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PCV13: 2006 to 2016 
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is both a common inhabitant of the human 

nasopharynx and a leading cause of morbidity and mortality. Characterisation of 

pneumococcal populations derived from asymptomatic carriage and invasive 

disease during the introduction of a 13-valent pneumococcal conjugate vaccine 

(PCV13) allows the impact of the vaccine to be assessed and may provide 

information with which to inform public health policies. 

isolated from the nasopharynx of healthy children 

were collected alongside isolates found in invasive pneumococcal disease (IPD) 

from the same geographical location over a ten year period. Carriage rates and 

IPD incidence rates were examined to assess the impact of PCV13 on both 

populations. Changes to the serotype distribution in both the carriage and the 

disease populations were compared and a molecular investigation was performed 

to ascertain similarities between the populations. 

Pneumococcal carriage and IPD incidence caused by PCV13 serotypes decreased 

following PCV13 introduction however an increase in carriage and IPD incidence 

caused by non-vaccine serotypes was observed. Evaluation of serotype 

distribution revealed that three non-vaccine serotypes had significantly higher 

odds of featuring in IPD; 12F, 8 and 9N. Genotypic analyses showed that while 

83% of IPD isolates had the same clonal type as carriage isolates, some molecular 

variations within prevalent carriage isolates were not seen in the IPD population. 

The increase in carriage and IPD caused by non-vaccine serotypes is 

compromising the benefits of PCV use. Continued surveillance is required to 

safeguard public health. 
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2006/07 56 34 

2007/08 43 37 

2008/09 51 45 

2009/10 44 38 

2010/11 35 31 

2011/12 32 7 

2012/13 40 30 

2013/14 24 6 

2014/15 29 24 

2015/16 50 34 

404 286 
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4 (PCV7) 7 1 16.21 2 to 132.2 0.009 

6B (PCV7) 6 46 0.29 0.1 to 0.7 0.004 

9V (PCV7) 16 4 9.45 3.1 to 28.4 0.0001 

14 (PCV7) 18 8 5.32 2.3 to 12.3 0.0001 

18C (PCV7) 4 1 9.19 1 to 82.5 0.05 

19F (PCV7) 15 25 1.38 0.7 to 2.6 0.3 

23F (PCV7) 8 25 0.72 0.3 to 1.6 0.4 

1 (PCV13) 20 3 15.93 4.7 to 53.9 <0.0001 

3 (PCV13) 25 14 4.27 2.2 to 8.3 <0.0001 

5 (PCV13) 0 2 0.45 0.02 to 9.5 0.6 

6A (PCV13) 9 42 0.48 0.2 to 1 0.05 

7F (PCV13) 44 7 15.95 7.1 to 35.7 <0.0001 

19A (PCV13) 34 35 2.32 1.4 to 3.8 0.0007 
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11A 7 89 0.16 0.08 to 0.4 <0.0001 

6C 4 61 0.14 0.05 to 0.4 0.0002 

23B 8 66 0.26 0.1 to 0.5 0.0004 

15B/C 5 99 0.10 0.04 to 0.3 <0.0001 

21 1 55 0.04 0.005 to 0.3 0.001 

15A 6 47 0.28 0.1 to 0.7 0.004 

22F 25 49 1.17 0.7 to 1.9 0.5 

23A 10 31 0.73 0.4 to 1.5 0.4 

35B 3 35 0.19 0.06 to 0.6 0.006 

33F 11 30 0.83 0.4 to 1.7 0.6 

10A 3 32 0.21 0.06 to 0.7 0.01 

24F 11 19 1.33 0.6 to 2.8 0.5 

16F 5 20 0.56 0.2 to 1.5 0.3 

38 4 18 0.50 0.2 to 1.5 0.2 

31 6 13 1.05 0.4 to 2.8 0.9 

NT 4 15 0.60 0.2 to 1.8 0.4 

34 1 8 0.28 0.04 to 2.3 0.2 

9N 12 7 3.99 1.6 to 10.2 0.004 

20 3 4 1.71 0.4 to 7.7 0.5 

12F 22 3 17.61 5.2 to 59.2 <0.0001 

8 43 3 36.43 11.2 to 118.2 <0.0001 

7C 1 1 2.28 0.1 to 36.6 0.6 

6E 2 0 11.40 0.5 to 238.8 0.1 



‎

131

 

et al

et al



‎

132

et al et al

et al



‎

133

 

 

et al et al

et al

et al



‎

134

 

