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PHENOTYPIC AND GENOTYPIC ANALYSIS OF STREPTOCOCCUS PNEUMONIAE
DIVERSITY DURING THE INTRODUCTION OF PNEUMOCOCCAL CONJUGATE
VACCINES IN THE UK

REBECCA ASHLEY GLADSTONE

Streptococcus pneumoniae is a major global pathogen capable of causing pneumonia
and meningitis, particularly at the extremes of age. Pneumococcal conjugate vaccines
(PCV) to protect against invasive pneumococcal disease were implemented from 2006
in the UK. Asymptomatic carriage occurs in approximately one third of children aged 4
years and under in the UK, whilst colonisation is known as a precursor to disease.

Vaccination against a limited number of the >90 serotypes was hypothesised to result
in serotype replacement in carriage which, would in turn affect disease epidemiology.
This thesis set out to characterise carried pneumococci from children aged 4 years and
under, collected each winter from the introduction of 7-valent PCV in 2006 through to
winter 2010/11, which extended one year after the introduction of 13-valent PCV. This
work sought to detect changes in serotypes and genotypes, using traditional
phenotypic and genotypic techniques, as well as to further validate and utilise next
generation sequencing for determining typing data, and characterisation of the gene
diversity targeted by current and investigational vaccines.

Whole genome sequence analysis allowed robust derivation of typing that contributed
to epidemiological analysis. Carriage remained stable, as did the number of serotypes
and sequence types (STs) observed each year. Vaccine serotypes (VT) significantly
decreased with a concomitant increase in non-vaccine serotypes (NVT). Significant
decreases for VT 6A, 6B, 19F and 23F and increases for NVT 21, 23B, 33F and 35F
were observed. Significant changes in prevalence were also observed for genotypes
associated with these serotypes. Novel sequence variation was observed in capsular
defining genes and pneumolysin, which has potential to affect the efficacy of vaccines
against these targets.

Near complete serotype replacement occurred during the introduction of PCV7 and is
likely to continue for PCV13. This resulted in a greater number of NVT pneumococci
colonising individuals, which could result in disease cases. Others have consequently
observed serotype replacement in disease in the UK. The future of control of
pneumococcal disease through vaccination will therefore require a response to this
replacement, through targeting the most prevalent replacing serotypes or broader
pneumococcal vaccines taking into account the variation within potential targets.
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Clarification of Contribution

The pneumococcal carriage study is an on-going collection of isolates. Analysis of the
first three years of the study has been reported elsewhere by past members of the
research team (Tocheva et al. 2010; Tocheva et al. 2011; Tocheva et al. 2013). This
section declares and defines the analysis performed by Rebecca Gladstone or others
(Table 1).

Determination of serotype and MLST of pneumococci collected during winters (October
to March) of 2006/07 through to 2008/09 was carried out using traditional methods by
Dr Anna Tocheva. Rebecca Gladstone performed all analyses of S. pneumoniae
collected during winters 2009/10 and 2010/11. DNA extraction for whole genome
sequencing and consequent genome analysis for all years 1-5 was carried out by
Rebecca Gladstone for this thesis. All data from years 2006/07 through to 2010/11 was
then analysed together by Rebecca Gladstone to produce a full analysis for five years

of carriage study data.
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Table 1. Details of carriage study isolate analyses

Year of Winter Comments Analysis performed by
Study
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1-3 2006/7- Dr Anna Tocheva
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Time series analysis of S (Tocheva et al. 2011,
. y ' Tocheva et al. 2013)
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1-5 2006/7- Rebecca Gladstone
2010/11
1-5 2006/7- Preparation of DNA for Rebecca Gladstone
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whole genome analysis
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Introduction

1. INTRODUCTION

1.1 Streptococcus pneumoniae

Streptococcus pneumoniae, also known as the pneumococcus, was first isolated in
1880 by both Pasteur and Stenberg independently (Pasteur et al. 1881; Sternburg
1881). It is one of the oldest recognised pathogens, and was clinically demonstrated in
the 1880’s to be a major cause of pneumonia. Its association with pneumonia earned
the gram-positive bacterium the title “Captain of the men of death”, quoted by Sir
William Osler in the early 1900’s. These encapsulated diplococci have nonetheless
contributed a great deal to the advancement of science in microbiology, immunology
(Tillett & Francis 1930) and genetics. Work by Frederick Griffith in the 1920’s revealed
that bacteria were capable of transferring genetic information by studying the
conversion of an avirulent pneumococcal strain to a pathogenic strain (Griffith 1928).
This went on to influence the work of Avery and colleagues and subsequently led to the
confirmation of DNA being the hereditary material, at the centre of all biology (Avery
1944). The volume of knowledge generated through research into S. pneumoniae is a

consequence of its well-established pathogenic nature.

1.2 Pneumococcal disease

The global yearly burden of serious pneumococcal disease was estimated at 14.5
million episodes and an excess of 800,000 child deaths each year based on estimates
for the year 2000 (O'Brien et al. 2009). While the majority of this burden lies in the
developing world (Johnson et al. 2010), the burden within the UK is still substantial
(Melegaro et al. 2006; Miller et al. 2011b; Ladhani et al. 2013). The pneumococcus has
a spectrum of manifestations in the human host ranging from asymptomatic

colonisation and acute otitis media to fatal cases of sepsis and meningitis.

1.2.1 Meningitis

Meningitis is a medical emergency due to its potential to cause permanent disability
and be rapidly fatal, due to cerebral and systemic complications (Grimwood et al. 2000;
Kastenbauer & Pfister 2003). It involves the inflammation of the meninges, the
protective layers that surround the brain and spinal cord, when the infectious agent has
managed to invade the cerebral spinal fluid. Meningitis has a number of bacterial, viral

and fungal aetiologies. S. pneumoniae is reported as the second most common cause
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of bacterial meningitis within the UK in 2009-2010 (Meningitis Research Foundation
2010) and has been reported to have a mortality rate in the UK of approximately 7.5%
in children under five years old, whilst a European study suggested 30% mortality in

those over 64 years old (Kastenbauer & Pfister 2003; Johnson et al. 2007).

1.2.2 Pneumonia

An infection of the lung, pneumonia causes breathing difficulties though inflammation of
the infected tissue. The etiological link between S. pneumoniae and this disease had
contributed to its taxonomy by the early 1900’s (Chester 1901). Untreated cases of
pneumonia can progress to empyema (the build-up of pus in the pleural cavity) or
pneumococcal sepsis. Cases of pneumonia are hard to define clinically and the World
Health Organisation (WHO) has been working towards a standardised definition
(Cherian et al. 2005). Diagnosis is still heavily dependent upon x-ray interpretation.
Even microbiological confirmation currently lacks sensitivity, but potentially this could
be increased with the use of non-culture detection (Lahti et al. 2006). It is plausible that
the incidence of pneumonia is under reported, yet community associated pneumonia,
most commonly caused by S. pneumoniae, is still the leading infectious cause of death

worldwide (Anevlavis & Bouros 2010).

1.2.3 Invasive pneumococcal disease

Invasive pneumococcal disease (IPD) is typically defined by the isolation of the
bacteria from blood, cerebral spinal fluid or a normally sterile site. This therefore
includes pneumonia with sepsis, sepsis alone or meningitis in the presence or absence
of bacteraemia. These clinical presentations can be amalgamated under the term IPD
for the purpose of simplifying the evaluation of disease burden in populations but the
exact definition can differ between studies dependant on the method used to positively

identify pneumococci such as culture or PCR positivity (Avni et al. 2010).
1.2.3.1 Risk groups

Certain populations are at a higher risk of IPD and other pneumococcal diseases.
Infants under two years of age, for whom a UK study of an unvaccinated population
estimated 15 pneumococcal meningitis cases per 100,000 (Melegaro et al. 2006) are a
primary risk group. The elderly are also at high risk of invasive disease, approximately
45 cases of IPD per 100,000 occurred in persons over 65 years in Scotland for 1999-
2001 and an adjusted estimate of 28 cases per 100,000 for 2009-10 in those 265 in

England and Wales (Kyaw et al. 2003; Miller et al. 2011b). Additional risk groups for
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serious pneumococcal infection include children between two and five years old and
those that are immunosuppressed or immunocompromised due to genetic or infectious
conditions, treatment or substance misuse (Burman et al. 1985; Kyaw et al. 2003).
Smoke exposure and overcrowded conditions are thought to contribute to high carriage
rates and increased risk of disease in these circumstances (Hoge et al. 1994; Lee et al.
2010).

1.2.4 Acute otitis media

S. pneumoniae is also major causative agent of acute otitis media (AOM), (Bluestone
et al. 1992; Rovers et al. 2004), an infection of the middle ear with a 61% global
incidence of all cause AOM in children aged 1-4 years reported for the year 2005
(Monasta et al. 2012). AOM is a major reason for childhood attendance at clinics,
however the causative agent is challenging to unequivocally identify due to the
polymicrobial nature of the environment and the difficulty of correctly sampling the
middle ear (Casey et al. 2009).

This common cause of childhood illness is associated with high morbidity and
economic burden, particularly as reoccurring or prolonged infection can result in
impaired hearing and learning ability and even mortality, estimated as 90/100,000
children aged 1-4 years in 2005 from complications (Teele et al. 1990; World Health
Organisation 2004; Melegaro et al. 2006; Monasta et al. 2012). Treatment options are
a topic of debate with two particular clinical trials published in 2011 in The New
England Journal of Medicine (NEJM) reporting evidence for antimicrobial treatment.
This sparked a stream of discussion and replies in NEJM on the validity of the findings,
suggesting they overstated the case for antibiotics versus the ‘wait and see

prescription’ (Hoberman et al. 2011; Tahtinen et al. 2011).

1.3 Pneumococcal carriage

Despite the potential of pneumococci to cause infections, the bacterium is
predominantly commensal in nature and can colonise the upper respiratory tract
without clinical presentation. Colonisation is thought to be an essential step in the
progression to disease, although such progression only occurs in a minority of carriers
(Bogaert et al. 2004a). Humans have long been considered the only natural host for S.
pneumoniae, yet carriage has been observed in animals that have close contact with

people such as pets, zoo and laboratory animals (van der Linden et al. 2009).
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In developed countries such as the UK, asymptomatic carriage occurs in around 30-
40% of children less than five years old as is reported in this thesis and other work
(Roche et al. 2007; Tocheva et al. 2011). Developing countries and population groups
including native populations in developed countries have been reported to have higher
carriage and consequent disease rates (Lloyd-Evans et al. 1996; Woolfson et al. 1997,
Watson et al. 2006; Millar et al. 2009; O'Brien et al. 2009)

The respiratory tract is also occupied by additional commensals, some of which are
potential pathogens. It is becoming apparent that pneumococci exist in a polymicrobial
environment in the nasopharynx (Gladstone et al. 2010; Bogaert et al. 2011). This
includes other alpha haemolytic streptococci, Haemophilus influenzae, Moraxella
catarrhalis, Staphylococcus aureus and potentially Neisseria meningitidis (Kononen et
al. 2002; Emlickov et al. 2006; Christensen et al. 2010). This multi species environment
is complex and there are reports suggesting that pneumococci have different specific
abilities to co-colonise with other respiratory bacteria (Bogaert et al. 2004b; Margolis et
al. 2010; Lebon et al. 2011; Lijek et al. 2012; Spijkerman et al. 2012). This has

implications for the impact of pneumococcal vaccines on the commensal niche.

1.3.1 Detection of carriage

The epidemiology of pneumococcal carriage can be evaluated through the collection
and characterisation of pneumococci that are colonising individuals in a population, in
both a culture dependent and independent manner. This can be achieved by a variety
of methods; each differing in their sensitivity dependent upon the variables chosen.

1.3.1.1 Sampling site

S. pneumoniae can be isolated from the nasal passage, nasopharynx and oropharynx
(Capeding et al. 1995; Rapola et al. 1997; Watt et al. 2004). Nasal washings (Abdullahi
et al. 2007) or nasopharyngeal aspirates also permit collection of pneumococci,
although aspirates are not usually available from healthy individuals (Rapola et al.
1997; Leach et al. 2008). Additionally oropharyngeal swabbing has been demonstrated
to be significantly poorer than nasopharyngeal swabbing for isolation of pneumococci
in children (Capeding et al. 1995; Watt et al. 2004) whilst the combined sampling of the
oropharynx and nasopharynx is suggested for adults (Watt et al. 2004). Nasal swabs
are reported to give comparable results to nasopharyngeal swabs in Finland, although
significant differences in isolation rates may be masked by small study size (Rapola et
al. 1997). Abdullahi et al reported that nasal washing is of increased sensitivity than

nasopharyngeal swabbing but noted that nasal washings were less well tolerated by
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participants (Abdullahi et al. 2007), demonstrating that ethical limitations may prevent

use of methods with superior sensitivity.

No single sample can detect all pneumococcal colonisation, therefore sampling a
combination of sites or repeated sampling of a single site could increase detection
rates (Capeding et al. 1995; Watt et al. 2004; Abdullahi et al. 2007). The added benefit
of detecting pneumococci or additional serotypes using multiple sites may not outweigh
the discomfort/inconvenience to study subjects or change the clinical course of care for

those with disease who may be sampled for carriage.

The most sensitive sample type differs with age group, with implications for sampling
carriage in the elderly to evaluate PCV use in this risk group (Hendley et al. 1975;
Boersma et al. 1993; Watt et al. 2004). No single study has compared all relevant
sampling sites to determine the most sensitive and pragmatic sample source for any
age group. Despite this, the current consensus for pragmatic and feasible
epidemiological research is that the nasopharyngeal swab alone is adequate for
sampling pneumococcal carriage. Consequently carriage rates may be

underestimated.
1.3.1.2 Swab type

The swab material has not been examined extensively for its influence on detection
sensitivity. Two studies from the 1930’s and 1940’s suggested that fatty acids
contained within cotton are inhibitory to pneumococci (Wright 1934; Pollock 1948). No
further studies have confirmed or disputed the impact of cotton swabs. A study by
Rubin et al has however demonstrated differences in both culture detection rate and
culture-independent PCR sensitivity that vary with swab composition for pneumococci
(Rubin et al. 2008). Calcium alginate swabs were observed to be superior to rayon or
Dacron® for culture and PCR detection, whilst Dacron®, was inferior to both calcium
alginate and rayon for culture detection (Rubin et al. 2008). However, during the
1990’s, studies investigating the effect of calcium alginate on PCR gave conflicting
results (Wadowsky et al. 1994; Poddar et al. 1998). Nylon flocked swabs have recently
come to market, the multi-length fibres of these swabs are proposed to improve sample
absorbency and release of specimens, however there is little literature on their use for
nasopharyngeal bacterial sample collection, with one study on S. aureus reporting no
difference in sensitivity to rayon swabs (De Silva et al. 2010). Any unknown impact of
swab composition could be greater in studies with longer transportation periods and
those that store the original swab for retrospective analysis. As there appear to be

differences between swabs it would be advantageous for the scientific community to
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determine which swab type is least detrimental to identification of pneumococci in

samples.
1.3.13 Swab transport medium

Swab transport medium is responsible for maintaining viability of bacteria before
analysis whether it is transferred to a plate for culture or to storage medium. O’Brien et
al reported that, when compared to direct plating on solid media, use of the WHO-
recommended STGG liquid medium resulted in subsequent equivalent rates of
recovery (O'Brien et al. 2001). Additionally greater numbers of pneumococci can be
recovered from STGG than SGG over four days at 20-30°C (Charalambous et al.
2003). Gray described the superiority of Egg-thioglycolate-antibiotic (ETA) medium to
Amies or Stuarts media in situations where rapid processing or freezing (a requirement
of numerous media types for maintaining pneumococci) is not possible (Gray 2002).
Relatively few studies have been performed to determine the optimal media for
transportation and storage of pneumococci, comparing a limited number of media types
(O'Brien et al. 2001; Gray 2002; Charalambous et al. 2003). Comprehensive
investigations of the differing abilities of transport media to preserve pneumococci and
other respiratory microorganisms would provide evidence to allow appropriate selection

of media for carriage studies.
1.3.14 Storage and recovery

Archived isolates are an excellent resource for research, but require that pneumococci
recovered from samples that have been stored for long durations are representative of
the original sample. Direct storage of the swab or swab contents lends itself to high-
sensitivity molecular techniques independent of culture that do not require abundant
presence of viable bacteria. This genotypic approach has its limitations in extrapolation
to true phenotype as it detects only the presence of genes not their expression.
Additionally in a species known to readily exchange genetic material the detection of
genes considered to be species specific is not equivalent to phenotypic species

designation.

