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Abstract 

Streptococcus pneumoniae (the “pneumococcus”) is a global pathogen responsible for nearly a 

million deaths each year in children under the age of five.  The polysaccharide capsule or serotype is 

the primary pneumococcal virulence factor and is encoded by the cps locus.  The introduction of 

pneumococcal conjugate vaccines has led to a significant reduction in the prevalence of invasive 

diseases caused by vaccine serotypes and a concomitant reduction of vaccine serotypes recovered 

from the nasopharynx of healthy children, although the overall rates of carriage have remained 

constant due to the replacement of vaccine serotypes with non-vaccine serotypes.  The increasing 

numbers of genomes from large well-characterised pneumococcal datasets allows for key biological 

questions related to the pneumococcus, such as capsular diversity, to be examined in unprecedented 

detail.  This thesis describes the application of genomics to investigating important aspects of 

pneumococcal biology including the pan-genome, cps locus diversity and genomic regions potentially 

associated with invasive disease.  The first part of the thesis described a Bayesian decision model for 

estimating bacterial core genomes.  This model was applied to genome datasets from five different 

bacterial species.  The same model was later used to estimate core genomes for four different 

pneumococcal carriage datasets.  These estimated core genomes were then compared and revealed a 

very small shared core genome of 303 genes.  The results also highlighted the unexpected diversity of 

a pneumococcal dataset from Thailand.  The second part of the thesis examined the diversity of the 

cps locus starting with serogroup 6 and in particular the recently described novel serotype 6E.  This 

analysis revealed that the majority of what had previously been described as serotype 6B 

pneumococci were in fact serotype 6E and serological assays demonstrated that vaccine-induced 

serotype 6B antibodies were able to kill serotype 6E pneumococci.  The analysis of cps loci was then 

extended to consider the diversity of 49 serotypes and included 5,405 genomes in the analyses.  These 

analyses revealed several hybrid and putative novel serotypes.  The final part of the thesis used a 

genome-wide association study to identify 89 candidate loci significantly associated with invasive 

disease.  The results in this thesis showed that large numbers of genome sequences could provide a 

detailed insight into important aspects of pneumococcal biology.  
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1. Introduction 

1.1 The pneumococcus 

Streptococcus pneumoniae (the “pneumococcus”) is a highly recombinant gram-positive, 

facultatively anaerobic human commensal and pathogen and was first independently isolated 

in 1881 by both George Sternberg and Louis Pasteur [1, 2].  S. pneumoniae is alpha-

hemolytic, which means that when the bacterium is grown on blood agar, the agar underneath 

the colonies turns dark and greenish due to oxidation of the iron in haemoglobin [3].  In order 

to differentiate S. pneumoniae from other alpha-hemolytic streptococci (viridans 

streptococci), colonies need to be shown to be optochin-susceptible or bile soluble [4]. 

S. pneumoniae is a member of the Streptococcus (from the Greek streptos meaning twisted 

and kokkos, meaning berry or grain) genus, named for the chains formed when grown in 

liquid media.  Originally named Diplococcus pneumoniae due to the very short chains 

generally consisting of only two cells, pneumococcus was renamed in 1974 [5, 6] as it was 

shown, in liquid media, to grow in the distinctive chains representative of the Streptococci.  

Broadly, the streptococci can be divided into two groups: alpha-hemolytic, beta-hemolytic 

(the red blood cells are completely ruptured leading to colourless regions forming around the 

bacterial colonies when grown on blood agar plates) and gamma-hemolytic (no hemolysis 

occurs).  The alpha-hemolytic Streptococci can be further classified into five groups: 

Anginosus, Salivarius, Bovis, Mutans and Mitis.  Based on phylogenies generated using 16S 

rRNA sequences [7], S. pneumoniae falls in the Mitis group along with other closely-related 

oral Streptococci like S. mitis, S. oralis, S. infantis and S. pseudopneumoniae.  There has been 

some debate as to what the closest relative of S. pneumoniae is with studies either suggesting 

S. mitis [8] or S. pseudopneumoniae [9].  This is likely a result of the extensive recombination 

occurring between the different oral Streptococci leading to certain genes being more similar 

between one pair of species whilst other genes share similarity with genes from a different 
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species.  More recent work suggests that S. mitis, S. pneumoniae and S. pseudopneumoniae 

are descended from a pneumococcus-like pathogen found in an early homonin ancestor [10]. 