 

 

 

 

 

 

aroE gdh gki recP spi xpt ddl 

 

 



‎

135

6
2

1
9

9

4
3

9

1
6

9
2

6
5

1
6

2

4
3

3

4
3

8

4
5

2

3
9

3

6
3

1
0

0

3
6

1
8

7
7

1
8

0

6
9

8

3
0

1
3

8

4
3

2

1
9

1

1
7

6
6

1
9

1

5
3

1
6

2

1
8

0

1
9

9

3
0

6

4
3

3

1
2

4

6
6

8
0

6
0

1
2

0
1 9

0

2

4

6

8

1 0

0 .0

0 .5

1 .0

1 .5

S T

c
a

rr
ia

g
e

 r
a

te
 (

%
)

IP
D

 in
c

id
e

n
c

e
 (p

e
r 1

0
0

,0
0

0
)

C a rr ia g e  (% ) IP D  in c id e n c e  (p e r  1 0 0 ,0 0 0 )



‎

136

 

0 .0 0 .5 1 .0 1 .5

0

2

4

6

8

1 0

IP D  in c id e n c e  ra te  (p e r  1 0 0 ,0 0 0 )

c
a

rr
ia

g
e

 r
a

te
 (

%
)

1 9 1

5 3

1 6 2

1 8 0

1 9 9

3 0 6

4 3 3

1 2 46 6

8 0 6 0

1 2 0 1

6 2

4 3 9

1 6 9 2

6 5

4 3 8
4 5 2

3 9 3

6 3 1 0 0



‎

137

 

2
0

0
6

/0
7

2
0

0
7

/0
8

2
0

0
8

/0
9

2
0

0
9

/1
0

2
0

1
0

/1
1

2
0

1
1

/1
2

2
0

1
2

/1
3

2
0

1
3

/1
4

2
0

1
4

/1
5

2
0

1
5

/1
6

0

5

1 0

1 5

C
a

r
r
ia

g
e

 (
%

)

3 6

6 5

1 2 4

1 3 8

1 7 6

3 1 1

1 6 9 2



‎

138

2
0

0
6

/0
7

2
0

0
7

/0
8

2
0

0
8

/0
9

2
0

0
9

/1
0

2
0

1
0

/1
1

2
0

1
1

/1
2

2
0

1
2

/1
3

2
0

1
3

/1
4

2
0

1
4

/1
5

2
0

1
5

/1
6

0

1

2

3

4

IP
D

 i
n

c
id

e
n

c
e

 (
p

e
r
 1

0
0

,0
0

0
)

9

1 2 4

1 9 1

3 0 6



‎

139

 

4
 (

P
C

V
7

)

6
B

 (
P

C
V

7
)

9
V

 (
P

C
V

7
)

1
4

 (
P

C
V

7
)

1
8

C
 (

P
C

V
7

)

1
9

F
 (

P
C

V
7

)

2
3

F
 (

P
C

V
7

)

1
 (

P
C

V
1

3
)

3
 (

P
C

V
1

3
)

5
 (

P
C

V
1

3
)

6
A

 (
P

C
V

1
3

)

7
F

 (
P

C
V

1
3

)

1
9

A
 (

P
C

V
1

3
)

1
1

A

1
5

B
/C

1
0

A

2
3

B

3
5

B

3
5

F

3
8

3
3

F

2
1

2
2

F

N
T

1
5

A

1
6

F

6
C

1
7

F

2
4

F

2
3

A

9
N

3
1

2
0 8

3
7

3
4

1
2

F

0

5

1 0

1 5

2 0

N
u

m
b

e
r 

o
f 

a
s

s
o

c
ia

te
d

 S
T

s

C a rr ia g e  S T s  (n ) IP D  S T s  (n )



‎

140

 

2
0

0
6

/0
7

2
0

0
7

/0
8

2
0

0
8

/0
9

2
0

0
9

/1
0

2
0

1
0

/1
1

2
0

1
1

/1
2

2
0

1
2

/1
3

2
0

1
3

/1
4

2
0

1
4

/1
5

2
0

1
5

/1
6

0 .8 5

0 .9 0

0 .9 5

1 .0 0

1 .0 5

1 .1 0

S
im

p
s

o
n

 d
iv

e
rs

it
y

 i
n

d
e

x
 (

1
-D

)

C a rr ia g e  (1 -D ) IP D  (1 -D )



‎

141

 



‎

142



‎

143

 