Alternatively, storage of single colonies allows researchers to return to a specific
cultured isolate. The WHO recommends the selection of two morphologically distinct
presumptive pneumococcal colonies. Long term storage of isolates at -70 to -80°C is
considered the gold standard (Gibson & Khoury 1986; O'Brien et al. 2003). It is
important to note that the act of long term storage itself or frequent freeze thaw cycles

has been shown to alter the phenotype of pneumococci, for example susceptibility to
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optochin (Robson et al. 2007). The WHO recommends STGG medium for long term
storage, both for the original swab and for primary cultures. This medium has been
shown to give enhanced ability for recovery of pneumococci on solid media after nine
weeks storage when compared to direct plating, particularly for samples with low
colony counts (O'Brien et al. 2001). Tryptone-deficient SGG has however been shown
to be as good as STGG for maintaining viability in long term storage at -70°C (Siberry
et al. 2001; Charalambous et al. 2003) which could reduce costs associated with
carriage studies. This latter point is important for developing countries where PCV
evaluation may increase as GAVI (formerly The Global Alliance for Vaccines and

Immunisation) supports PCV immunisation programs.

Rubin et al go on to describe enhanced recovery of plated pneumococci when the plate
is inoculated with a swab that has been stored in STGG, when compared to inoculation
of a plate with a volume of STGG from a vial that contains the swab (Rubin et al. 2008).
Any study using the supernatant from a stored swab for further analysis could benefit
from sample vortexing, ensuring dispersal of microbial matter from the swab, endorsed
by the WHO (O'Brien et al. 2003). An alternative method for enhancement of
pneumococcal recovery is use of a broth enrichment step, either prior to plating or prior
to direct molecular assessment of serotype presence. Broth enrichment for culture and
PCR has been reported to have an increased sensitivity for detection of multiple
serotype colonisation. Results from these genotypic and phenotypic techniques are
complementary in nature as no one technique detected all serotypes detected (Kaltoft
et al. 2008; Carvalho et al. 2010). Broth enrichment detects more multiple serotypes
and low density groups however it may still introduce some unknown culture bias with a
potential for differential enrichment of some low-density groups due to the competitive
growth environment. Specimens are often shared and transported between
laboratories for research, in this situation the WHO recommend Dorset egg media for
transportation of pneumococcal strains, Inverarity et al point out that this product
cannot be imported into certain countries due to avian influenzae related concerns
about egg products and suggest Amies charcoal media to be a suitable alternative
(Inverarity D et al. 2006). Again there are not extensive evidence-based comparisons
of long-term storage options of recovery for pneumococci. Other media or recovery
amendments such as enrichment may have an equal or superior ability to STGG for

maintaining pneumococci, not yet investigated.

In an era where the importance of polymicrobial interactions within the respiratory niche
is now being realised, identification of colonisation events with multiple potential

pathogens is becoming more common and desirable but is not standard. Optimal
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detection of each organism within a panel is still necessary and the description of the
best method for simultaneous detection would be most valuable to a broad range of
carriage studies. Ideally detection of pneumococci would involve the use of a
standardised method that had been shown experimentally to be proficient at all stages
for preserving and reporting the original specimen. Widespread use of such a method
would augment the value of collected data. The benefits and disadvantages of high
sensitivity detection over the increased validity of standardised study comparison need
to be carefully considered. When assessing a polymicrobial niche it also needs to be
recognised that viral and fungal agents may also co-colonise, and a description of this
broad range of microbes would add further to the level of complexity regarding a
detection protocol.

1.4 Pneumococcal typing

The pneumococcal population is diverse and dynamic worldwide (Hausdorff et al.
2005). Identification of pneumococci and classification below the species level is
valuable for defining outbreaks, global spread and additional epidemiological analysis
including vaccine evaluation. A variety of techniques based on both phenotypic and
genotypic properties are available to identify and distinguish pneumococci.
Presumptive identification of pneumococci is based on colonial morphology, alpha
haemolysis on blood agar, bile (deoxycholate) solubility and susceptibility to optochin
(Bowen et al. 1957; Pikis et al. 2001). As the pneumococcus is such a diverse

population, further sub species classification is needed.

14.1 Serotyping

Sub-classification of pneumococci based on the polysaccharide capsule is a gold
standard approach for distinguishing between pneumococci due to the associations of
the capsule with invasive potential, disease manifestation and role as a primary
virulence determinant (Hausdorff et al. 2000; Brueggemann et al. 2004; Hausdorff et al.
2005). Capsular type can be deduced by a variety of methods both phenotypic and

genotypic each with their own benefits and disadvantages.
1411 Phenotypic serotyping

The pneumococcus is typed based on the immunological properties of the
polysaccharide that encapsulates it. The capsule is considered a primary determinant

of pneumococcal immunogenicity (Melin et al. 2010a; Melin et al. 2010b; Lammers et
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al. 2011). The Quellung reaction was first described in 1902 by Neufeld and is used for
phenotypic classification of the capsule based on the swelling effect of antibodies
specific to the polysaccharide motifs (Neufeld 1902). This swelling reaction allows
pneumococci to be classified into serogroups and serotypes. Serotypes belong to a
serogroup when they share cross-reactive antibodies due to similar capsular structure
and shared antigens. Currently 46 serogroups and 96 serotypes have been
documented, the latest additions being serotypes 6C, 6D, 6F, 6G (Park et al. 2007b;
Jin et al. 2009; Oliver et al. 2013b), 11E (Calix & Nahm 2010) and 20B (Calix et al.
2012). Specific antibodies against polysaccharide capsules can also be utilised in latex
and traditional slide agglutination assays (Kronvall 1973; Lafong & Crothers 1988) and
in multiplex cytometric bead assays (Pickering et al. 2002; Yu et al. 2011).

1.4.1.2 Genotypic serotype inference

In the molecular era capsule type can also be deduced genotypically, for example by
using the PCR method developed at the Centers for Disease Control and Prevention
(CDC). The CDC protocol includes primers for the 40 most commonly observed
serogroup/types in IPD, with schemes specific to the geographical regions of the US,
Latin America and Africa (Pai et al. 2006; Centers for Disease Control and prevention
2012). However, Carvalho and colleagues have reported that non-pneumococcal
isolates tested PCR positive for some pneumococcal capsules due to their close
relation (Carvalho et al. 2012). This phenomenon could potentially confound
pneumaococcal typing results and is an argument for confirmation of capsule expression

through phenotypic methods.

Multiple serotype colonisation occurs in some individuals (Brugger et al. 2009) but
detection of the lesser serotypes presents its own sensitivity issues, broth enrichment
combined with PCR (Carvalho et al. 2010) and microarray have been shown as
capable methods for detection of pneumococcal capsular biosynthesis genes allowing
identification of multiple serotype colonisation with enhanced sensitivity when
compared to traditional culture based phenotypic techniques (Brugger et al. 2010;
Newton et al. 2011; Turner et al. 2011; Glennie et al. 2013).

1.4.13 Importance of serotyping

Pneumococci genomes contain mobile genetic elements including bacteriophage and
are subject to intra- and inter- species horizontal gene transfer and the homologous
recombination of genetic material, all of which add to the plasticity of the pneumococcal

genome (Romero et al. 2009; Croucher et al. 2011). For this reason serotypes can be
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associated with, but not exclusively linked to genetic lineages as recombination events
in the capsular locus can allow pneumococci to switch their serotype (Coffey et al.
1991; Coffey et al. 1998; Silva et al. 2006). Pneumococcal serotypes have been
observed to have differing associations with carriage, disease and clinical outcome
(Brueggemann et al. 2003; Brueggemann et al. 2004; Greenberg et al. 2011), with a
minority of the >90 known serotypes responsible for the vast majority of disease cases.
Serotype 3 and serogroup 15 are examples of this as they are commonly found in
carriage but cause comparatively few disease cases. Conversely serotypes such as 1
and 5 are often observed in invasive disease cases and are particularly associated with
outbreaks (Smith et al. 1993; Brueggemann et al. 2003; Brueggemann et al. 2004).
Serotypes can be associated with specific disease manifestations such as the serotype
1 association with complicated pneumonia and empyema (Eastham et al. 2004; De
Schutter et al. 2006; Greenberg et al. 2011). Several studies have therefore calculated
odds ratios to determine the invasive potential of an individual serotype to cause a
case of invasive disease, taking into account the prevalence in carriage (Brueggemann
et al. 2004; Hanage et al. 2005b; Battig et al. 2006; Greenberg et al. 2011). As
serotypes can be associated with but not limited to a specific genetic background, it is

also important to gather pertinent genotypic information on circulating strains.

1.4.2 Multi-locus sequencing typing

Multi locus sequence typing (MLST) was first proposed as a sequence based
epidemiological tool for the analysis of S. pneumoniae isolates in 1998 (Enright &
Spratt 1998). MLST is widely used for the surveillance of S. pneumoniae (Jefferies et
al. 2004; McChlery et al. 2005; Miller et al. 2011b) and a variety of other pathogens.
This typing method is an adaptation of the earlier multi locus enzyme electrophoresis
(Selander et al. 1986) and uses the sequences of seven conserved house-keeping
genes to classify isolates and elucidate the relationship between strains. The
determined sequence type (ST) can be associated to varying degrees with a particular
serotype or serotypes. The occurrence of isolates within a serotype from a ‘new’
genetic background previously associated with another specific serotype can be
indicative of capsular switch events. MLST has proved very useful for collecting
epidemiological data for routine comparison, tracking the spread of novel variants or
antibiotic resistant clones (Silva et al. 2006; Lambertsen et al. 2010; Tocheva et al.
2013). MLST can aid outbreak investigation (Vainio et al. 2009) and adequately identify
and track genetic lineages, though its resolution is limited to the seven sequenced loci

representing the genetic background of the strain. Isolates involved in the outbreak
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often belong to the same ST and therefore look identical. MLST therefore does not
allow easy identification of the direction of spread and ultimately the source of the
outbreak. Clonal complexes (CC) can be defined as a group of STs that are not
identical but share a set number of the seven alleles, for example five or six.
Comparison between members of a CC allows the expansion or emergence of clones
to be put in the context of their genetic background with the associated metadata of the
member STs. The algorithm eBURST (electronic-based on related sequence types)
(Feil et al. 2004), is used to examine the relationships within clonal complexes. This
web-based BURST utilises allelic profiles but does not take into account the sequence
data contained, and it cannot draw conclusions on the relationships between different
alleles of the same loci.

The standard seven gene MLST is designed to include genes which are not subject to
external evolutionary pressure and therefore regrettably tells us nothing of genes of
clinical importance including virulence determinants, antibiotic resistance cassettes and
vaccine targets that can be readily exchanged and highly variable. However, additional
advances in the field of genomics enable larger quantities of epidemiologically valuable
data to be generated by alternative means.

1.4.3 Whole genome sequencing

The genome of an organism contains complete information for its survival and
reproduction. The whole genetic repertoire therefore includes genes of clinical
importance and those genes that could be utilised for epidemiological purposes such
as virulence profiling and outbreak tracing due to their importance in disease or their

level of conservation respectively.

The bacteriophage phi X174 was the first genome to be fully sequenced, in 1977
(Sanger et al. 1977a), this made use of the ‘plus and minus’ sequencing method
(Sanger & Coulson 1975). Alternative sequencing methods were fast becoming
available including methods by Maxam and Gilbert and further advances by Sanger
(Maxam & Gilbert 1977; Sanger et al. 1977b). Developed in the 1970’s, Sanger
sequencing fast became the gold standard for determining the nucleotide sequence of
a specific region of the genome, and is still utilised for a multitude of applications
including MLST (Sanger et al. 1977b; Enright & Spratt 1998). Sanger sequencing
employs analogues of dNTPs (deoxynucleoside triphosphates) which cause specific
termination of DNA extension by the DNA polymerase, the sequencing is divided into

four reactions each containing all four standard dNTPs and one modified ddNTP that
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specifically terminates the chain at A, T, C or G. This produces an array of DNA
fragments, which can be separated by gel electrophoresis, and a combination of the
four reactions allows the sequence to read from gel images. Adaptations of the Sanger
method vastly increased the automation, rapidity and value of this technique, notably
the conjugation of the ddNTPs with radiolabels and later fluorophores which resulted in
the dye termination method (Smith et al. 1985) and the use of capillaries for
electrophoresis. These advances encouraged by the drive for completed genomes
ultimately led to the publication of the first whole bacterial genome sequence,
Haemophilus influenzae Rd KW20, in 1995. This was also the first use of a random
fragment library, also known as shotgun sequencing, a method that is designed to
avoid cloning biases (Fleischmann et al. 1995).

The Human Genome Project greatly accelerated developments in sequencing. The
guest to determine the whole sequence of the human genome first started with debates
in 1985 and formally became a worldwide effort in 1990 (Watson & Cook-Deegan
1991). In that year the head of the National Centre for Human Genome Research,
James Watson was quoted by the New York Times "It is essentially immoral not to get
it [the human genome sequence] done as fast as possible". The size and complexity of
the human genome put considerable strain on the current sequencing technologies and
forced the development of high throughput, massively parallel technologies to allow its
completion in 2003 (International Human Genome Sequencing Consortium 2004).

14.3.1 Next generation sequencing technologies

Conventional capillary based sequencing can perform up to 96 parallel reactions, the
limitation of further extending this method being mainly one of cost (Shi et al. 1999).
The ability of high throughput technologies to process millions of sequence reads in
parallel is what defines “next generation” methodologies. While several platforms exist
they are all high throughput and use massively parallel sequencing chemistry (Metzker
2009); working from fragment libraries to produce sequence reads. Read length,
however, does differ between sequencers and few are comparable yet to the 650-800
base pairs (bp) of capillary sequencers without loss of base calling accuracy (Metzker
2009). The read length produced by next generation technologies varies considerably
dependant on the platform (Metzker 2009). The massively parallel approach goes
some way to overcome this limitation while commercial researchers continue work
towards increasing the read length produced by their platforms. A number of

competitive platforms currently exist on the market, each with their own chemistry,
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areas of strength and potential biases. The key platforms used within this thesis and

related work will be described in detail.
14311 454 Genome Sequencers

In 2007 and 2010 the GS FLX and the bench top GS Junior systems respectively were
released by 454 Life Sciences (Roche). Both adhere to the workflow ‘One Fragment =
One Bead = One Read’ coined by 454. Essentially this enormous simplification refers
to the wet chemistry of the GS system (Figure 1) that comprises of four main steps.
Step one - the generation of a single stranded DNA template library, containing the
‘fragment’, which is individually immobilized onto a single ‘bead’. Step two - the clonal
amplification of this library using emulsion based PCR, which results in several millions
copies of the original ‘one fragment’ on each bead. This is then followed by the
sequencing-by-synthesis reaction, where an individual ‘bead’ occupies a single well of
the picotitre reaction plate. The picotitre plate (PTP) is for all intents and purposes a
flow cell, which has the four nucleotide bases sequentially incubated within its wells
and is washed between cycles. 454 sequencers use Pyrosequencing® technology
where incorporation of bases results in a release of light, in this case, via the
chemiluminescent enzyme luciferase (Nyren & Lundin 1985; Hyman 1988). Recorded
by the instrument camera, the signal strength is equal to that of the number of bases
incorporated; this limits the GS system in accurately calling the number of bases in a
homopolymeric tract. The imaging of the sequential reactions in this single well
produces the third step ‘one read’, which in the 454 system is an average of 450bp, the
longest consistent read length of next generation platforms. All of these steps occur in
parallel with one bead in each of the 1,000,000 wells of the PTP, allowing the formation
of contiguous and overlapping DNA reads (contigs) and the mapping of series of
contigs to form scaffolds to deduce the original sequence. 454 additionally offers a
paired end protocol that helps to overcome gaps between reads and contigs forming a
more complete scaffold. This involves the circularisation of DNA fragments of a specific
length (3, 8 or 20kb) using specialised adaptors, further fragmentation and selection of
fragments including the now internalised adaptors. These paired end fragments are
now a library of paired stretches of DNA (for example A and B) that were originally,
dependant on the library prepared, 3, 8 or 20kb apart, linked by the adaptors. This
allows two contigs that do not overlap but that contain DNA ‘A’ and DNA ‘B’ to be
placed in the scaffold, based on the scaffold location of one of pair. Importantly, paired
end sequencing allows inclusion of reads that do not overlap resulting in a more
complete scaffold but does not necessarily mean a more complete sequence as the 3,