The beta-hemolytic Streptococci include important human pathogens such as S. pyogenes 

(causes ‘strep throat’) and S. agalactiae (implicated in neonatal meningitis and sepsis).  The 

majority of the gamma-hemolytic Streptococcus species were reclassified as Enterococcus in 

1984 and are rarely implicated in disease [11]. 

1.2 Epidemiological characterisation of the pneumococcus 

Serotyping 

The gold standard for identifying pneumococcal serotypes is the Quellung reaction, first 

described by Fred Neufeld in 1902 [12].  Quellung is the German word for “swelling” and 

describes the appearance of the pneumococcal capsule after specific antibodies have 

combined with their polysaccharide antigens.  Briefly, antisera specific to particular groups of 

serotypes are mixed sequentially until a positive reaction, in the form of capsular swelling, is 

observed under a microscope.  Commercially available antisera are available for over 90 

pneumococcal serotypes and the technique is in use in microbiology reference laboratories 

around the world.  Quellung, is however, an expensive technique that requires extensive 

training and experience to ensure that technicians are able to correctly identify the serotype 

being tested.   

One alternative to the Quellung reaction for serotyping pneumococci is to use the latex 

agglutination method [13, 14].  Pooled rabbit antisera that recognize multiple serotypes and 

serogroups are applied to the surface of latex beads and mixed with pneumococcal colonies 

suspended in phosphate-buffered saline (PBS).  A positive reaction between capsule antigens 

and the serotype/serogroup specific antisera is shown by clumping or agglutination in the 

mixture of pneumococci and the latex beads.   The latex agglutination method is faster than 
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Quellung at identifying serogroups and serotypes included in the pooled antisera and requires 

less training to use.  However, further testing by Quellung may be required to characterise a 

pneumococcus to the level of serotype as, for many serogroups, latex agglutination will only 

identify the serogroup of the pneumococcus being assayed. 

For the majority of serotypes, the polysaccharide capsule is encoded by the cps locus (see 

Capsule genetics) and in 2006, the genome sequences for 90 cps loci that had been identified 

at that time were published. This allowed multiplex PCR schemes to be developed to 

differentiate serotypes [15, 16].  Numerous schemes have been developed by various groups 

around the world and have been successfully implemented as part of national pneumococcal 

epidemiology monitoring programmes.  More recently with the development of next-

generation sequencing technologies and the widespread application of these technologies to 

sequencing pneumococci, a new method of serotyping based on the whole genome sequence 

(WGS) is growing in popularity (see Pneumococcal genomics).   

Genotyping 

Genotypic classification of pneumococcus has traditionally been performed using techniques 

such as PFGE (Pulsed Field Gel Electrophoresis) [17] and rRNA restriction (ribotyping) 

analysis [18].  In the past two decades, MLST (MultiLocus Sequence Typing) has become the 

gold standard method for distinguishing pneumococcal genotypes. 

Multilocus Sequence Typing (MLST) 

Originally developed and validated using Neisseria meningitidis [19], MLST is a genotyping 

method that uses the nucleotide sequences of ~500 bp regions of seven housekeeping genes 

to assign a sequence type (ST).  Each unique nucleotide sequence identified for each of the 

seven genes is assigned an allele number and every unique combination of allele numbers is 
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used to determine a unique ST.  The seven housekeeping genes used for MLST in 

pneumococcus are: aroE (shikimate kinase), gdh (glucose-6-phosphate), gki (glucose kinase), 

recP (transketolase), spi (signal peptidase I), xpt (xanthine phosphoribosyltransferase) and 

ddl (D-alanine-D-alanine ligase).  Databases for a number of different bacterial species, 

including pneumococcus, have been created and unique allele sequences and STs are 

deposited following curation and quality control.  Currently there are ~32,000 isolates and 

nearly 12,000 unique STs in the pneumococcal MLST database (August 2016; 

http://pubmlst.org/spneumoniae/). Before the wider availability of affordable whole genome 

sequencing, the nucleotide sequences were obtained by using defined primers to amplify the 

regions using PCR.  It is now possible to search for and assign the MLST sequences within 

whole genome sequences using an interface such as BIGSdb [20] which is directly linked to 

the MLST database.  