‎

144



‎

145

0

1

2

3

4

5

6

7

8

9

2006/07 2007/08 2008/09 2009/10 2010/11 2011/12 2012/13 2013/14 2014/15 2015/16

P
n

e
u

m
o

co
cc

al
 c

ar
ri

ag
e

 (
%

) 

ST199 assoc. with VTs

ST199 assoc. with NVTs

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

2006/07 2007/08 2008/09 2009/10 2010/11 2011/12 2012/13 2013/14 2014/15 2015/16

In
ci

d
e

n
ce

 r
at

e
 (

p
e

r 
1

0
0

,0
0

0
) 

ST199 assoc. with VTs

ST199 assoc. with NVTs



‎

146

 



‎

147



‎

148

0

1

2

3

4

5

6

7

8

9

2006/07 2007/08 2008/09 2009/10 2010/11 2011/12 2012/13 2013/14 2014/15 2015/16

P
n

e
u

m
o

co
cc

al
 c

ar
ri

ag
e

 (
%

) 

ST162 assoc. with VTs

ST162 assoc. with NVTs

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2006/07 2007/08 2008/09 2009/10 2010/11 2011/12 2012/13 2013/14 2014/15 2015/16

In
ci

d
e

n
ce

 r
at

e
 (

p
e

r 
1

0
0

,0
0

0
) 

ST162 assoc. with VTs

ST162 assoc. with NVTs



‎

149

 

et al

2
0

0
6

/0
7

2
0

0
7

/0
8

2
0

0
8

/0
9

2
0

0
9

/1
0

2
0

1
0

/1
1

2
0

1
1

/1
2

2
0

1
2

/1
3

2
0

1
3

/1
4

2
0

1
4

/1
5

2
0

1
5

/1
6

0

5

1 0

1 5

c
a

rr
ia

g
e

 r
a

te
 (

%
)

2 3 B 1 2 3 B



‎

150



‎

151



‎

152

 

IP D  C a rr ia g e  

1 8 0 0

1 9 0 0

2 0 0 0

2 1 0 0

2 2 0 0

2 3 0 0

2 4 0 0

C
D

S
 (

n
)



‎

153

et al

gdh



‎

154



‎

155

 

et al et al



‎

156



157

 

 



158

et al

et al



159

 



160

et al



161

 

 



162

Haemophilus influenzae Moraxella catarrhalis

Staphylococcus aureus

 



163





165

 

et al

et al

et al

et al

et al

et al

et al

et al





167

Springer Semin 

Immunopathol,

Journal of Clinical 

Microbiology,

Nucleic Acids Res,

J Biochem 

Biophys Methods,

Clinical Infectious Diseases,

Microbial Genomics,

The 

Journal of infectious diseases,

Surveillance of pneumococcal infection for field trials of 

polyvalent pneumococcal vaccines

Rev Infect Dis,

Drugs & Aging,

Ann Intern 

Med,

THE ROCKEFELLER INSTITUTE

The Journal of Experimental Medicine,

The Journal of Experimental Medicine,



168

FEMS microbiology letters,

Journal of clinical microbiology,

Proceedings of the National Academy of Sciences of the United 

States of America,

Genome Biology and 

Evolution,

PLoS Genet,

Microbiology,

Virology,

I C R Soc Biol,

The Journal of infectious diseases,

The Pediatric infectious disease journal,

Lancet Infect Dis,

The Lancet 

Infectious Diseases,



169

Journal of clinical microbiology,

PloS one,

The Lancet,

Infection and 

Immunity,

Microbiology,

J Infect Dis,

PLoS Pathogens,

The Lancet,

8th edition. Baltimore: Williams & Wilkins

Current protocols in molecular biology / edited by Frederick M. Ausubel ... 