8 or 20kb sequence between ‘A’ and ‘B’ is not known. The superior read length
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combined with paired end data, makes 454 GS systems a good choice for de novo
assembly of reads, which does not require a template to map against. The last step in
sequencing, but arguably the most multifaceted, follows with the acts of assembly,

annotation and further bioinformatic analysis of the data.
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Figure 1. 454 pyrosequencing chemistry
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143.1.2 Illumina sequencing technology

All lllumina platforms share the same chemistry as each other and include the Genome
Analyser lIx, the high capacity HiSeq 2500, 2000 and 1000, the ‘personal sequencer’
MiSeq and finally the HiScan SQ, all of which have slightly different applications. With
similarities to the 454 technology, libraries are fragmented and adaptors ligated. In
contrast to 454 technology, fragment amplification occurs via the immobilisation of the
fragments on a solid surface and cycles of bridge amplification and denaturation, which
form clusters of fragments attached to the surface before addition of the sequencing
primer (Figure 2). lllumina sequencing chemistry is another example of sequencing by
synthesis, but in this case the technology utilises reversible terminator nucleotides
labelled with individual fluorescent dyes for each of the four bases. Each cluster is
provided with the modified components to allow extension and sequencing in a fluid
environment. A single base is incorporated into each cycle due to the inactivation of the
3’ hydroxyl group, and this incorporation is detected by an imaging step where the
fluorescence of a particular cluster is used to call the base. Finally this is followed by a
chemical step to reverse the termination by removal of the fluorescent group. Due to
the base by base approach of this technology homopolymeric tracts do not have such a
dramatic effect on the data quality as with 454, though in this situation the reads that
are produced are at the bottom end of the lllumina read length spectrum of 35-250bp.
lllumina technology offers both short insert (200-500bp) paired end and long insert (2-
5kb) mate pair libraries which can be combined to greatly improve the overall genome
coverage. These protocols, particularly mate pair, differ from 454 paired ends but the
principle of linking regions of the DNA, to allow better assembly of these short reads
including de novo assembly, remains the same. The shorter read lengths of Illumina
sequencing chemistry are also balanced by the increased throughput; in excess of 50

million reads are produced in parallel per flow cell.
1.4.3.1.3  Additional platforms

454 and lllumina sequencing platforms are the most established sequencing
technologies at present and microbial whole genome projects and sequencing centres
predominantly use these technologies (Lewis et al. 2010; Mutreja et al. 2011; Everett et
al. 2012; Croucher et al. 2013; Holden et al. 2013) as did this thesis and a pilot study of
work related to this thesis (Loman NJ et al. 2013). However alternative next generation
sequencing technologies exists including the lon Torrent platform, which differs from
other technologies primarily in that it utilises a specialised silicon chip to detect the

release of hydrogen ions upon base incorporation which is independent of imaging
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(Rothberg et al. 2011) and the SOLID platform which is an example of sequencing by
ligation (Valouev et al. 2008).
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Figure 2. lllumina sequencing chemistry
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1.4.3.2 Third generation technologies

Further innovation mean that technologies described above may well be superseded
by a third generation of sequencers. Characteristics of the 3™ generation include the
sequencing of bases, as they are incorporated real time and the use of single
molecules that circumvent the need for PCR amplification reducing pre-sequencing
preparation. A number of third generation technologies exist; HeliScope, Helicos
Biosciences, GridION and MinlON from Oxford Nanopore, and PacBio, Pacific

Biosciences.

The PacBio platform promises to produce longer read lengths of up to 1.5kb in
considerably shorter run times of around 20 minutes. It does this by using a real time
single DNA molecule sequencing method where the polymerase is continuously
monitored by a zero-mode wave detector to detect the continuous incorporation of
bases (Levene et al. 2003). The PacBio long reads, which lend itself well to de novo
assembly, combined with the intrinsic sequencing errors of all platforms, has led to
combinations of technologies such as PacBio and lllumina being used for whole
genome sequencing (WGS) characterisation (Okoniewski et al. 2013). In addition the
PacBio real time single molecule sequencing had an unexpected significant scientific
advantage, the detection of the methylation states of bases that can be applied to
epigenetics (Clark et al. 2012). The Nanopore Minlon has the potential to be a truly
portable example of a sequencer (Oxford Nanopore Technologies 2012). The
Heliscope was the first single molecule sequencer to reach the market but Loman et al
suggest there may not be a future for this platform due to a failing business plan
(Helicos Biosciences 2012; Loman et al. 2012).

Looking to the future, a joint venture between the Chemistry department and the
Optoelectronics Research Centre (OPC) at the University of Southampton secured
funding from the Biotechnology and Biological Sciences Research Council (BBSRC) in
2012 to develop an optical DNA sequencer that reads DNA directly (University of
Southampton 2012). Further and current information on sequencing platforms, the
system workflow advances and comparison between technologies which are constantly
improving and evolving in the fast paced technological race can be found on company
websites and in a number of reviews (Mardis 2008; Ansorge 2009; Metzker 2009;
Loman et al. 2012). This race is exemplified in the pursuit of the $1000 genome which
represents progress towards personalised medicine and routine human genome
sequencing and for which even prizes have been offered (Wade 2006; Kedes &
Campany 2011).
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1.4.3.3 Bioinformatics

Once the sequencing has been performed bioinformatic analysis is required to handle
the resultant data, perhaps the largest constraint of the entire process of genome
sequencing. The task of deriving biologically meaningful genetic data from raw
sequences is still developing. Mardis has pointed out satirically that for the generation
of the $1000 genome the bioinformatics may cost $100,000, to illustrate that there are
still great costs within the complete process of sequencing (Mardis 2010). User-friendly
bioinformatic advances have not matched the surge of development in the wet
chemistry of sequencing, and those that do exist are perhaps premature over
simplifications of a complex analytical process. Short read lengths prove challenging
for assembly software designed for the longer read length Sanger sequence data, and
to date only limited software is available that can easily handle these short sequences
as well as the longer reads. High-throughput sequencing has become accessible and
consequently the demand for bioinformaticians, computing resources and high
performance software is greater than ever before. New pipelines, programs and
algorithms specific tailored to short read sequence data and the characteristic errors of
platforms are required. Software that is open source has the potential to hasten
development in this field and benefit the wider scientific community more than
protected technology (Pop & Salzberg 2008). Whole genome data itself is widely
published and available, however, whole genome sequences are not routinely finished’
or even ‘whole’ which involves sequencing through the gaps, confirming sequence data
and permanently annotating the genome, therefore many published genomes contain

regions of unknown sequence and fragmented assemblies (NCBI 2011).

The increasing availability and substantial power of next generation technologies is
revolutionising the field of genomics, the power of such technologies is increasing
rapidly and the possible applications are almost limitless. Utilising such technologies in
the name of clinical microbiology, epidemiology and public health is now gathering
momentum with translational results becoming reality, with great future potential for
tracing and tracking outbreaks among the likely public health applications (Didelot et al.
; Rohde et al. 2011). Discerning the complete sequence of any microorganism provides
genotypic detail which could potentially be used to determine the serotype, MLST and
countless other specifics which are of epidemiologic importance. The presence or
absence of virulence determinants and heterogeneity of vaccine candidates could also
be described from the data. Determining serotype and pneumococcal typing via
methods such as MLST, is essential for epidemiological surveillance but a whole

genome approach can not only provide this information but also provide a wealth of
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information for evolutionary studies, phylogenetics and the description of
pneumococcal pan genome. The comparative use of multiple sequences of an
organism, serotype or sequence type, combined with the high resolution this data
offers allows detailed analysis of the relationship and relatedness of strains which can
be used to track outbreaks, origins and mechanisms of antimicrobial resistance, and
evaluate vaccine pressure (Lewis et al. 2010; Croucher et al. 2011; Mullick et al. 2011,
Everett et al. 2012; Croucher et al. 2013; Holden et al. 2013).

1.5 Control of pneumococcal disease

The high economic burden and potentially fatal nature of pneumococcal disease
requires medical intervention. Antibacterial agents can be used to treat pneumococcal
infection, the route of administration dependent on the clinical manifestation. Empirical
prescription of antibiotics based on clinical condition is however a relatively non-
specific intervention. In the presence of microbiological confirmation or high suspicion
of pneumococcal aetiology, narrower spectrum antibacterials are usually administered.
However, antibiotic resistance emerged, in particular to penicillin, soon after its first
usage in the 1960’s (Hansman & Bullen 1967). There are a rising number of
pneumococcal lineages which exhibit antibiotic resistance, particularly associated with
serotype 19A and 23F in the USA and Spain respectively, making antibiotic treatment
more difficult (McGee et al. 2001; Centers for Disease Control and prevention 2007;
Croucher et al. 2009; Pillai et al. 2009; Jones et al. 2010; Croucher et al. 2011). Song
et al comprehensively reviewed the relationship between pneumococcal serotype and
antibiotic resistance, particularly the global observation that after PCV7 introduction
there was an increase in non-vaccine type antibiotic non-susceptibility relating to the
phenomenon of serotype replacement in countries with a high level of vaccine uptake
(Song et al. 2012). This increase could be predominantly explained by the expansion of
previously documented antibiotic resistant serotype specific lineages in the US rather
than increased acquisition of resistance (Gertz et al. 2010) with the exception of a 19A
clonal complex 271 resulting from a suspected capsular switch event which was not
detected before PCV7 (Pai et al. 2005). However this CC271 multi drug resistant 19A
was observed in the first year of PCV7 use in the US and suggests that the capsule
switch event may well have occurred pre-PCV7 and been selected for as has been
concluded for other lineages (Croucher et al. 2013). Serotype independent vaccines
were suggested as a method to further control pneumococcal resistance by Song et al
by preventing replacement and therefore associated rises in NVT antibiotic resistance

(Song et al. 2012). However antibiotic resistance in pneumococci has been shown to
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have a statistical association with country specific antibiotic usage in Europe, therefore
tighter regulation of antibiotic usage that could reduce non-susceptibility for more than
just pneumococcal disease would also seem an important policy (van de Sande-
Bruinsma et al. 2008).

Protection from disease is a better means of preventing morbidity, mortality and the
associated financial, personal and social costs of treatment. Therefore a number of
pneumococcal vaccines have been developed by academics and the pharmaceutical

industry.

151 Pneumococcal vaccines

The first pneumococcal vaccine trials occurred as early as 1911, using whole-cell heat-
killed pneumococci in miners in the absence of understanding serotype specific
disease potential (Wright et al. 1914). Grabenstein and Klugman give an account of the
progression of pneumococcal vaccine as a centenary review describing the initial
development of both multi-valent purified free polysaccharide and protein-conjugated
polysaccharide vaccines (Avery & Goebel 1929) in the 1930’s (Grabenstein & Klugman
2012). In the advent of antibiotics Grabenstein and Klugman also reviewed the
clinicians preference for antimicrobial therapy rather than mass vaccination and
consequent decreased vaccine development and use (Grabenstein & Klugman 2012),

until the early 1980’s with the development of a high valency polysaccharide vaccine.

The 23-valent pneumococcal polysaccharide vaccine (PPV, Pneumovax™)

manufactured by Merck was first licensed over a quarter of a century ago. This vaccine
includes the polysaccharide capsule from 23 of the most common disease causing
serotypes (Table 2). Pneumovax™ however, relies on T-cell independent immune
stimulation by polysaccharides (Stein 1992). This mechanism is under developed in
children of less than two years old (Stein 1992), a major at risk group for pneumococcal
disease (O'Brien et al. 2009). PPV efficacy in those over 65 years of ages has been
recently called into question due to a deficit of supportive evidence (Huss et al. 2009;
Department of Health 2011b; Department of Health 2011a; Department of Health
2011c). However current recommendations within the UK is that PPV is recommended
for use for the elderly and is administered to other younger adult risk groups including
the immunocompromised (Didelot et al. ; Melegaro & Edmunds 2004a; Huss et al.
2009). To reduce pneumococcal disease in young children of <2 years of age,
vaccines were developed to trigger T-cell immunity against polysaccharides via

conjugation to an adjuvant protein.
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The early development of protein-pneumococcal polysaccharide conjugation in the
1930’s (Avery & Goebel 1929) did not readily advance to clinical value until the end of
the 20™ century. Prevenar™, a seven valent pneumococcal conjugate vaccine (PCV7,
Pfizer) was developed and subsequently licensed in 2000 but unlike the US it was not
added to the UK childhood immunisation schedule until 2006 (Department of Health
2006). This vaccine contains the capsular polysaccharide of seven serotypes,
conjugated to CRM197, a non-toxic diphtheria variant carrier protein (Eskola et al.,
2001). This immunogenic protein increases the vaccine efficacy in young children by
inducing a T-cell-dependent response (Black et al., 2000; Rennels et al., 1998). The
seven serotypes included in the vaccine — 4, 6B, 9V, 14, 18C, 19F and 23F — were
selected as prior to use of the vaccine they caused the majority of invasive disease in
the US (Hausdorff et al., 2000) (Table 2). These serotypes were also associated with
antibiotic resistance prior to vaccine implementation (Hicks et al., 2007; Tyrrell et al.,
2009).

In the conjugate vaccine era there is debate over the continued use of PPV regarding
its use alongside conjugate vaccines and its complete replacement by conjugate
vaccines. There is evidence to suggest blunting of the PCV response in adults
previously vaccinated with PPV when compared to those who had only received PCV,
this observation did not result in PCV inferiority to PPV for the shared serotypes and
therefore the clinical extrapolation of this phenomenon is limited (de Roux et al. 2008;
Musher et al. 2008; Jackson et al. 2013). Additionally one dose of PPV after the PCV
course is recommended for children >2 <5 years old to broaden serotype immunity
(Department of Health 2012). The clinical benefit of this additional vaccination in
children between 2 and 5 has also been called into question with evidence suggesting
that there was no significant increase in the number of children that had protective
antibody concentrations for the serotypes in PPV but not in PCV7, with a IgG1
response after PCV7 with PPV rather than IgG2 with PCV7 or PPV alone (Uddin et al.
2006; Balmer et al. 2007). A recent review of the subject after seven years of
discussion highlights the lack of evidence and agreement on PPV use in children
(Borrow 2013).

Second generation pneumococcal conjugate vaccines followed, GlaxoSmithKline’s
(GSK) 10-valent PCV (Pneumococcal H. influenzae protein D conjugate vaccine
(PHID-CV), Synflorix ™) and Prevenar 13™ (PCV13, Pfizer) were licensed in 2010.
PHID-CV and PCV13 are now both licensed in the UK, with the latter superseding

Prevenar in the UK childhood immunisation schedule in April 2010 (Department of
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Health 2010). These vaccines target additional serotypes that are important to current

disease incidence and are not well targeted by PCV7 (Table 2).

The PHID-CV developed by GSK includes two capsular polysaccharide types
conjugated to either diphtheria (serotype 19F) or tetanus toxoid (serotype 18C), and
eight others (1, 4, 5, 6B, 7F, 9V, 14, 23F) conjugated to non-typeable Haemophilius
influenzae (NTHi) protein D (Wysocki et al. 2009) (Table 2). NTHi protein D was
included in PHID-CV to provide potential protection against AOM caused by NTHi.
Carriage of NTHi and episodes of AOM were shown to reduce in a clinical trial of an
11-valent PHID-CV experimental vaccine but the aetiology of AOM is inherently difficult
to determine. (Prymula et al. 2006; Prymula et al. 2009; Wysocki et al. 2009). An effect
on carriage of NTHi and any real effect on NTHi AOM could positively influence the
impact and cost effectiveness of the GSK pneumococcal vaccine (Kim et al. 2010;
Giglio et al. 2011; Robberstad et al. 2011). Originally the GSK experimental vaccine
included 11 serotypes but the inclusion of serotype 3 was later rejected due to a lack of
inducible immunogenicity in clinical trials (Prymula et al. 2006). PCV13 developed by
Wyeth (now Pfizer) targets the same pneumococcal serotypes as the PHID-CV plus
three additional serotypes (3, 6A and 19A), all conjugated to the immunogenic
diphtheria toxoid (Scott et al. 2007). There is still some debate surrounding the
immunogenicity of serotype 3 in PCV13, however studies have shown using
opsonophagocytic assays that functional antibodies are induced (Centers for Disease
Control and prevention 2010; Yeh et al. 2010).