STs can be assigned to clonal complexes (CCs) using the related algorithms eBURST and 

goeBurst. [21, 22].  CCs are groups of related STs (generally those that share at least six of 

the seven MLST alleles with each other) and are considered to share descent from a common 

ancestor (known as the group founder).  The group founder is defined as the ST with the 

highest number of single locus variants (SLVs; STs that differ by only one allele).  Each ST 

that is a SLV of the group founder can also be linked to its own SLVs (double locus variants, 

DLVs, of the group founder) and in this way a network of related isolates can be established 

with each ST linked to its own SLVs.  This can be represented diagrammatically using 

goeBURST where the STs are shown as nodes (the size of the node is determined by the 

number of isolates in the MLST database) and the SLVs are shown as links.  In theory, if all 

possible pneumococcal STs were known, the entire pneumococcal population could be linked 

together.  In practice, many of these links are missing, so a number of unrelated CCs have 

been defined.  There is a strong association between ST and serotype and unusual 
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combinations suggest that genetic changes have occurred [23].  The circulating serotypes and 

STs of disease and carriage isolates, combined with patient and isolate metadata, can be used 

to reveal the underlying population structure. 

1.3 Interactions between pneumococcus and its host 

Carriage 

Pneumococcus is a human commensal and its primary ecological niche is the nasopharynx 

where it is typically carried asymptomatically (a state known as carriage).  Pneumococcal 

carriage rates are highest in young children.  In developing countries 50-90% of children are 

colonized within the first few months of their lives [24-27] and the cumulative frequency of 

carriage amongst children in the first year of their lives is close to 100% meaning that nearly 

every child will have experienced at least one colonization event by the time they turn one 

[28].    Carriage rates begin to decline after the age of four and reach approximately 10% by 

the time children turn ten and remains at this level into adulthood.  The rate of pneumococcal 

carriage in children is lower in the developed world and peaks at 40-50% around the age of 

two before declining to approximately 10% in adults [29-33]. 

There are three distinct phases involved in pneumococcus gaining access to and colonising 

the nasopharynx: acquisition, carriage and termination of carriage.   Acquisition, where 

pneumococcus enters and establishes itself in the nasopharynx, is followed by a period of 

colonization or carriage which may vary in duration and is dependent on a variety of factors 

related to both the host and the pneumococcus.  Finally, termination of carriage results when 

the pneumococcus is lost from the host or is otherwise undetectable [10].  The most important 

risk factors related to pneumococcal carriage are age of the host at the time of acquisition (see 

above) and whether or not a child has a sibling or else comes into close, regular contact with 

other children in a setting such as a day-care centre.   A number of studies have shown that 
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children, aged between 2 and 5, that attend day care centres have an increased level of 

pneumococcal carriage compared to older children and adults suggesting that children of this 

age are a primary source of pneumococcal transmission [34-36].  The role of host genetics 

may also play an important part in pneumococcal carriage: Native American populations 

have been shown to have very high rates of carriage [37] and, in Australia, Aboriginal 

children have higher rates of carriage than non-Aboriginal children [38].  However, these 

findings may also be related to socio-economic factors as both these populations are 

generally poorer and more deprived and there is some evidence for socio-economic factors 

playing a role in the rates of carriage [39].  The evidence for other risk factors related to 

pneumococcal carriage is mixed but studies have shown evidence for pneumococcal 

colonization being promoted by viral respiratory infections [40-44] or exposure to cigarette 

smoke [45, 46].  

The length of duration of carriage may vary from a few days to several months and duration 

of carriage is most associated with the serotype of the colonising strain [31, 47, 48].  Sleeman 

and colleagues showed, as part of a longitudinal study where children were swabbed weekly 

and then monthly, that the median duration of carriage for each serotype varied from 5.9 

weeks for serotype 15C to nearly 20 weeks for serotype 6B [48].  Other serotypes such as 1, 

12, 20, 21 and 33 have been shown to persist for shorter periods of time (up to 2 weeks) [47].  

Colonisation of the nasopharynx by more than strain or serotype occurs in up to 30% of 

individuals [25, 49-51].  Generally, there is a single, predominant serotype and the other 

types are only present as minority strains [31, 52, 53].  However, estimates of multiple 

serotype carriage are likely to be lower than the actual prevalence as sampling techniques, 

such as those based on serotyping individual colonies, may miss additional serotypes 

especially if the pneumococci have a similar colony morphology.  As techniques such as 

sequence-based serotyping improve (see Pneumococcal genomics) and WGS becomes 
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standard in routine epidemiological monitoring programmes, estimates of the prevalence of 

multiple carriage are likely to increase as multiple serotypes can be deduced computationally 

without relying on having to visually separate different serotypes based on their colony 

morphology. 