[et al.],

Molecular Microbiology,

The American Journal of 

Medicine,



170

Clinical Infectious Diseases

J Infect Dis,

Journal of Biological Chemistry,

Journal of Biological Chemistry,

PeerJ,

bioRxiv

Clinical 

Infectious Diseases,

Nat Genet,

Nucleic Acids Res,

Research in microbiology,

Annual 

review of microbiology,

Molecular microbiology,



171

Genome Biology and Evolution,

Molecular 

Biology and Evolution,

J Exp Med,

Nature Ecology & Evolution,

European Respiratory Journal,

Nature 

Communications,

Science,

BMC Genomics,

Journal of Bacteriology,

Journal of Bacteriology,

Nature,



172

Vaccine,

Molecular Microbiology,

New England Journal of 

Medicine,

Vaccine,

J Exp Med,

Genome biology,

Microbial drug resistance,

The Journal of 

Infectious Diseases,

Molecular microbiology,

Trends in microbiology,

The Pediatric 

infectious disease journal,

PLoS 

One,

Microbiology,



173

Lancet

New England Journal of Medicine,

Br Med J 

BMC Infect 

Dis,

Journal of Bacteriology,

F1000Prime Rep,

Antimicrobial agents and chemotherapy,

PLOS Medicine,

Verh Cong Inn Med,

Zeitschrift filr Klinische Medicin 1886b

BMC Bioinformatics,

Fortschritte der Medizin 

(Munchen),

The Lancet,

Infection and 

Immunity,



174

Clinical Microbiology Reviews,

Journal of 

Clinical Microbiology,

J Infect Dis,

Microbial 

Genomics,

Vaccine,

J 

Exp Med,

Eur J Clin 

Microbiol Infect Dis

The Lancet Infectious Diseases,

Zentralblatt für Bakteriologie, Mikrobiologie und Hygiene. 1. Abt. Originale. 