15111 Use of conjugate vaccines

Whilst conjugate vaccines are freely available on the market it is predominantly
countries of the developed world that have introduced them into routine immunisation
schedules, notably the UK and the US (Centers for Disease Control and prevention
2011; Department of Health 2012; Gladstone et al. 2012a). However as a large burden
lies in the developing world introducing vaccination schedules in these countries is
arguably more important (Johnson et al. 2010). GAVI have been going some way to
rectify this disparity by supporting vaccination schedules in ~100 GAVI eligible
countries. This has been through advance market commitments to purchase vaccines
and agreements to fixed sustainable prices with pharmaceutical companies (GAVI
2011; Gladstone et al. 2012a).
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15.1.2 Vaccines in development

An investigational 15-valent PCV is being developed by Merck (Skinner et al. 2011).
This investigational vaccine is formulated in a similar manner to PCV13, except for the
inclusion of two additional serotypes 22F and 33F (Skinner et al. 2011). Expanding
valency of vaccines is a response to serotype replacement observed globally for
carriage (Hanage et al. 2011; Tocheva et al. 2011) and disease caused by PCV7 types
and by extrapolation, expected for PCV13 types (Hicks et al. 2007; Miller et al. 2011b).
Serotypes 22F and 33F were selected for inclusion due to increases in their prevalence
in IPD, resulting in these serotypes being primary causes of IPD in the US after PCV13
vaccine types (Pilishvili et al. 2010; Skinner et al. 2011). A phase | trial of the 15-valent
experimental vaccine (NCT01215175) has been completed for healthy adults and
toddlers. A phase II, randomised, multicentre, double blind clinical trial of the vaccine is
now being carried out by Merck (NCT01215188) to assess its non-inferiority to
Prevenar 13™ in healthy infants with its primary outcome completed in July 2012 (U.S
National institutes of Health 2012). The uptake of the next generation conjugate
vaccines will in part depend on the extent to which disease replacement is observed
after widespread routine use of PCV13 —specifically upon changes in the epidemiology
of the additional serotypes. The ability to further expand the valency of conjugates in
response to replacement is limited both by manufacturing restraints and hypothetical
antigenic overload. Antigenic overload is a theoretical issue as vaccines are routinely
given concomitantly with immunogens from a wide range of pathogens, which could
blunt the immune response of each component, however there are those that argue
that there is no evidence for this hypothesis (Gregson & Edelman 2003). Finally and
perhaps maost importantly there are prohibitive costs per dose incurred through

expanding the valency.
15.1.21  Serotype independent vaccines

Serotype dependant vaccines do not prime broad-spectrum pneumococcal immunity.
They are composed of purified, free or conjugated, polysaccharides from a limited set
of serotypes. Serotype-independent vaccines would circumvent this issue, and a
number are in development including killed whole cell vaccines (WCV), with
formulations being tested in mouse models to determine the optimal aluminium
adjuvant stimulation of the desired cytokine profiles (Hogenesch et al. 2011; Lu et al.
2011). The administration of killed whole cell vaccine has already been shown to illicit

both T-cell dependant IL-17A and antibody responses (Lu et al. 2011).
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Another alternative is the use of highly conserved, immunogenic pneumococcal surface
proteins that are involved in bacterial virulence. Single and multi-component protein-
based vaccines are being investigated by analysing the protective capacities of a
number of different proteins, protein combinations, and protein fusions to maximise
synergistic effects. Protein candidates include pneumococcal surface protein A (PspA),
pneumococcal surface protein C (PspC), pneumolysin (Ply) and caseinolytic protease
(ClpP) (Hamel et al. 2004). At present a number of candidate proteins are being
evaluated in murine models, including the demonstration of passive immunity from
polyclonal antibodies against specific pneumococcal proteins (Cao et al. 2007;
Ogunniyi et al. 2007; Morsczeck et al. 2008; Cao et al. 2009; Olafsdottir et al. 2011;
Zhang et al. 2011). Protein based vaccines could potentially give broad protection from

pneumococcal infection independent of serotype and invasiveness.
15122 Mechanisms of protection

Establishing protection against otitis media and carriage would ideally require
stimulation of a mucosal antibody response (Zhang et al. 2002). If proven to be safe in
administration, efficacious and capable of conferring indirect effects to a vaccinated
population serotype independent vaccines could offer greater potential for controlling
pneumococcal disease. Additional advantages of serotype independent vaccines could
include the induction of T-cell responses and ease of vaccine formulation resulting in

reduced production costs when compared to conjugate vaccines.

Additional approaches are aimed at stimulating the immune system in a similar way to
natural colonisation. The WHO only supports vaccine delivery via the intramuscular or
subcutaneous routes due to the current lack of evidence of the immunogenicity and
safety of alternative delivery (World Health Organisation 2008). Despite this, research
is being carried out into mucosal delivery of vaccines (Malley et al. 2001; Douce et al.
2010). Malley and colleagues have shown protection against colonisation and sepsis in
mouse models with both mucosal and peritoneal immunisation with WCV (Malley et al.
2001; Lu et al. 2011). Additional research is investigating the potential of pneumolysin
as an adjuvant for improving the mucosal stimulation by proteins which do not normally
induce strong immune responses (Douce et al. 2010). However, broad-spectrum
protein or whole cell vaccines could potentially have major effects on overall
pneumococcal carriage with as yet unknown clinical significance of non-pneumococcal

bacterial replacement.
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Table 2. Details of licensed pneumococcal vaccines, serotype inclusion and

current use within the UK

(Prevenar 13™)

9V, 14, 18C, 19A, 19F,
23F

Vaccine Manufacturer Serotypes UK Status
PPV Merck 1,2,3,4,5,6B, 7F, 8, | Licensed for use in
(Pneumovax™) 9N, 9V, 10A, 11A, 12F, | adult high risk

14, 15B, 17F, 18C, groups

19F, 19A, 20, 22F, 23F,

33F
PCV7 Pfizer 4, 6B, 9V, 14, 18C, Licensed,
(Prevenar™) 19F, 23F superseded by

PCV13

PHID-CV GSK 1,4,5, 6B, 7F, 9V, 14, | Licensed
(Synflorix™) 18C, 19F, 23F
PCV13 Pfizer 1,3,4,5, 6A, 6B, 7F, Licensed, included

in childhood
immunisation
schedule

Bold underlined text indicates vaccine serotypes within conjugate vaccines that are

additional to those contained within PCV?7.
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1.5.2 Serotype replacement

Replacement is an epidemiological phenomenon that occurs when targeting a sub
population where the decrease in vaccine types is offset to some extent by a rise in
prevalence of the subtypes not targeted that replace the vaccine types. Serotype
replacement was predicted in advance of PCV use (Lipsitch 1997). Following PCV7
introduction in the US, a shift in the prevalent serotypes circulating in the population
and causing disease was observed, termed ‘serotype replacement’ (McEllistrem et al.
2003). This was predicted to be mirrored in the UK (Spratt & Greenwood 2000).

Although there has been a dramatic reduction in vaccine type (VT) IPD, the
phenomenon of “replacement” has occurred in both disease and carriage in the UK
(Miller et al. 2011b; Tocheva et al. 2011). Replacement disease is due to the increase
in non-vaccine serotype (NVT) IPD cases offsetting the decrease in VT IPD. The
incidence of IPD per 100,000 in the population of England and Wales between 2000
and 2006 was 16.1, in 2008/09 it had reduced to 10.6 per 100,000 (Miller et al. 2011b).
Importantly, there was an increased incidence of IPD caused by PCV7 NVT detected in
all age groups, particularly involving serotypes 7F, 19A and 22F as early as 2009
(Public Health England 2009). An increase of 100% was observed for serotype 7F for
all age groups, 372 cases to 742 cases between 2000-2006 and 2008-2010 after
adjustments were made for reporting bias (Miller et al. 2011b). Serotype 7F is however,
included in PCV13, 22F though is not targeted by the PHID-CV or PCV13. 22F has
also dramatically increased in IPD prevalence in children less than two years of age in
England and Wales and was ranked 6" in children aged less than five years for
Scotland in 2009 (Shakir 2009; Miller et al. 2011b).

The inclusion of a serotype in a vaccine was previously assumed to infer some level of
cross protection against other members of the same serogroup the so-called vaccine
related types (VRT), this assumption has not borne out (Hausdorff et al. 2000; Jacobs
et al. 2008). Since PCV7 implementation VRT 19A IPD incidence has increased in the
US, UK and elsewhere despite the fact that the related serotype 19F was included in
the vaccine (Jacobs et al. 2008; Pillai et al. 2009; Miller et al. 2011b). The 19F
polysaccharide is known to be the least immunogenic of the PCV7 VTs (Pletz et al.
2008). In addition cross reaction of antibodies stimulated by PCV7 against 19F on 19A

has also been shown to be weak in vitro (Lee et al. 2009).

Since PCV7 introduction an increase in the prevalence of serotype 6C have been

observed for both carriage and disease worldwide (Nahm et al. 2009; Green et al.
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2011; Miller et al. 2011b; Tocheva et al. 2011). The rapid and clonal expansion of 6C
was observed to be significant within the first three years of the on-going
pneumococcal carriage study in Southampton (Tocheva et al. 2010; Tocheva et al.
2011). This is despite the presence of the 6B polysaccharide in PCV7 that does
provide protection against 6A (Vakevainen et al. 2001). Serotype 6B cross reactivity
does not extend to 6C, therefore the PCV7 elicits negligible or no immune protection
against this serotype (Park et al. 2007a). The inclusion of 6A in PCV13 (6A also
included in PHID-CV) has been shown to offer cross-functional antibodies against 6C
and should go some way to protecting against 6C disease (Cooper et al. 2010; Cooper
et al. 2011).

Serotypes related to the vaccine types have contributed to serotype replacement more
than was perhaps first expected (Hanage 2008; Jacobs et al. 2008; Ladhani et al.
2008). It could be supposed that vaccine related types were in a prime position, sharing
immunological epitopes and to a lesser extent genotype due to genome plasticity, to fill
the specific niche vacated by their counterpart in an environment under vaccine

pressure.

It must however be noted that serotype distribution can fluctuate substantially in the
absence of vaccination. A highly significant increase in serotype 1 was observed within
the UK prior to routine PCV7 immunisation highlighting that other factors are also
involved in pneumococcal serotype dynamics (Kirkham et al. 2006; Jefferies et al.
2010a). The most common serotypes causing IPD vary with both location and time
(Harboe et al. 2010; Jefferies et al. 2010a).

Although not the only influence, PCV7 is likely to have been playing an important part
in serotype fluctuations in the UK by reducing VTs and creating a niche, which is being
filled by NVT or potentially other species of bacteria. On-going surveillance, typing and
research will help uncover the reasons why certain species and strains appear better at
filling this niche than others, and why some cause invasive disease while others cause

little or none at all.

Traditionally the serotypes chosen for vaccine inclusion have been based on the rank
order incidence of disease. These serotypes are often the most prevalent in carriage
but they are not necessarily those with the highest potential for invasiveness. By
targeting the serotypes in rank order of disease incidence, any serotype replacement
that occurs may result in increased prevalence of a particularly invasive serotype. One
study highlighted that moderately prevalent NVT serotypes 3, 8, 33 and 38 all had a

similar potential to cause invasive disease when compared to the VT 6B, 19F and 23F
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(Brueggemann et al. 2003), previously responsible for a considerable proportion of IPD
in the pre vaccine era (Miller et al. 2011b). If a shift in carriage prevalence occurred, for
example, reduced VT 23F with increased NVT 8, this could then potentially result in
serotype 8 having a similar disease incidence as VT 23F previously. NVT 19A and 7F
that have recently increased as a cause of IPD in the UK (Miller et al. 2011b) have also
previously been reported to be associated with invasive disease (Brueggemann et al.
2003; Sjostrom et al. 2006). This may indicate that greater virulence of certain
serotypes has been central to the rise in case numbers rather than an expansion of
clones with these serotypes. Examination of the genetic background of serotypes
causing invasive disease suggests the acquisition of an alternative capsular locus has
occurred in some cases which has allowed vaccine escape (Brueggemann et al. 2007,
Temime et al. 2008; Hanage et al. 2011; Golubchik et al. 2012). Capsular variants are
likely to have existed in the in pneumococcal population before vaccine implementation
and the selective pressure resulted in the expansion not the occurrence (Croucher et
al. 2011).

The presence of additional serotypes in PHID-CV and PCV13, as compared to PCV7
should, to some degree, help to protect against the emergence of some previously

under-represented serotypes with significant invasive potential.

153 Vaccine coverage

Historically, PCV7 covered 90% of the serotypes causing IPD in the US. Crucially,
even before PCV7 introduction the disease serotype coverage in the UK was much
lower. In Scotland only 76.5% of all IPD cases in those aged less than five years old
were calculated to be covered by PCV7 (Clarke et al. 2006), whilst in the developing
world coverage was suggested to drop as low as 45% for IPD in Asia (Hausdorff et al.
2000).

Based on national (England and Wales) surveillance data, the percentage of serotypes
causing cases of IPD covered by PCV7, PHID-CV and PCV13 were calculated (Public
Health England 2009). In 2007-2008 only 24% of IPD cases in those under 5 years old
were caused by serotypes covered by PCV7, in stark contrast to the 76.5% UK
estimate based on IPD coverage in this age group prior to vaccine implementation
(Clarke et al. 2006). The serotype coverage of IPD in children under five years of age
for PHID-CV and PCV13 was 53% and 74% respectively for 2007/8, a dramatic
decrease from the 81% and 92% 2005/6 coverage. A fundamental observation is that

the potential coverage of PHID-CV and PCV13 had already decreased prior to
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implementation due to the routine use of PCV7 and the associated serotype
replacement, as well as shifts in pneumococcal epidemiology caused by other non-

vaccine factors.

A decrease in VT IPD incidence has been seen in children over the age of five and
adults, who are largely unvaccinated (Public Health England 2012). Herd protection
against VT pneumococci has been induced in the UK population as an indirect effect of
infant PCV7 immunization (Miller et al. 2011b). Herd protection is primarily due to
reduced exposure through decreased carriage and transmission from the vaccinated
population. These indirect effects contribute extensively to the overall impact and cost-
effectiveness of vaccination (Melegaro & Edmunds 2004b; Centers for Disease Control
and Prevention 2005). Without such effects, the PCV introduction may not have been
considered economically viable in the UK (Melegaro & Edmunds 2004b). The level of
herd protection has been suggested to increase with the number of doses given (Haber
et al. 2007). Prior to this observation, surveillance carried out in the US demonstrated a
42% fall in the incidence of IPD in infants, 90 days old (Carter 2006), indicating that
herd protection can also extend to those not yet old enough to be vaccinated or to have
completed the vaccination course. A US model also predicted that even incomplete
coverage and/or limited dose schedules would still confer indirect protection (Haber et
al. 2007).

154 Vaccine evaluation

Clinical trials and mathematical models offer a basis for prediction of vaccine impact.
Studies using such algorithms suggested that the PHID-CV will be at least as effective
as PCV7 in protecting against pneumococcal invasive disease worldwide (Hausdorff et
al. 2009). The design of such an algorithm is complex due to the fluidity and dynamics
of the pneumococcal population and has to be based on assumptions that may affect
the model output. This is not untrue of the Hausdorff model, which did not take account
of the positive impact of herd immunity, the impact on NTHi AOM or the negative
influence of serotype replacement on vaccine success. Despite being a valuable tool,

the conclusions of any model should be treated with caution.

In clinical trials the study population will naturally be exposed to multifaceted
epidemiological factors that will affect vaccine impact. Therefore clinical trials should
reflect more accurately, the ‘true’ impact of a vaccine even under their tightly controlled
conditions, but this does not include herd protection, which requires high coverage in

the population. A German clinical study, powered to show immunological non-inferiority
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showed that PCV13 should be just as efficacious as PCV7 at protecting against the
seven serotypes included within the PCV7, as well as inducing sufficient immunity for
the further VT (Kieninger D. M et al. 2008). Importantly PCV13 was shown to induce an
opsonophagocytic response to serotype 19A that indicates it will be efficient in
preventing cases of serotype 19A invasive disease (Kieninger D. M et al. 2008).
Surveillance of carriage has an important place in vaccine evaluation for a number of
reasons, carriage is a precursor to disease so changes in carriage will affect disease
epidemiology even when serotypes has differing potential for disease (Brueggemann et
al. 2003), additionally the carriage state is vastly more common than disease and
statistically significant changes can be detected rapidly due to the larger sample size
available (Tocheva et al. 2010; Miller et al. 2011b). Clinical trials offer valuable but
incomplete information on the potential outcome of a vaccination campaign, therefore
vaccines require efficacy trials and both disease incidence and carriage surveillance to

evaluate effectiveness after introduction.

