UV e Ultraviolet

VNTR ..ot Variable number tandem repeat

Xvil