A, Medizinische Mikrobiologie, Infektionskrankheiten und Parasitologie,

Fortschritte der Medicin,



175

J Infect Dis,

Journal of Infectious Diseases,

Clinical Infectious Diseases,

The Journal of 

Hygiene,

Proc Natl Acad Sci U 

S A,

New England Journal of Medicine,

Mol Microbiol,

Journal of Clinical Microbiology,

Epidemics,

The Lancet,

New 

England Journal of Medicine,

Nano Today,

http://www.medicines.org.uk/emc/medicine/22743


176

The Lancet Infectious Diseases,

The Lancet Infectious 

Diseases,

Genomics,

Pneumonia; with special reference to pneumococcus lobar 

pneumonia, 

The Journal of experimental medicine,

Genome Biol 

Evol

Clinical and Vaccine Immunology,

Journal of 

the American Chemical Society,

Journal of the American Medical Association,

Journal of bacteriology,

Pediatrics,

Science,



177

Epidemiol Infect,

Infection and immunity,

ET AL

JAMA,

Institute for Health Metrics and Evaluation

Genome Medicine,

International 

Vaccine Access Center, Johns Hopkins Bloomberg School of Public Health

New 

England Journal of Medicine,

Vaccine,

F1000Research,

Journal of Biological Chemistry,

Journal of 

Microbiological Methods,

Microbiology and Molecular Biology Reviews,

Journal of Biomolecular Techniques: JBT,

PLoS computational biology,



178

Streptococcus pneumoniae

PeerJ,

Genome Biology and Evolution

Genome Biology and Evolution,

J. Chem. Educ,

J Infect Dis,

Clinical infectious diseases,

Molecular Microbiology,

The Journal of 

infectious diseases

FEMS Microbiology Reviews,

ASM NEWS,

Clinical 

Microbiology Reviews,

Journal of Bacteriology,

Nature reviews. Microbiology,



179

Cell Microbiol,

The Lancet Infectious Diseases

Emerging Infectious Diseases,

Immunobiology,

Journal of bacteriology,

Journal of Clinical Microbiology,

Science,

BMC Genomics,

Infect Immun,

Proceedings of the National Academy of Sciences,

J Biol Chem,

Infection and immunity,



180

PLoS One,

Journal of the American Medical Association,

The 

Journal of Infectious Diseases,

Annals of Internal Medicine,

Proceedings of the National Academy of 

Sciences,

Nature communications,

Nature,

Journal of infection,

Journal of Clinical Microbiology,



181

Genome Res,

Epidemiol Infect,

Lancet Infect Dis,

J Infect Dis,

MBio,

Archives of Internal Medicine,

Die Chemotherapie der 

Pneumokokkeninfektion: 2. Mitteilung

Molecular 

Microbiology,

Journal of Biological Chemistry,

Molecular 

Biology and Evolution,

British medical journal,



182

Advances in Therapy,

Immunology,

Infection and immunity,

De la Méningite due au pneumocoque (avec ou sans 

pneumonie), par le Dr Netter

Zeitschrift für Hygiene und 

Infektionskrankheiten,

Arb. adk Gsndhtsamte,

N Engl J 

Med,

The 

Lancet Infectious Diseases

Lancet,

Infection and immunity,

Molecular microbiology,

The Journal of Biological Chemistry,



183

Journal of 

Biological Chemistry,

Infection and Immunity,

The Journal of Infectious Diseases,

Clinical and Vaccine 

Immunology,

MBio,

Comptes Rendus,

Molecular Oral Microbiology,

Infection and Immunity,

American Review of Respiratory Disease,

Journal of bacteriology,

European journal of clinical 

microbiology & infectious diseases,

The Journal of infectious diseases,

Int J Antimicrob Agents,

accessed 

23/11/17



184

PLOS 

Pathogens,

The Pediatric infectious disease journal,

BMC Genomics,

The Lancet,

Journal of 

bacteriology,

J 

Bacteriol,

Archives of disease in childhood - Education & practice edition,

New England Journal of Medicine,

Clinical Infectious Diseases,

Journal of bacteriology,

Journal of Clinical Investigation,

PLOS ONE,

Applied and environmental microbiology,



185

Plasmid,

Nature,

Science,

Molecular Microbiology,

Nature,

Proceedings of the National Academy of Sciences,

Vaccine,

http://www.savethechildren.org/atf/cf/%7B9def2ebe-10ae-432c-9bd0-

df91d2eba74a%7D/FIGHTING-FOR-BREATH-FINAL-LOW-RES.PDF

Proceedings of the Society for Experimental Biology and 

Medicine,

Applied and Environmental 

Microbiology,



186

Infection and immunity,

Infection and Immunity,

Journal of bacteriology,

Molecular microbiology,

Molecular Systems Biology,

Expert Rev Vaccines,

BMC bioinformatics 

The Journal of Infectious Diseases,

Rev Infect Dis,

APMIS,

Journal of Infectious Diseases,

Journal of Bacteriology,

Epidemiol Infect,



187

The Lancet,

A Fatal Form of Septicaemia in the Rabbit Produced by 

the Subcutaneous Injection of Human Saliva: An Experimental Research

The American Journal of the Medical Sciences,

J Immunol,

Journal of clinical microbiology,

Streptococcus 

pneumoniae

Science,

Science,

American Journal of Respiratory and Critical Care 

Medicine,



188

Am J Respir Crit Care Med,

Bull N Y Acad Med,

Cell,

Emerg Infect Dis,

Vaccine,

Vaccine,

Proceedings of the National Academy of Sciences,

Genome biology,

Journal of Infectious Diseases,

Journal 

of Clinical Microbiology,

Journal 

of Immunology,

Trends Genet,

Vaccine,



189

Nature methods,

Infect Immun,

Infection and Immunity,

bioRxiv

The Pediatric infectious disease journal,

Lancet Infect Dis,

New England 

Journal of Medicine,

New 

England Journal of Medicine,

Streptococci and streptococcal 

diseases: Recognition, Understanding, and Management. 

Nature,

Wiener Medizinishe Wochenschrift,

American Journal of Epidemiology,

Journal of 

Molecular Medicine,



190

Proceedings of the National Academy of Sciences,

The Commonwealth Fund, 

New York, N.Y.

The 

Pediatric infectious disease journal,

BMC Genomics,

Trends in Microbiology,

Infection and Immunity,

Annu Rev 

Microbiol,

Genetics,

Prager 

Medicinische Wochenschrift,


	Table of Contents
	Table of Tables
	Table of Figures
	Academic Thesis: Declaration Of Authorship
	Study Contributions
	Acknowledgements
	Definitions and Abbreviations
	Chapter 1 Introduction
	1.1 What is a pneumococcus?
	1.1.1 The discovery of the pneumococcus
	1.1.2 Taxonomy
	1.1.3 Biological processes of the pneumococcus
	1.1.4 Identification of Streptococcus pneumoniae
	1.1.5 Components of the pneumococcus
	1.1.5.1 Capsule
	1.1.5.2 The cell wall and associated proteins
	1.1.5.3 Pneumolysin
	1.1.5.4 Pili


	1.2 Pneumococcal typing methods
	1.2.1 Serotyping                                                                                                                                                                                                                                           ...
	1.2.2 Multi locus enzyme electrophoresis (MLEE)
	1.2.3 Pulse field gel electrophoresis (PFGE)
	1.2.4 Multi locus sequence typing (MLST)

	1.3 Pneumococcal interactions with the host
	1.3.1 Pneumococcal carriage
	1.3.2 The burden of pneumococcal disease
	1.3.3 Host response to the pneumococcus
	1.3.4 Pneumococcal disease