Both PHID-CV and PCV13 are likely to be effective in further reducing IPD and non-
invasive pneumococcal disease, however the additional serotypes unique to PCV13
were of clinical importance in the UK and contributed to the decision to replace PCV7
with PCV13 (Public Health England 2009; Department of Health 2010). Nonetheless,
the relative effect of PHID-CV compared to PCV13 immunisation on the combined
prevention of pneumococcal and NTHi invasive or all cause disease has not yet been
tested in a head to head trial. As well as the effect of routine vaccination on invasive
disease it also affects carriage. Carried serotype prevalence for the most part can be
related to invasive disease cases despite individual serotype invasive propensities as
high incidence of colonisation offers increased opportunities to progress to disease
(Miller et al. 2011b; Tocheva et al. 2011). Public Health England (PHE) has reported
the enhanced surveillance of IPD serotypes in England and wales (Miller et al. 2011b;
Miller et al. 2011a)

154.1 Disease specific impact

The impact of conjugate vaccination on specific disease manifestations such as
pneumonia is harder to quantify but studies such as the Clinical Otitis Media and
Pneumonia Study (COMPAS NCT00466947) have been designed to try to answer
these questions (U.S National institutes of Health 2012). Pneumococcal pneumonia
cases are difficult to define as they can result in pneumococcal invasion of bacteria into
the blood (Jacups & Cheng 2011). Despite this variation, studies have indicated that

PCV7 efficacy for clinical and x-ray defined pneumonia is between 5% and 25% (Black
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et al. 2002; Lucero et al. 2009). In addition, the incidence of pneumonia-related
hospitalisation in the US of children under two years old was observed to decrease by
up to 39% after PCV7 introduction (Grijalva et al. 2007; Centers for Disease Control
and Prevention 2009). All-cause pneumonia cases remained stable in the US during
PCV7 introduction, a potential example of replacement disease contributed to by other
species not targeted by PCVs, but it is however also possible that it is due to an
increase in reporting after vaccine deployment (Centers for Disease Control and
Prevention 2009).

Enhanced disease surveillance during 2004-2009 revealed changes in the molecular
epidemiology of meningitis with serotype 7F with ST191 being the most prevalent
cause of meningitis by 2008-2009 (Pichon et al. 2013). Bacterial pneumonia and
empyema admissions in England were on the increase before the introduction of PCV7
and began decreasing between 2006 and 2008 (Koshy et al. 2010). Conversely
another recently published study of pneumonia aetiology in children suggested that
pneumococcal pneumonia in children of less than 16 years of age was comparable
between the pre and post PCV with PCV7 non-vaccine serotypes continuing to be a
significant cause of childhood pneumonia in the UK (Elemraid et al. 2013). However
the age of the subjects is important, 25% of the subjects were not eligible for
vaccination due to age, whilst the majority of participants were under the age of 5 and

all serotypes recovered are included in PCV13.

Pneumococcal conjugate vaccines have been shown to offer some protection against
AOM (Eskola et al. 2001; Prymula et al. 2006). As the clinical diagnosis of AOM is to
some extent subjective and the definitive identification of the causative agent difficult, it
is important to consider that data from these studies is useful but not necessarily
representative of the true situation. AOM incidence has been shown to decrease in the
US post PCV7 (Eskola et al. 2001; Black et al. 2004; Block et al. 2004; Prymula et al.
2006). However US cases of otitis media due to NVT were also seen to increase in
incidence in the post-PCV7 era, a 10% rise in NVT was reported by one study (Block et
al. 2004), along with observations of capsular switch events (McEllistrem et al. 2003).
Serotype data for AOM in the UK and Europe is scarce (Rodgers et al. 2009). Data
from the US suggests that serotype replacement, capsular switch and species
replacement may limit the effectiveness of pneumococcal vaccination against otitis
media in the UK. H. influenzae, specifically NTHi, is also an important cause of AOM
(Casey et al. 2009). NTHi AOM was seen to increase by 15%, following wide-spread
PCV7 vaccination in the US (Casey et al. 2009), a situation which the PHID-CV may be
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better able to control. It could be supposed that increases in NTHi carriage and AOM

may fill part of the niche left by pneumococcal VT in the UK.

Vaccination is essential for the prevention of pneumococcal disease. As currently
licenced vaccines target only a subpopulation of dynamic and diverse S. pneumoniae
serotypes that are not fixed to genetic lineages, vaccine pressure is likely to cause

epidemiological shifts that need to be monitored and reacted to.
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1.6  Study rationale & design

As S. pneumoniae is responsible for a substantial burden of disease worldwide, it is a
humane responsibility to act to control and prevent pneumococcal disease.
Interventions to this end, such as national vaccination programs, aim to prevent
disease cases in the vaccinated but also act indirectly in the unvaccinated community
via herd protection.

Years of research have been undertaken to elucidate the mechanisms of immune
stimulation and protection to allow rational vaccine design. Even with evidence such as
this it is not possible to make exact predictions regarding the level of effectiveness of
vaccination within a population. Particularly in respect to any consequent changes in
the epidemiology of colonisation and disease. Therefore it is essential to monitor any
impact, positive or negative to allow the pharmaceutical industry, policy makers and
health service providers to respond to unforeseen or exaggerated effects.

The human nasopharynx is potentially inhabited by multiple bacterial species, strains
and other microorganisms. Finite nutrients and space are thought to result in
competition for colonisation (Murphy et al. 2009). Intra species competition and niche
specificities occur for pneumococci; serotypes and even STs are known to differ in their
association with colonisation and disease (Lipsitch 1997; Rajam et al. 2007; Auranen et
al. 2010). Any intervention that is likely to result in removal of constituents of a niche
will affect the complex balance and dynamics resulting in reconstitution of the new
natural equilibrium. Therefore targeting a subpopulation of pneumococcal types with
conjugate vaccines has the potential to alter the epidemiology of colonisation, both

pneumococcal and total species diversity.

The present study was undertaken to characterise pneumococci in the nasopharyngeal
niche during conjugate vaccine introduction. Determining the prevalence of
pneumococcal nasopharyngeal carriage, and monitoring serotype and genotype
distribution in healthy children, during conjugate vaccine introduction allowed this
evaluation. The surveillance was conducted over a five-year period from the
introduction of the first pneumococcal conjugate vaccine in the UK in 2006. The study
aimed to detect changes in the circulating pneumococcal population and provide data

that could inform current and future vaccine policy.

Next generation sequencing technologies that allow whole bacterial genome

sequencing are available and increasingly affordable. The work described in this thesis

seeks to validate and utilise such technology for comprehensive typing and analysis of
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the carriage study isolate collection, as a cost and time efficient alternative to traditional

methods for epidemiologists.

To date, a small number of completed pneumococcal genomes have been published
(Donati et al. 2010; Camilli et al. 2011) and many more draft genome sequences are at
various stages of completion or are part of on-going sequencing projects (Institute
2011; NCBI 2011; The Sanger Institute 2011). These genomes predominantly
represent laboratory strains and IPD clinical isolates (Dopazo et al. 2001; Hoskins et al.
2001; Tettelin et al. 2001; Lanie et al. 2007; Ding et al. 2009).

The determination of whole genome sequences described in this thesis will add value
to current publically available genomes; providing the genomic sequence of a large
number of carried pneumococci that are currently under-represented. This will include
a diversity of serotypes and genotypes associated with colonisation that could be used

as comparators to invasive isolates.
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1.7

Hypothesis

The hypothesis of this thesis was that during PCV implementation there would be a

shift in pneumococcal carriage epidemiology. This was predicted to occur through

vaccine serotype and associated genotypes decreases with subsequent replacement

by non-vaccine serotype and associated genotypes

1.7.1

1.7.2

Aims

To infer how PCV implementation has impacted pneumococcal carriage
epidemiology for extrapolation to disease and contribute explanation for current
disease epidemiology.

Deduce epidemiologically relevant data from whole genome sequences for

surveillance purposes.

Objectives

To determine the pneumococcal carriage rate, characterise the carried
pneumococci and detect and temporal changes in the carriage rate and
serotype and genotype prevalence.

To validate the robust inference of serotype and determination of genotype from
whole genome sequences by comparing to data generated by traditional
methods.
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2. METHODS

2.1 Samples

Bachelor of Medicine (BM) and subsequently BMedSci students, were trained to
perform nasopharyngeal swabbing by qualified research nurses. They then collected
nasopharyngeal swabs from children aged four years and under attending the
outpatient department of Southampton General Hospital, as part of their 4th year
BM/BMedSci research project. Written parental/guardian informed consent was
obtained with ethical approval for this procedure from Southampton and South West
Hampshire Research Ethics Committee ‘B’ (REC 06/Q1704/105). Age was the primary
exclusion criteria, additionally only one member of an approached family was swabbed
with one exception in year 2. The child swabbed was not necessarily the child
attending the clinic. Rayon tipped, Transwabs (Medical wire, Corsham, UK) with
flexible shafts were used to obtain samples and were immediately immersed into the
charcoal Amies media. Swabs were taken during the winter months of October to
March of 2006/7, 2007/8, 2008/9, 2009/10 and 2010/11 until 2100 S. pneumoniae were
isolated within each sampling period.

In period 2010/11 a questionnaire was introduced for the parent/guardian to complete
after the informed consent process. This questionnaire allowed metadata, of relevance
to potential pneumococcal carriage, to be collected on the participants including age,
recollected vaccination history, and recent antibiotic usage and respiratory illness
which could be extrapolated to the study population for the entire study period. The
primary aim of the carriage study was to build a collection of pneumococcal carriage
isolates from which any changes in pneumococcal carriage epidemiology could be
detected and this data used to help understand any change in the epidemiology of
pneumococcal disease with respect to the introduction of PCV7. The ability to detect a
change in the carriage rate was achieved by collecting a sample size of 2100
pneumococci positive swabs per study year. This was based on the lowest expected
carriage rate of 10% and would provide 80% power to detect an estimated 50% relative
reduction in pneumococcal carriage after the introduction of PCV-7 at a 5%

significance level.
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211 Microbiological Processing

State registered biomedical scientists at the Health Protection Agency Microbiology
Services, Southampton, carried out initial microbiological processing of swabs. Swabs
were processed within 9 hours of collection by plating onto Columbia Colistin Naladixic
Acid agar (CNA, Oxoid, Basingstoke, UK) to screen for S. pneumoniae each sampling
period. Presumptive S. pneumoniae were plated on Columbia blood agar (CBA, Oxoid)
with an optochin disc (Oxoid). Ten well-isolated colonies of pneumococci from each
patient were used to inoculate individual Microbank vials of beads (Pro-Lab
Diagnostics, Neston, UK) as master stocks. Isolates were collected at this stage from
the HPA and stored at —70°C.

2.1.2 Culture and storage

Al strains were initially grown from the 1* master stock vial by inoculating Columbia
blood horse agar (Oxoid) with a single bead. Where growth was not observed for the
first master stock the second vial was used to inoculate, this was necessary for <5% of
samples. When growth could not be achieved in this manner one bead was enriched
for 4 hours in 100ul BHI at 37°C in 5% CO.,. 75ul of the enriched BHI was streak-plated
onto agar. An optochin disc (Mast Group Ltd, Merseyside, UK) was placed on all agar
plates to determine optochin susceptibility. Isolates with a >14mm zone of inhibition
around the disc were classed at sensitive. Isolates that had any colonies within this
inhibition zone were classed as intermediately resistant and growth that showed no
zone or sign of inhibition was classed as resistant. Plates were incubated upside down
at 37°C in 5% CO, overnight (~18 hours).

Working stocks were created from pure cultures of the master stock, sub-culturing of
one colony onto a second CBA plate was performed if necessary in cases of mixed or
scanty growth, observed for up to 20% of isolates particular in samples stored for
longer periods of time, years 1-3. Approximately half a plate of growth was collected
and used to inoculate 1ml sterile 50% glycerol (Fisher Scientific UK Ltd, Loughborough,
UK), Brain Heart Infusion (BHI) broth (Oxoid) and repeated with the second half of the
growth to create duplicate glycerol stocks. One of the glycerol stocks was used as the
working stock whilst the other was stored separately as a backup. Master and glycerol

stocks were stored at -70°C.
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2.1.3 Strain exclusion and inclusion

A previous temporal analysis of the initial years (1-3) of this pneumococcal carriage
study (Tocheva et al. 2011) excluded one isolate of S. pneumoniae, strain 2337, from
year 2. Isolates 2336 and 2337 were collected sequentially from siblings and were
likely to be colonised by similar organisms and strains. Therefore isolate 2337 was
previously excluded to remove bias from the calculation of carriage rates and
subsequent analysis. The isolate 2337 was included for whole genome sequencing.
Two isolates from year 5 of the carriage study, 5265 and 5267 were excluded from
sequencing as low growth did not permit extraction of high yield, high quality DNA
(2.2.2) for sequencing. Sequencing data that suggested that DNA extractions were not
pure —heterologous SNPs, resulted in the exclusion of four isolates, 0316, 2336, 5202
and 5251. Final and definitive strain data e.g. serotype and sequence type included in
the analysis was derived from whole genome data. Where there was disagreement
between previously generated data and WGS resultant data, WGS data was taken as
the primary data provided that all other WGS data supported it. This decision was
made as any one sample may potentially contain multiple pneumococcal
serotypes/strains. This study does not aim to nor has the design to properly investigate
this phenomenon, due to the culture based collection methodology, particularly in the
early years, 1-4 for which the protocol did not include storage of the swab and relied
solely on culture. Non-typeable presumptive non-pneumococcal streptococci, 5006,
5047, 5163 and 5170 were excluded from temporal analysis of pneumococcal
epidemiology. Therefore, of the 527 samples sent for sequencing, data for 519 were

included in the core analysis.
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2.2 DNA Extraction

DNA was extracted from cultured isolates to allow their molecular characterisation. The
extraction method differed depending on the downstream molecular analysis required.

221 For PCR or MLST

Samples were grown by plating 20pl of the glycerol/BHI working stock on CBA (Oxoid)
and incubating overnight at 37°C in 5% CO, with an optochin disc (Mast Group). DNA
extraction was initiated using an in-house lysis step. A sweep of 5 colonies was
transferred from an agar plate into 200ul of lysis buffer (L0mM Tris pH8, 100mM EDTA
pH8, 0.5% w/v SDS) in a micro-centrifuge tube. Vigorous vortexing was used to
resuspend the bacteria. The solution was incubated at 37 °C for 1 hour. 20pl proteinase
K (Qiagen, Crawley, UK) was added and vortexed, after which a further incubation at
56 °C for 1 hour was carried out. The QlAamp DNA mini and Blood mini kit protocol
(Qiagen) was then followed as per manufacturer’s instructions from step 5b of the DNA
purification from tissue protocol (Qiagen 2010). Briefly, 200ul of the Qiagen lysis buffer
AL was added and mixed by pulse vortexing before 10 minutes incubation at 70°C.
Following this step 200ul ethanol was added then vortexed. The sample was then
added to the QIAamp mini spin column and centrifuged at 6000 x g (8000rpm) for 1
minute in a bench-top centrifuge (Sanyo MSE, Micro Centaur). The filtrate was
discarded and 500pl of buffer AW1 added before centrifuging at 6000 x g (8000rpm) for
a further minute, the filtrate was discarded. Five hundred microlitres of buffer AW2 was
then added and centrifuged at 20,000 x g (14, 000rpm) for 3 minutes. The column was
moved into a clean 1.5ml micro-centrifuge tube and 200pl of the elution buffer AE
added to the column. This was spun 6000 x g (8000rpm) for 1 minute and the elution
kept, this step was repeated once more. The two resulting DNA elutions were stored at

less than 4°C.

2.2.2 For whole genome sequencing

Twenty microlitres of working stock was used to inoculate a CBA plate (Oxoid) and
grown overnight. The plate was sub cultured from one colony the following day and
allowed to grow overnight with an optochin disc (Mast Group) to confirm susceptibility.
The resulting growth was then scraped into 1ml pre-warmed BHI (Oxoid) and spun at
4000rpm for 1 minute. 0.75ml of the supernatant was added to 9ml pre-warmed BHI

(Oxoid). Approximate cell viability and culture incubation time of 6 hours was calculated
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from viable counts of three representative pneumococcal liquid cultures at 4, 5 and 6
hours, where 100pl was taken at each time point and serially diluted down to 10%. To
calculate viable bacteria per ml of culture 10ul of each dilution was spotted in triplicate
onto CBA (Oxoid) and incubated overnight. Colonies were counted at a dilution that
had between 10-50 colonies and the number of cells in 10ml was calculated in order to
produce a pellet of approximately (but no more than) 2.2 x 10*° colony forming units/ml
to avoid blocking the column. Seeded liquid cultures were incubated at 37°C for 6
hours to achieve this. The resultant bacterial suspension was centrifuged at 5500rpm
for 15 minutes, and the supernatant discarded. The resulting pellet was frozen for
future use with the Qiagen 100/G genomic tip protocol.