	1.4 Clinical interventions
	1.4.1 Antibiotics and resistance
	1.4.2 Pneumococcal vaccines
	1.4.2.1 Polysaccharide vaccines
	1.4.2.2 Conjugate vaccines
	1.4.2.3 Serotype replacement


	1.5 Pneumococcal genomics
	1.5.1 First generation sequencing technologies
	1.5.2 Second generation sequencing technologies
	1.5.2.1 Illumina sequencing

	1.5.3 Third generation sequencing technologies
	1.5.4 The genome of the pneumococcus
	1.5.5 Mechanisms for gene exchange
	1.5.6 Bioinformatic analyses

	1.6 Pneumococcal transmission
	1.7 Study rationale
	1.8 Hypothesis
	1.8.1 Aims
	1.8.2 Objectives


	Chapter 2 Methods
	2.1 Study statement and contributors
	2.1.1 Ethics
	2.1.2 Study outline
	2.1.3 Study samples
	2.1.4 Sample size

	2.2 Microbiological processing
	2.2.1 IPD isolate collection

	2.3 DNA extraction
	2.3.1 Growth of pneumococcal cultures
	2.3.2 Pre-lysis and DNA extraction
	2.3.3 DNA quantification
	2.3.4 Storage and shipment

	2.4 Whole genome sequencing
	2.4.1 Assembly
	2.4.2 Quality control

	2.5 Pneumococcal typing
	2.5.1 Slide agglutination
	2.5.2 In silico capsular typing
	2.5.3 Differentiating serotypes
	2.5.4 Differentiating serotypes 11A/D and 15B/C
	2.5.1 Serotyping of year 10 and IPD isolates
	2.5.2 MLST
	2.5.3 Clonal complex
	2.5.4 Genomic analysis

	2.6 Strain exclusion
	2.7 Statistical analyses

	Chapter 3 Streptococcus pneumoniae isolated from carriage: 2006 – 2016
	3.1 Introduction
	3.1.1 Main aims

	3.2 Methods
	3.3 Results: Carriage
	3.3.1 Carriage study participants
	3.3.2 Pneumococcal carriage
	3.3.3 Age stratification.
	3.3.4 Carriage rate by age
	3.3.5 PCV13 impact on pneumococcal carriage
	3.3.6 Vaccine status
	3.3.7 Live Attenuated Influenza Vaccine Status and Pneumococcal Carriage
	3.3.8 Serotype distribution
	3.3.9 Serotype distribution by study year
	3.3.10 Serotype diversity
	3.3.11 PCV7 serotypes in carriage
	3.3.12 PCV13 serotypes in carriage
	3.3.1 Non-vaccine serotypes in carriage
	3.3.2 Age and serotype prevalence

	3.4 Discussion

	Chapter 4 Streptococcus pneumoniae isolated from cases of Invasive pneumococcal disease: 2006 - 2016
	4.1 Introduction
	4.1.1 Main aims

	4.2 Methods
	4.3 Results: IPD
	4.3.1 IPD incidence rate
	4.3.2 Age distribution of IPD patients
	4.3.3 IPD incidence per age category over time
	4.3.4 IPD caused by VT serotypes
	4.3.5 IPD caused by NVT serotypes
	4.3.6 Serotypes causing IPD in children 0 to 4 years old
	4.3.7 Serotypes causing IPD in older adult patients
	4.3.8 Invasive potential of individual serotypes

	4.4 Discussion

	Chapter 5 Molecular epidemiology of pneumococcal carriage and disease: 2006 - 2016
	5.1 Introduction
	5.1.1 Main aims

	5.2 Methods
	5.3 Results
	5.3.1 Pneumococcal sequence types
	5.3.2 ST prevalence in carriage and IPD
	5.3.3 ST prevalence over time
	5.3.4 Clonal diversity
	5.3.5 Changes in clonal diversity
	5.3.6 Clonal distribution of carriage and IPD isolates
	5.3.7 Analysis of invasive and carried isolates of ST199
	5.3.8 Analysis of invasive and carried isolates of ST162
	5.3.9 Molecular analysis of serotype 23B
	5.3.10 Genomic data

	5.4 Discussion

	Chapter 6 Discussion
	6.1 Key findings
	6.1.1 The impact of PCV13 on carriage and IPD
	6.1.2 Limitations of the study

	6.2 Future work
	6.3 Concluding remarks

	Appendix A
	List of References