DNA was extracted for whole genome sequencing using the Qiagen 100/G genomic
tips as per manufacturer’s instructions for gram-positive bacteria from liquid culture
(Qiagen 2001). In brief, the bacterial pellet was re-suspended in 3.5ml buffer B1
containing 10mg/ml RNase A by thorough vortexing. Eighty microlitres of 200mg/ml
Lysozyme (Sigma-Aldrich Company Ltd, Gillingham, UK) and 100ul Proteinase K
(Qiagen) were added to the sample which was then incubated at 37°C for 30 minutes.
One point two ml of buffer B2 was added and mixed by inverting three times before
incubation at 50°C for 30 minutes. Each Qiagen Genomic-tip 100/G was equilibrated
using 4ml of buffer QBT and allowed to empty by gravity flow between each step. The
sample was vortexed and added to the column and washed twice with 7.5ml buffer QC.
The column was moved to a 15ml collection tube before addition of 5ml of the elution
buffer QF, pre-warmed to 50°C. The eluted DNA was precipitated using 3.5ml
isopropanol, inverted several times to mix and centrifuged at 5500 x g for 15 minutes at
4 °C. The supernatant was discarded and replaced with 2ml of 70% ethanol chilled to 4
°C, vortexed briefly and centrifuged at 5500 x g for 10 minutes at 4 ° C in a Biofuge
Primo R centrifuge (Thermo Scientific, Heraeus, Loughborough, UK). The pellet was air
dried and re-suspended in 0.1-0.4pl of TE (10mM Tris, ImM EDTA, pH 8.0 with HCI),
dependant on the visible size of the DNA pellet. The pellet was dissolved overnight on
a shaker (Luckham, Sussex, UK). All buffers as required by the Qiagen genomic DNA
handbook were prepared in-house as per manufactures instructions outlined in the

manual.
2221 Genomic DNA quality

The Qubit™ fluorometer (Invitrogen, Paisley, UK) was used to measure the
concentration of DNA in each sample. Samples were diluted to approximately 20ug/pl

with a minimum volume of 100pl in TE buffer as per instructions from the Wellcome
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Trust Sanger Institute. Ten microlitres of neat DNA sample was added to 1l of loading
buffer (Bioline, London, UK) and mixed, samples were run on a 1% w/v agarose
(Geneflow, Fradley, UK) gel in 1 x TAE buffer (121g Tris base, 28.6ml glacial acetic
acid, 50ml 0.5M EDTA). Ten microlitres of hyperladder Il (Bioline) was used to
determine the approximate average length of DNA fragments. Gels were run for 1 hour
at 150 volts before staining in 100m1 x TAE plus 10pul/l ethidium bromide for 20
minutes on a Rotartest shaker (Luckman Ltd, Sussex, UK). The gels were viewed in a
2UV™ trans-illuminator (UVP, Cambridge, UK) under UV light (302nm) and a digital
image taken to confirm that bands were distinct and not fragmented and that the
predominance of the DNA was >1kb in size.
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2.3 Typing

Serotyping, multi-locus sequence typing (MLST) and genomic sequence analysis was
performed to allow phenotypic and genetic characterisation of isolates.

231 Capsular typing

The pneumococcal capsular type can be determined or inferred by a number of
different methods a combination of which was used in this thesis.

23.11 PCR serotyping

S. pneumoniae isolates were serotyped by PCR using the CDC protocol for deducing
pneumococcal serotype designed for USA clinical samples (Pai et al. 2006; Centers for
Disease Control and prevention 2012). DNA was extracted as per 2.2.1. The CDC
protocol is split into pools of multiplex reactions of three to six serotypes for which the
primers have been carefully selected to produce different stepwise bands sizes, each
pool also includes the primers for the pneumococcal capsular polysaccharide synthesis
gene A (cpsA) as a positive pneumococcal control. The reaction volume used was
12.5yl, for all of the pneumococcal pools. Each reaction mixture contained 0.5ul 50mM
MgCl, (Bioline), 6.5ul Biomix ™ red (Bioline), 1ul of DNA extract, the varying quantities
of forward and reverse primers for each of the serotypes in the pool and primers for
cpsA. The appropriate volume of nuclease-free water was used to make up the
reaction to 12.5ul. DNA extracts from isolates of known serotype were used as positive

controls and water was used as a negative control.

Serotype was deduced from the PCR products using gel electrophoresis. The full
reaction volume that includes a red loading dye was loaded into a 2% wi/v agarose
(Geneflow) gel in 1 x TAE buffer. Ten microlitres of a 100bp hyperladder IV (Bioline)
was used to determine band size. The cycling parameters, reaction mixtures and
serotype pools are described in the appendices Table 24, Table 25 and Table 26
respectively. Gels were run for 1-2hours at 150 volts before staining in a 10ul/2100ml
ethidium bromide in 1 x TAE for 20 minutes on a shaker. The gels were viewed in a
trans-illuminator (UVP) under UV light (302nm) and a digital image taken.
Serotype/group was then deduced when all positive and negative controls were
satisfactory and a band was present in a sample that corresponds exactly to an

expected serotype band size.

61



Methods
23.1.2 Phenotypic serotyping

The CDC protocol for deduction of serotype can only positively identify 40 serotypes
out of the 94 known. Additionally for a number of reactions it cannot discriminate to the
serotype level but only to the serogroup level (a serogroup can represent a number of
serotypes). Therefore further serotyping is required. Where necessary, isolates were
either sent to Statens Serum Institut (Copenhagen, Denmark) for Quellung (Neufeld
1902) to be performed or serotyped in-house using the slide agglutination method

described below.
2.3.1.2.1 Slide agglutination method

An unpublished standard operating procedure obtained through collaboration with
Public Health England (PHE) was used to determine pneumococcal capsule type via
slide agglutination (S. Martin 2012). A CBA plate was inoculated from the working
stock. One ¥4 or % plate of pure growth was transferred into 5ml of Todd Hewitt Broth
(Oxoid) to seed a liquid culture. These liquid cultures were incubated with loose lids, to
allow gas exchange, at 35°C in 4% CO, incubator overnight. After overnight culture the
tube was spun down at 1500rpm for 30 minutes and the supernatant removed leaving
~200ul and bacterial pellet. The pellet was re-suspended by vortexing or pipetting
mixing this suspension was used to perform slide agglutination using appropriate
Statens Serum institute antisera or latex factors raised against pneumococcal
polysaccharide capsular antigens. Targeted slide agglutination based on the results of

PCR serotyping was performed.

A suspension of 10ul was dispensed onto a glass slide, and then 10ul of antisera or 1ul
of latex factor was added. The slide was then rocked to mix the reagent and culture.
Agglutination (clumping with clearing background) of the suspension was recorded as a
positive result. If no agglutination was seen, gentle rocking of the slide was continued
for up to 30 seconds to observe a positive result. Interpretation of the agglutination
reactions seen with the factor antisera follows (Table 3). A single reaction or a pattern
of reactions may have been necessary to determine the final serotype of an isolate. If
there was weak/possible or no visible agglutination a further aliquot antiserum and/or
culture suspension was added to the 'drop' and mixed. If there was still no
agglutination, the test was repeated with 10ul omniserum (polyvalent antiserum
containing antibodies to ~90 known serotypes of pneumococcal capsular
polysaccharide), a positive reaction confirmed the presence of pneumococci
expressing one of the ~90 capsules for which antibodies are included. If there was no

agglutination with omniserum the isolate was noted potentially acapsular or closely
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related streptococcal species to be confirmed with a combination of phenotypic and

genotypic data.
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Table 3. Pneumococcal factor sera reactivity profiles

Serotype Reaction factors Serotype Reaction factors
6b 6¢C 6d 19b 19c 19f 7h
6A + - - 19F + - - -
6B - + - 19A - + - -
6C - - + 19B - - - +
7b 7c 7e 7f 19C - - + +
7F + - - - 22b  22c
7A + + - - 22F + -
7B - - + - 22A - +
7C - - - + 23b  23¢ 23d
9b 9d 9e 9g 23F + - -
9A - + - - 23A - + -
oL + - - - 23B - - +
9N + - + - 24c  24d  24e
9V - + - + 24F - + -
10b 10d 10f 24A + + -
10F + - - 24B - - +
10A + - 25b  25c
108 + + - 25F + -
10C + - + 25A - +
11b 11c 11f 11g 28b  28c
11F + + 28F + -
11A - + - - 28A - +
11B + - + + 32a  32b
11C + + + - 32F + -
11D + + - - 32A + +
12b  12c 12e 33b 33e 33f 6a 20b
12F + - - 33F + - - - -
12A - + - 33A + - - - +
12B + + + 33B - - + - -
15b 15¢ 15e 15h 33C - + (+) - -
15F + + - - 33D - - + + -
15A - - - 35a 35b 35c 29b 42a
15B + - + + 35F + + - - -
15C - - + - 35A + - + - -
16b 16¢ 35B - + + -
16F + - 35C + - + - +
16A - + 41la 41b
17b  17c 41F + +
17F + - 41A + -
17A - + 47a  43b
18c 18d 18e  18f 47F + -
18F + - + + 47A + +
18A - + - -
18B - - + -
18C + - + -

Vaccine serotypes indicated in bold (PCV7/13 blue, PCV13 only red). (+) Weak

positive reaction. Data from (Statens Serum Institut 2012)
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2.3.2 Multi Locus Sequence Typing

Fragments of the following seven house-keeping genes were sequenced to determine
the pneumococcal MLST by Qiagen Genomic Services for isolates collected in years 1
through to 4 of the study (Hilden, Germany); aroE (shikimate dehydrogenase), ddI (D-
alanine-D-alanine ligase), gdh (glucose-6-phosphate dehydrogenase), gki (glucose
kinase), recP (transketolase), spi (signal peptidase |) and xpt (xanthine
phosphoribosyltransferase) (Enright & Spratt 1998). MLST DNA sequence data (raw
data and text files) and ST assignments were received by our laboratory. MLST for
year 5 isolates were derived from whole genome data using a method described in
section 2.3.4. Further analysis on all ST data was performed using the pneumococcal
MLST website (MLST.net 2012). New alleles or combinations of alleles were submitted
to the curated online database (MLST.net 2012), new allele or ST numbers were
assigned by the curator following quality checks on the submitted data. eBURST was
utilised produced graphical representations of the MLST distribution of the carriage
isolates (Feil et al. 2004). Clonal complexes (CC) were defined as a network of STs
that share 6 out of 7 alleles for the 7 loci with at least one other ST in the network
termed as single locus variants (SLVs). The founded of the clonal complex is defined
as the ST connected with the largest number of other STs that differ from itself only by
one allele (SLVSs). A subgroup founder is a ST that appears to have diversified to
produce multiple SLVs.

2.3.3 Species discrimination

To discriminate between strains of capsular deficient non-typeable pneumococci and
other closely related streptococci that lack the pneumococcal specific capsular loci, an
extended set of MLST genes were analysed. Capsular negative isolates that exhibited
21 unknown MLST allele, n=5, had each of the seven MLST alleles submitted for online
analysis using the nucleotide basic local alignment search tool (BLASTn) (National
Centre for Biotechnology Information 2013) to determine the top species match. All
capsular negative isolates, n=12, had eMLSA (electronic Multi locus sequence
analysis) alleles for the genes map (Methionine aminopeptidase), pfl (pyruvate formate
lysase), ppaC (Inorganic pyrophosphatase), pyk (Pyruvate kinase), rpoB (RNA
polymerase beta subunit), sodA (Superoxide dismutase), and tuf (Elongation factor
Tu) submitted for online analysis using BLASTn. Presumptive species assignment was
made from the most commonly occurring species found as top match for a single

strain. The designation of non-pneumococcal streptococci was additional confirmed
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with consistent phylogenetic separation from the non-capsular pneumococci for each of

the eMLSA genes individually and their concatenation.

234 Whole genome sequencing

Library preparation and sequencing was performed solely by staff at the Wellcome
Trust Sanger Institute, Wellcome Trust Genome Campus, Hinxton in collaboration with
Dr Stephen Bentley. Quantified DNA extraction tubes of the required >100pl of 20ng/ml
for sequencing were barcoded as part of this body of work for tracing within the Sanger
Institute prior to being couriered. Sequencing was performed on multiple Illumina HiSeq
2000 instruments in seven individual HiSeq runs. The sequencing utilised v3 reagents
in multiplexed pools of 24 per lane. Paired end libraries were prepared with 150-250bp
inserts. Read length parameters were set to 2 x 75bp with 8 cycles for the sequencing

of the multiplex IDs, consequently 158 cycles were performed.
234.1 Quality, mapping and assembly

FASTQ read data from the lllumina sequencers entered the automated gc_grind
pipeline for quality control (QC) including both the standard Illlumina QC and in house
post sequencing analysis using NPG: Short read Sequencing pipeline (The Sanger
Institute 2012). This included assignment of quality scores to each base position within
reads, distribution of percentage GC content, mean insert size falls within requested
size range and % mapping to the designated reference genome
Streptococcus_pneumoniae_ ATCC_ 700669 of serotype 23F, ST81 (Croucher et al.
2009) using SMALT version 0.5.3 and generating BAM files (The Sanger Institute
2012). The publically available Integrative Genomics Viewer (IGV) from the Broad
Institute was used for visualisation of the bam alignments to the reference (Broad
Institute 2012).

FASTQ reads were manually submitted for de novo assembly using Velvet assembler
(European Bioinformatics Institute 2012) to generate FASTA contig files on the Sanger
Institute’s high performance cluster computing facility. This utilised an in-house Velvet
optimiser script for bacterial genomes that adjusts parameters such as K-mer length for

each assembly.
2.3.4.2 In silico analysis

In silico analysis for the purpose of this thesis will be defined as the bioinformatics
analysis of whole genome data to obtain results that would traditionally be gathered by

alternative methods including MLST and PCR.
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2.3.4.2.1 In silico MLST

An in-house Sanger Institute script was utilised to submit batches of sample data to
determine the seven, pneumococcal, MLST alleleic sequences from each sample’s
FASTQ reads. This script requires a concatenated MLST allele reference, then the
Sanger Institute software SSAHA-sequence to which sequence search and alignment
by hashing algorithm SSAHA (The Sanger Institute 2012) maps reads to and uses
iICORN- iterative correction of reference nucleotides (Otto et al. 2010) to morph the
reference into the concatenated sample ST. The output in xml format contained the
extracted seven alleles for each sample that could then be submitted to MLST.net for

allele and ST assignment.
2.3.4.2.2 In silico PCR

An existing Sanger Institute script that extracts a set of query genes using primer
sequences was used to perform in silico PCR (Sanger institute, unpublished method).
A tab delimited 5 column input file of primer name, forward primer sequence, reverse
primer sequence, maximum product length, and minimum product length was required.

Each new line could contain additional primer specifications.

The script searched a specified FASTA contig file for the forward and reverse primers
with a tolerated 3bp mismatch per primer. To yield the extracted FASTA sequence and
output it to file primers had to be observed in the expected orientation within the
specified maximum and minimum size range. This required both primers to be located
within a single contig. The option to include primer in the output sequence was utilised
where primers were located at the termini of the sequence of interest. The locations of
potential primer regions that did not satisfy the stated requirements were printed to file
to allow manual interrogation of why a sample might be unexpectedly negative. The in
silico PCRs were performed on genome assemblies using primers listed in Appendix
Table 27.

2.3.4.2.3 In silico Pneumolysin PCR

Pneumolysin sequences derived from assemblies were translated and compared to
published alleles (Kirkham et al. 2006; Jefferies et al. 2010b) to allow designation of
allele type or identification of novel sequences (2.3.4.2.5). Where data was available
from previous work the two data source results were compared to allow the validity of

designation from whole genome sequence to be assessed.
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2.3.4.2.4 Insilico PCR capsular typing

In silico capsular typing offered a method to infer capsular type by replicating PCR
(Centers for Disease Control and prevention 2012) in a fast and highly parallel manner
from assemblies with the added advantage of extracting the complete sequence of the
genes targeted. As serotypes within a serogroup can differ in a single SNP, the in silico
capsular sequence output was used to offer increased discriminatory power over

conventional PCR.
2.3.4.25  Allele designator

A Perl script was designed for comparisons of alleles outputted from in silico PCR
(1.3.4.2), this was formulated and designed by Rebecca Gladstone with assistance
from a Perl scripter at the Sanger Institute. The script (Figure 3) compared submitted
alleles in FASTA format to known alleles contained in an accessory file. When an allele
matched a known allele the appropriate allele assignment was made and the
observation recorded to file. If the allele was novel it was added to the supplementary
list of alleles and assigned the next novel allele number. This allowed the interrogation
of large numbers of alleles, identifying novel alleles and assigning an allele number to
the allele for each sample. Finally, the output was designed to list all the allele names
and their sequences observed, the number of times an individual allele was seen and a
list of samples the specific allele was observed in. This script could be adapted to any
gene allele comparison by replacement of all references to the four-character gene
name with the next gene of interest, which crucially would be in the name of the input
FASTA files to be interrogated. Manual exclusion of alleles that contain paired end
gaps consisting of unknown base (N) inserts were excluded from new allele

designation.
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Figure 3. Allelic desighator

#ifusr/bin/perl
use strict;
use warnings;

#¥¥ Script finds and counts occurence of xxxX alleles both existing and novel

my {%hash, #newhash, ¥filehash); # Initizlise hashes for use later
open(xooX, " /directory_file path/rooX. fa"); # Open file thzt contains known alleles
while (<x;o<X>} {
£ (3 =~ fooxoo/) { #* If line begins with " >xxxX”

# print *§ \n*;

my @line = split{/>/,S$_); # Split the line containing segquence and nanme info for zoxX alleles

Shash{$line[2]} = $line[1l]; # Store segquence of known xxxX zllele as key {(§1linef2}), and name of the xoxX zllele zs the value (§linef1})

}

}
close (zooxX);
open{MASTER, " /directory_file path/:ocoddone. txt"); # File 1list for sitrains that have undergone insilico pcr for oxX and returned z xxxX fastz file
#EiF (-e “Sdirectory file patihsoxinatch. txt®) { # Checks if file xoxXmatch. txt exists
#* ‘rm Sdirectory file path/xxxXmatch. txt’; # If above itrue then removes previous files to prevent rewriting resulis to the files multiple times
# ‘rm Sdirectory File path/xxxXempty.ixt ;
# ‘rm sirectory file path/xxxZhovel ixt’;
#*7
open{OUT, ">/directory_file path/occdmatch. txt"); #opens/creates files that now def dont exist

open{0UT2, ">/directory file path/rocoXempty. txt");
open{OUT3, ">/ directory file path/roodnovel. txt");

while {(<MASTER>}) {
ny $file = i # assigns the §  (line) to $file
s$file = “\/lustre\/scratchlDB\/bacterla\/rgQ\/cdcpcr\/" . $file; #rename $file, concatenate to file path so that script has absolute location of file
chomp{$file);
open{IN, "$file"); #opens »xxX. fasta file
my $size = -s $file; #stores size of file in $size
# print “$size\n”;
if ($size == 0) { #if File empty
print OUT2 “"$file\n"; #prints out to file roociempily. txt
next; # then go to next file

}
while (<IN>) { Rreads roxX. fasta file
if {$_ =~ f°ONODE#) { #skips header line

next; #cont. of adove
¥
my $line = § ; #default assigned to $line
Snevhash{S$line}++;
#assigning seq to key, value Is assigned I (seen once so far) if not yet seen and Incrementing the value each subsequent time it is seen
$filehash{s$file}=$line; #seq Is assigned to value in %filehash key is file path ($file)
if (grep {S_ eq Sl:.ne} keys zhash) {
# eq is == equivalent for ’‘sirings’, finds seqg {($1ine) in each of the keys in %hash which contain the seq of known »oxX alleles IF IT exists in this set of X alleles
chc-mp(Sfile)
print OUT "$file\tShash{$line}\n"; #iF Ffound prints path to file and seg maich In xxoxXmatch. txi
} else {
print OUT3 "$fileym$line\n\n"; #if not found i.e. novel zllele, prints path and seq to xxXhovel txt
}
3
close (IN);
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Figure 3. Continued: Allelic desighator

open (ALLELES, ":/directory_file path/ocd wariants. txt"); #open new output File Aandles
open{NOVEL, "> /directory file path/Novel soodialleles. tst"); #as above
ny @keys = keys Znewhash; #array, list of keys of fmewhash segquences that fave been seen at least once
ny Bsorted = sort (keys 2filehash); #array, sorts Filepatis ABCD
ny Srumber = 100; #set Incremental start value for new somX alleles
print ALLELES "There are " . scalar{Gkeys) . " different alleles. yn\ninin'; #orints o sk varisnts Ext C‘there sre X mmber of wnigue (differemt) alleles
foreach ny $zllele (keys Znevhash) { #loops through wnigue zlleles seen and assigns current one to Fallele
1f (thash{zallele}) { #iz the wnique sequence one of e hnown omX alleles
print ALLELES "‘mthash{$zllele}\tinevhash{%allele}\n"; #:if true print cpsd zllele nunber, number of times seen
foreach ny 3filepath2 {@sorted) { #atores the current File path which Aave Been sorted, In dfilepath

if (3filehash{ifilepath2} eq Sallele) { #if the sequence of Ehe Filepath natches the seg of #he wnigue §fallele
print ALLELES "$filepathZvn"; #prints files associated with each: unigue ailele

}
}
} else { #1f seq Iz not & known allele, novel ply alleles added to xoooirlleles fz on 030512
print NOVEL “:rooX" . Snumber . "‘mSallelen"; #print incremented from I8 »Ply assigns plymumber to a novel ply seg
print ALLELES "‘mSequence (o' . Snumber . ") below is seen . Snewhash{fallele} . " timesynSallele'n";
# prints aumber of times seg found followved by that seg
Srumber++; #rncrement sotion
foreach ny 3filepath {Rsorted) { #stores the current File path which Aave Been sorted, In dfilepath
if (ifilehash{ifilepath} eq $allele) { #if the sequence of the Filepath matches the seg of the wnigue and novel Fallele
print ALLELES "$#filepathyn"; #orints files associzted with wnigue novel zllele
}
}
}
}
close (NOVEL);
close (ALLELES);
close (MASTER);
close{DUT);
close(0UTZ);
close{0UT3);

exit;

Written in the programming language Perl for this Thesis by a bioinformatician of The Sanger Institute with guidance and complete (line by line)

biological and functional instruction from Rebecca Gladstone. Identifies all unique alleles and assigns allele designation.
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2.3.4.2.6  Capsular mapping

Utilising a script written by Nick Croucher at the Sanger Institute, capsular grouping
could be inferred from Fastq reads. Reads were mapped against the concatenated
capsular locus sequence, aliA through to dexB, of 91 serotypes. Where the coverage
was greater than one, a match was called. Multiple matches could occur as serotypes,
particularly within a serogroup, can have closely related sequences in the capsular
region, in this case all matches were reported and ordered by their mapping score (%
coverage of the CPS locus), The top matches infer capsular grouping and were used to

support other findings.
2.3.4.3 Allelic diversity

A number of web-based tools were utilised for comparison of the sequence diversity
within a gene using the alleles outputted from the allelic designator (Methods 1.3.4.3).
ClustalW?2 was used for the multiple alignment of DNA or amino acid sequence
inputted in FASTA format for SNP/non-synonymous change detection (EMBL-EBI
2012) whilst phylogeny.fr allowed maximum likelihood phylogenetic tree generation
from FASTA sequences in ‘one click’ mode using MUSCLE, Gblocks, PhyML and
Treedyn (Dereeper et al. 2008). A phylogram was chosen to represent the phylogenetic
tree that has branch spans proportional to the amount of character change. Translation
of DNA to AA was performed using the online EXPASY tool (Swiss Institute of
Bioinformatics 2013).
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2.4 Statistics

The data in the study was descriptive. Data is collected as counts of observed
colonisation. Therefore the data set was categorical with the frequencies of events
recorded and percentages calculated. Confidence intervals (CI) were calculated at 95%
confidence for incidence values, unless otherwise stated. Statistically significant
changes in proportions between two groups were determined using Fisher’s exact test
to produce a two-tailed p-value. The statistically significant changes between the
means of two groups were determined using an independent sample t-test for
differences in means to produce a two-tailed p-value. To determine whether there was
an association between two factors the Fisher’s exact with Monte Carlo estimation and

99% confidence intervals was used.

Odds ratios for examining invasive disease potential of serotypes were calculated as
OR=(ad)/(bc) were a) is the number of IPD isolates of serotype X b) is the number of
carriage isolates of serotype X c) is the number of IPD isolates that are not serotype X
and d) is the number of carriage isolates that are not serotype X (Brueggemann et al.
2003), an OR >1 indicates increased invasive disease potential, and an OR <1
indicates decreased invasive disease potential. 95% confidence intervals were
calculated using CIA, epidemiological studies, and the unmatched case control study
option. Cls that did not cross 1 indicate significance (p<0.05). For serotypes that were
either not observed in carriage or IPD the ORs and their Cls could not be calculated.
CIA, proportions and their differences, unpaired, were therefore used, with 95%
confidence intervals for the differences. Cls that did not cross 0 indicate significance
(p<0.05)

The Simpson's Diversity Index was used to measure the sequence type and serotype
diversity of the nasopharyngeal habitat. It takes into account the number of types
present, as well as the abundance of each type. The Simpson’s diversity index 1-D was
used and calculated, D=} n(n-1)/N(N-1). Where n is the total number of organisms of a
particular sub population and N is the total number of organisms of all sub populations.
The 1-D Simpson’s diversity index is consequently more intuitive as 0 indicates no

diversity through to 1 where all isolates are different.
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3. RESULTS - WHOLE GENOME DATA

3.1  Quality Control

It was necessary to assess the quality of the sequencing procedure, the sequences
produced and the in silico methods used to derive data from the sequences, before

analysis of epidemiologically relevant data could be performed.

3.1.1 Sequencing statistics

The results of the quality control of whole genome sequencing performed by qc_grind
are presented to the researcher in the form of a Sanger internal web interface, per
sample, to be referred to but non exportable, an example from this data set, typical of
the majority of sample output graphs, is used to illustrate the quality of the sequencing,
with a GC plot that follows the reference for both the forward and reverse reads,
average Q scores of >30 for each base along the length of the read in both orientations
and ~150bp inserts (Figure 4). This data confirms that sequencing process completed

as anticipated and the genome has the expected GC profile (Figure 4).

The average sequencing depth for the 527 samples submitted for sequencing was 411
times coverage per base (411X). The minimum observed depth of coverage of 68X
was well above the sequencing gold standard of 20X (Table 4). Only 12/527 isolates
submitted for sequencing fell below the 80% mapping QC threshold. Two of these
isolates, 0008 and 2070, had abnormal GC plots indicative of low-level non-
streptococcal contamination (Figure 5). These isolates had 79.2%, 76.5% mapping and

334X, 74X sequencing depth respectively.

In silico MLST and serotype results for these two isolates exactly matched wet-lab
results due to the high level sequencing depth, therefore their serotype and MLST data
was included in the overall analysis but any novel alleles derived from the genome data
underwent more rigorous manual inspection. Four of the 12 isolates had >70%
mapping and were classed as non-typeable (NT) by both the analysis performed within
this thesis and by previous investigation (Tocheva et al. 2011). One sample (0011) with
75.5% coverage similar to that of NT isolates was previously classed as 22F, the
ST449 (designation from previous analysis (Tocheva et al. 2011) and this analysis)
was only observed as NT in the MLST database thus also supported that this was
indeed a NT isolate as the 22F capsular genes could not be observed in the whole
genome data. The remaining five isolates were otherwise excluded from the core data
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set: as they were non-pneumococcal isolates h=4 or mixed population sequencing n=1
(2.1.3 Strain exclusion and inclusion, 2.3.3 Discriminating non-typeable pneumococci

and non-pneumococci).

3.1.2 In silico PCR validation

PCR results for the pneumolysin gene were used to validate the in silico PCR and
allele designator script. The pneumolysin gene was selected as there are a limited set
of described protein alleles (Ply), and historical data existed for early isolates of the
carriage study on Ply allele type (Kirkham et al. 2006; Jefferies et al. 2010b). A total of
192 isolates from years 1 and 2 had Ply alleles assigned historically by PCR and
Sanger sequencing (Jefferies et al. 2010b) that could be compared to the Ply alleles
assigned from whole genome data. There was 100% concordance between the two
data sets therefore the in silico PCR and allele designator were declared fit for purpose
to replace conventional gene detection and designation of alleles.
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Figure 4. Example QC output
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Table 4. Estimated base coverage

Per Sample Min Max Mean Median
Coverage depth (X) 68 1307 411 402
*Mapping against 23F reference | 74% 99% 89% 89%
(%)
Yield (Kb) 171089 |3087239 (1021514 | 1004885

*Excludes isolates excluded from core dataset in Methods strain exclusion and

inclusion
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Figure 5. GC indication of non-streptococcal contamination
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3.1.3 In silico MLST validation

MLST was determined by conventional methods (Qiagen genomic services) for isolates
from years 1-4. This data was used to validate MLST assignation from whole genome
data. Comparable data was initially available for 420 isolates. There was disagreement
between the two methods for four isolates (Table 5). The conventionally assigned ST
differed from the in silico ST at all seven loci, additionally for three out of the four
isolates the corresponding serotype also differed between the two data sets. To assess
whether the sequencing chemistry could introduce errors in typing exact isolate pairs
were needed for the comparisons, the contradictory profiles for the four isolates were
distinct but previously observed profiles that could not have been produced by random
sequencing errors and are a result of obtaining data from distinct strains from within a
single sample. Therefore these four isolates were excluded from the validation but
included in the final dataset. The remaining 416 strains achieved 100% concordance in
ST designation therefore in silico MLST was declared fit for purpose to assign STSs,
specifically for those isolates for which MLST had not been determined by conventional
methods.

3.14 Data consolidation

When comparing the serotype and MLST data sets determined by the traditional
methods and results generated in silico, there were a number of conflicting results to

be resolved.
3.14.1 MLST designation

There was a single instance of matching serotype data with disagreement between
generated STs for strain 2082 (11A), the original designation of ST4695 was not
otherwise observed in the entire MLST database as serotype 11A (MLST.net 2012).
Additionally serotype 11A is commonly seen as ST62 as generated by WGS. ST62
was subsequently deemed to be the true ST (Table 5) and the original designation
ST4695 belongs to a strain, likely not serotype 11A that may have been a result of
multiple serotype colonisation or human error. Three strains 0232, 2173 and 3226 were
in disagreement between the two data sets for both serotype and ST. In all cases the
whole genome data was used as the primary data for subsequent analysis after it was
revealed that sequencing of a secondary strain of S. pneumoniae obtained from single
patient sample had likely occurred. Investigation into sequential pneumococcal positive

isolates 2255 and 2258 revealed that a labelling/multiplexing error was detected for
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which the exact combination of expected ST, serotype and Ply allele were found in the

other, this error was easily corrected and data included.
3.14.2 Serotype designation

The following section is split into discussing isolates from years 1-3 and years 4-5, as
the former includes serotype determination as part of previous work and in silico from
genome data generated as part of this thesis whilst the later was determined in the
laboratory and derived from genome data both as part to this thesis.

3.1.421 Years 1-3

The in silico PCR output for capsular type was compared to final serotype designation
from the first three study years (Tocheva et al. 2011). This comparison highlighted nine
isolates (year 1 n=0, year 2 n=3, year 3 n=6) previously designated serotype 14 using
serotype 14 primers (Pai et al. 2006) which were determined to be 15B/15C in silico
(Table 5) using the CDC primer recommendations of 2012 (Centers for Disease
Control and prevention 2012). The isolates belonged to ST199 n=6, ST2220 n=1 and
ST411 n=1, none of which have ever been recorded as occurring in a serotype 14
background within the MLST database up to 01/06/2013 (MLST.net 2012). This
conflicting serogroup 15(B/C) and serotype 14 designations were confirmed to be
serogroup 15(B/C) by the Statens Serum Institute using the Quellung reaction. The
serotype 14 primers previously used (Pai et al. 2006) have subsequently been replaced
by primers that do not cross react with serotypes 15B and 15C in the CDC protocol
(Dias et al. 2007; Centers for Disease Control and prevention 2012), a repeat of the

wet lab PCR with updated primers again confirmed 15B/15C designation.

Twelve additional isolates from years 1-3 with conflicting serotype information were
noted. These designations were re-assigned using Quellung and/or MLST data to
determine if A: a distinct strain had been sequenced or B: the original designation was

a false positive (Table 5).
3.1.422 Yearsd4and5

For years 4 and 5, 216 presumptive pneumococcal isolates were available for
comparison of the two methods. Multiple non-specific PCR products were observed
within the serotyping pools for 35 samples with the potential to be interpreted as
specific capsular gene product dependent on band size. For the majority (n=32), one of
the bands corresponded to the single capsular type indicated by the in silico analysis.

Furthermore, for isolates with the final designation serotype 21, 8/22 isolates from
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years 4 and 5 had a PCR band additional to (7/8) or instead of (1/8) the serotype 21
specific band, which appeared to correspond to capsular PCR grouping 35A_C 42. In
all cases the in silico PCR only identified capsular type 21 and MLST data was in

support of the in silico designation.

Despite the dependency on good assembly there were no observed in silico false
negatives due to contig breaks in the capsular region. All isolates for which there was
no match with the in silico PCR, where either a serotype not included within the CDC
protocol (33D, n=1) or did not have a capsule, were confirmed with Quellung. There
were however PCR false positives where non-specific bands for 4/12 non-capsular,
CpsA negative, isolates were observed. Two PCR false negatives were also observed
where the genes for 15B_C and 6A B _C_D were detected in silico and confirmed by

Quellung.

Overall, the in silico capsular typing method, when whole genome data already existed,
was extremely rapid and results were reproducible, highly sensitive and specific, not
subject to interpretation and incurred only cost associated with personnel time.
Therefore for capsular typing of diverse carriage isolates with the in silico method was
superior to the CDC PCR (Centers for Disease Control and prevention 2012) which
was designed for well-characterised invasive isolates with limited diversity. In silico
capsular typing was declared fit for purpose to assign capsular type, specifically for
those isolates for which there were ambiguous results by conventional methods.
Capsular designation was further supported by isolate specific known MLST-serotype
associations and confirmed where necessary with Quellung to the serotype level for

those isolates grouped but not typed and those that produced negative results.

The in silico capsular analysis also highlighted the sequencing data from DNA
extractions were not pure for three isolates, (0316, 2336, 5251) as they were positive
for two distinct serotypes (not observed in-vivo), the whole genome data for these
isolates could then be excluded from further analysis as described in 2.1.3 Strain

exclusion and inclusion.

There were 522 pneumococcal positive isolates available for analysis. Of these, 519
isolates were successfully processed for whole genome sequencing (2.1.3 Strain
exclusion and inclusion), the data for which was used for all subsequent analysis below

the level of species described in this thesis.
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Table 5. Resolution of discordant results years 1-3

Discordant results

Final designation

Strain ID  [Serotype MLST Serotype MLST Comments

(Tocheva et al. (Tocheva et al.

2011)/Rebecca Gladstone R011)/Rebecca Gladstone
0011 22F/INT 449/449 NT 449 Misattributed serotype
0048 11A/10A 1497/1497 10A 1497 Misattributed serotype
0232 15B/19A 1262/276 19A 276 Different strain sequenced
0305 15A/15B 199/199 15B 199 Misattributed serotype
0311 15B/15A 63/63 15A 63 Misattributed serotype
2076 14/15B 199/199 15B 199 14-15B/C cross reaction with (Pai et al. 2006) primers
2082 11A/11A 4695/62 11A 62 Distinct strain previously submitted for MLST
2142 14/15C 199/199 15C 199 14-15B/C cross reaction with (Pai et al. 2006) primers
2173 11A/35F 1760/1635 35F 1635 Different strain sequenced
2227 17F/31 568/568 31 568 Misattributed serotype
2287 14/15C 199/199 15C 199 14-15B/C cross reaction with (Pai et al. 2006) primers
3079 14/15C 2220/2220 15C 2220 14-15B/C cross reaction with (Pai et al. 2006) primers
3165 4/15B 1262/1262 15B 1262 Misattributed serotype
3226 B3F/22F 100/433 22F 433 Different strain sequenced
3234 15A/38 393/393 38 393 Misattributed serotype
3250 14/15B 411/411 15B 411 14-15B/C cross reaction with (Pai et al. 2006) primers
3251 14/15B 199/199 15B 199 14-15B/C cross reaction with (Pai et al. 2006) primers
3257 14/15B 199/199 15B 199 14-15B/C cross reaction with (Pai et al. 2006) primers
3259 7C/20 235/235 20 235 Misattributed serotype
3271 14/15C 199/199 15C 199 14-15B/C cross reaction with (Pai et al. 2006) primers
3315 14/15B 199/199 15B 199 14-15B/C cross reaction with (Pai et al. 2006) primers
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3.15 Discriminating non-typeable pneumococci and non-pneumococci

There were 11 isolates (sequenced and passed quality control measures) that could
not be assigned a serotype and were designated non-typeable in terms of capsule.
This group could consist of both traditional pneumococci that are a-capsular and
closely related pneumococcal species that lack a capsule. It was important to
distinguish which isolates were true pneumococci for the epidemiological analysis of
pneumococcal carriage rates. All non-typeable isolates from years 1-3 (n=5) had been
previously been confirmed by Quellung and non-pneumococci already excluded before
isolates were used for this thesis. All 11 isolates were subjected to the data analysis
described below to distinguish between non-pneumococcal or non-typeable

pneumococci.

Isolates exhibited a dry colony texture in line with a lack of capsule expression. All five
isolates from years 1-3 were optochin sensitive as were the two isolates from year 4.
Of the year five isolates two were clearly resistant and two sensitive to optochin in a
5% CO, atmosphere which can be used to distinguish pneumococci from S.
pseudomoniae which can display a sensitive phenotype in this environment but
pneumococci stored at -70°C can exhibit resistance (Arbique et al. 2004; Robson et al.
2007).

The PCR assay for deducing capsular type were all cpsA negative for these 12 isolates
as well as being negative for all serotype specific products. This was reproduced in
silico with no match for serotype specific primers or cpsA. Mapping of reads for these
isolates against known capsular loci all had a top match to capsule 25F but of less than
50% identity with the exception of 4165 which had a 87% match to the serotype 21 loci

but still serotype 21 wzy negative.

Pneumolysin could not be detected in assemblies from isolates 0011, 3140, 3143,
3267, 5163 and 5170. Novel Ply alleles Ply-21, Ply-26, the homologue Ply-20 and
previously described Ply-17 were detected in the isolates and could not be used to

distinguish non-pneumococcal and non-typeable isolates.

MLST assigned STs to all year 1-3 isolates (ST448, 449). New ST allelic combinations
were observed for two isolates from year four whilst four isolates, all collected in year 5,
exhibited new allelic sequences for the majority (25/7 genes n=3), or all seven of the
MLST genes (n=1).
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The phenotypic and genotypic descriptions above did not conclusively determine
whether isolates were non-typeable or non-pneumococci. Therefore all eleven ‘non-
typeable’ isolates had the sequence determined for the seven MLSA (Bishop et al.
2009) typing genes which are additional to the MLST genes and can be used to
differentiate between Streptococcal species. Each MLSA gene sequence and all novel
MLST gene sequences were submitted to BLASTn to determine the top species hits in

online databases.

Seven isolates had known MLST alleles for all genes and had a 299% match to S.
pneumoniae for all seven MLSA genes and were concluded to be non-typeable
pneumococci. The remaining four capsular negative isolates (5006, 5047, 5163, 5170)
top BLASTn species matches were almost exclusively Streptococcus mitis or
Streptococcus pseudopneumoniae and not S. pneumoniae, with high percentage max
identities of 296% (Table 6). The combined phenotypic and genotypic data presented
above allowed the inclusion of 7 non-typeable pneumococci and the exclusion of four
isolates (5006, 5047, 5163, 5170) from the pneumococcal epidemiological analysis as

evidence suggests they are not pneumococci but other very closely related species.
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Table 6. BLAST top species percentage match max identity for extended MLST

gene panel for potential non-pneumococcal streptococcal isolates

Strain 1D

Gene 5006 5047 5163 5170

arok Spp 99% Sp 97% Sm/Sp 97% Sp allele 1
gdh Sp allele 166  Sm 98% Sm 98% Spp/Sm 99%
gki Sm 100% Sm 96% Sp/Sm 98% Sp 100%
recP Sp/Sm 98% Sm 97% Sm 96% Spp 100%
spi Sp 100% Sm 97% Sm 96% Spp 99%
Xpt Sp allele 1 Sp 97% Sp 98% Sp 97%
ddl Spp 100% Sp 97% Sp allele 300 Spp 100%
map Spp 100% Sm 100% Sm 96% Spp 100%
pfl Spp 100% Sm 99% Sm 99% Spp 100%

ppaC Sm 96% Sm 98% Sm 97% Sm 96%
pyk Spp 99% Sm 100% Sm 99% Spp 99%
rpoB Sm 99% Sm 98% Sm 98% Spp 100%

sodA Spp 100% Sm 98% Sm 100% Sp/Spp 100%
tuf Spp 100% Sm 99% Sm 100% Spp 100%

Consensus
Streptococcal
Species Ssp Sm Sm Ssp

Sp= Streptococcus pneumoniae, Spp=Streptococcus pseudopneumoniae,

Sm=Streptococcus mitis, multiple top matches listed if shared percentage max identity.
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3.1.6 Discussion of results

Data derived from next generation sequencing platforms was used to provide
epidemiological inputs for analysis of the pneumococcal carriage study isolates.
Therefore it is important to discuss the validity and potential weaknesses of the data
and any changes in the method for obtaining traditional typing data. SNP based
differentiation is a core use of whole genome data however next generation
sequencing platforms are associated with their own inherent errors in base calling. For
lllumina specifically this is associated with de-phasing — a sequencing lag in some
fragments (n+1 or n-1) which is routinely corrected for during the Illumina base calling
process (Allhoff et al. 2013). Additionally there are known to be higher error rates
towards the ends of reads, with an error rate of 0.3% at the start of a read and 3.8% at
the tail end of the read previously reported (Dohm et al. 2008; Allhoff et al. 2013).
Particular motifs are known to trigger de-phasing base call errors, these are sequence
depend errors and therefore only found in that orientation/direction of sequencing
(Dohm et al. 2008; Allhoff et al. 2013). All of these errors have the potential to introduce
SNPs impacting genotyping including MLST and serotype inference however paired
read technology goes some way to compensate for errors at the end of reads or in
particular orientations by providing complementary data, this is further combated when
there is high coverage, as with the sequences in this thesis, as a consensus sequence
is made during assembly from the sequencing reads for which the majority will mask
errors occurring at a lower frequency. The observation made in thesis, when using
exact pairs of data from WGS data and traditional methods, that pneumolysin alleles
and MLST profiles could be exactly reproduced when a single base pair difference
would have prevented this observation indicates an undetectable error rate when the

consensus assembly data was used.

The CDC protocol for deducing pneumococcal capsular type was developed based on
the serotype distribution and rank order in the Active Bacterial Core surveillance
(ABCs) and validated with disease isolates during 2002-2003 (Pai et al. 2006). The
serotype specific primers were developed using the cps loci data published from The
Sanger Institute for which only single representatives of each serotype were included
(Bentley et al. 2006). The wet laboratory PCR may not have functioned as well as the
in silico adaption due to the number of factors stated above; the isolates in question
were carriage isolates from a latter period of time during an epidemiological shift which
was changing the rank prevalence of serotypes and increasing previously rare types.

Any of these factors could result in sequence diversity in the primer region and a
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subsequent reduction in the biological specificity and sensitivity of the primers and
introduced unforeseen cross-reactions. The pool ordering was designed as a screening
process identifying the most common types first and only continuing through further
pools if not yet identified so that large numbers of isolates could be screened in the
most time efficient manner preventing the need to run unnecessary PCR pools.
However cross reactions appearing in the early pools for serotypes not screened for
until later pools result in mistyping, with an increased number of isolates with serotypes
screened for in the later pool due in changes in prevalence. Additionally atypical
product sizes would be mistyped, as this is central to assigning serotype in this
method. This is where the in silico adaption has an advantage, all primers are easily
screened for in all isolates and furthermore the sequence is obtained to confirm that the

product is specific regardless of the product size.
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3.2 Whole genome sequence analysis

Whole genome data was used to determine the sequence of a number of genes
encoding virulence factors, antigens important to pneumococcal vaccines- current and
experimental, and genes used for molecular typing. Characterisation of the diversity
within these genes and their resultant proteins highlights the degree of heterogeneity,
which may have the potential to impact vaccine effectiveness through vaccine type

replacement, reduction in efficacy or allow vaccine escape.

3.2.1 Pneumolysin alleles

All 519 pneumococcal whole genome sequences and the four presumptive non-
pneumococcal sequences were included in this analysis as species closely related to
pneumococci have been documented to contain pneumolysin homologues (Jefferies et
al. 2007; Johnston et al. 2010). Pneumolysin is a pore-forming toxin of the cholesterol
dependant cytolysin family. Associated with pneumococcal virulence it is a component
of a number of experimental serotype independent vaccines that are likely to provide
the next generation of vaccines for protection against pneumococcal disease (Ljutic et
al. 2012; Hu et al. 2013; Kamtchoua et al. 2013). Pneumolysin sequence heterogeneity
and the presence of divergent alleles could affect antigenic epitopes, it important for
this to be documented before implementation so that the potential for replacement or

decreased efficacy can be considered and inform policy.

A pneumolysin allele could not be extracted using this assembly-based method for only
seven isolates; four non-typeables, two non-pneumococci and one serotype 21 isolate.
Fifty-two unique pneumolysin DNA sequences (ply) were observed in the carriage
study isolates. A further eight ply sequences previously deposited on Genbank

(Kirkham et al. 2006; Jefferies et al. 2007) were not observed in this population.

Translation of the fifty-two nucleotide alleles detected in this dataset resulted in 20
unique protein alleles (Ply), of which ten were novel. The eight previously recognised
nucleotide alleles that were not observed in this dataset represented a further eight
known protein alleles. Therefore a total of 28 Ply alleles have now been reported to
date. However the two potential non-pneumococcal isolates for which the Ply sequence
could be determined accounted for one novel pneumolysin allele P20 (n=1) and the
only observation of the previously documented pneumolysin sequence P17 allele
(n=1), (Kirkham et al. 2006; Jefferies et al. 2010b). Despite being previously
documented in pneumococci Ply 17 had a 100% BLASTP top match of the extracted
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and translated protein sequence with the NCBI reference sequence
(WP_001284352.1) of pneumolysin from a Streptococcus pseudopneumoniae strain,
but a 99% 2" match with GenBank AB021358.1 a pneumococcal strain. The novel Ply
20 allele had a 100% BLASTP top match with GenBank pseudopneumolysin
ACJ76900.1 from a Streptococcus pseudopneumoniae strain and a further six 99%
matches with Mitilysin and other pseudopneumolysins. The lengths of the Ply alleles
observed were 469 AA (Ply 5 and Ply 28) and 471 AA with majority of alleles being the
latter (Ply 1, 2, 8, 9, 11, 15-27).

3.21.1 Gene phylogeny constructed from Ply

A gene tree was created, based on the pneumolysin protein alleles, to describe the
diversity of the protein sequences and their relation. DNA alleles were not used as
multiple alleles coded for the proteins and protein alignments have 21 characters
reducing multiple sequence misalignment when compared to the four 4 bases of DNA,
therefore the phylogenies can be more robust. All novel Ply alleles grouped with other
previously documented alleles in multiple alignments in terms of length and non-

synonymous SNP/INDEL pattern (Figure 6) and the gene tree (Figure 7).

The gene tree phylogram (Figure 7) includes soft polytomies, when branches with very
low (<10%) support are collapsed, that are a result from the reduced amount of data in
the protein alleles for resolving the evolutionary relationship between closely related
alleles. The predominance of strains carried the Ply-2 (51%) or Ply-1 (36%) alleles,
when the Ply-1 and 2 clades were taken into account they accounted for 94% of the
isolates analysed (41% and 53% respectively), only a small minority of strains (<6%)
carried alleles that were not part of clades that included Ply-1 or Ply-2. Ply-28, Ply-23
and Ply-21 were the most commonly occurring novel alleles (n=5, 3 and 2 respectively)
with all other novel alleles observed only in one isolate. The clade that includes Ply-2
shares a most recent common ancestor (MRCA) before it shares a MRCA with the
clade that includes Ply-1. Within the Ply-1 clade, Ply-9 and novel Ply-27 are more
closely related to each other than to the rest of the clade. For the Ply-2 clade, Ply-10
and novel Ply-28 are more closely related to each other than they are to the rest of the

clade.
3.2.1.1.1  Clustering of novel Ply alleles

Novel Ply-26 observed in a NT strain in the dataset clusters with Ply-17 a pneumolysin
allele observed in a non-pneumococcal strain in this dataset. Novel Ply-21 that was

observ