Molecular epidemiology of carriage 

The distribution of serotypes identified amongst pneumococci isolated in the nasopharynx 

varies depending on the country of isolation.  In developed countries such as the Netherlands, 

Greece and France the post-PCV implementation serotype distribution is broadly similar and 

the same serotypes (19A, 15B/C, 11A, 15A and 6C) are frequently found [54-56] In other 

locations such as countries in Africa and Asia, many of which have not yet introduced any 

PCV, the distribution of the most frequently carried serotypes is slightly different; for 

instance in Nepal the most commonly carried serotypes after those from serogroup 6 were 

non-typeable (NT; NT pneumococci include those that fail to react with currently available 

typing antisera and those that fail to express a polysaccharide capsule because the capsular 

locus genes are disrupted or missing) , 15B/C, 34 and 21 [57] and in Gambia serotype 3 is 

often the most commonly carried serotype [26, 58].    

Disease 

The pneumococcus can cause infections in sites outside its normal nasopharyngeal niche 

including the inner ear (otitis media), sinuses (sinusitis), conjunctiva (conjunctivitis), alveoli 

(pneumonia) and pleural fluid (empyema).  Most of these diseases are not usually life-

threatening but have significant socio-economic costs such as treatment and time away from 

work due to illness.  The most severe infections, which often result in death if untreated, 

occur when the pneumococcus breaches the blood-brain barrier and enters the cerebrospinal 
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fluid (CSF) which leads to meningitis or when it penetrates the alveolar wall allowing the 

pneumococcus to enter the bloodstream resulting in bacteraemia [59]. 

S. pneumoniae is responsible for approximately 14.5 million cases of disease and 825,000 

deaths annually in children under the age of 5 [60].  Of these cases pneumococcal 

pneumoniae causes an estimated 2.5 million severe episodes and 400,000 deaths globally 

each year [61] with pneumococcal meningitis responsible for a further 118,000 deaths [62].  

As well as being associated with invasive diseases such as bacteraemia and meningitis, S. 

pneumoniae is a leading cause of childhood otitis media [63].  Though the majority of deaths 

caused by pneumococcus are amongst children, the pneumococcus is also responsible for a 

significant disease burden in the elderly and amongst immunocompromised patients. 

Several risk factors have been identified that predispose individuals to pneumococcal disease.  

As well as the same risk factors that increase the risk of carriage such as young age, 

attendance at day care centres or socio-economic status [10, 64-66], other risk factors include 

compromised immune status (the elderly and individuals with HIV or sickle cell anaemia) 

[67-71], reduced clearance of pneumococci from the airways caused by smoking and/or 

chronic obstructive pulmonary disease , and heavy alcohol consumption [66, 70, 72].  In 

particular, the high burden of pneumococcal disease in the elderly, where carriage rates are 

much lower than in children, is predominately due to an increased chance of progression to 

pneumococcal disease due to a lowered immune response [67]. 

Molecular epidemiology of pneumococcal disease 

Many of the same serotypes that are commonly found in carriage are also commonly found in 

invasive disease; a pre-vaccine meta-analysis of serotype prevalence from cases of IPD in 

children under the age of five showed that the most frequently occurring IPD serotypes were 

14, 6B, 1, 23F, 5, 19F and 6A [73].  Geographical differences in the serotypes that cause IPD 
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were also noted in this study with serotypes 1 and 5 being more likely to cause disease in 

developing countries when compared to developed countries.  Certain serotypes have been 

shown to be associated with elevated risk in serious clinical outcomes for certain types of 

disease: empyema (serotypes 1, 3, 5, 7F, 8, 19A), necrotizing pneumonia (serotype 3), septic 

shock (serotypes 3, 19A) and meningitis (serotypes 10A, 15B, 19F, 23F) [23, 74]. 

Different pneumococcal serotypes can be assessed for their invasive disease potential by 

calculating their odds ratios (defined as the odds of a serotype causing disease compared to 

the odds of that serotype being found in carriage) [23].  Based on odds ratios, a study 

conducted in Oxford in 2003 showed that serotypes 1, 4, 14 and 18C had a significantly 

increased invasive disease potential [23].  A follow-up study conducted by the same group, 

which included a meta-analyses of seven different pneumococcal datasets, showed that the 

odds ratios for the most common serotypes were consistent across all the datasets with 

serotypes 1, 5 and 7F having the highest odds ratios [75] and thus the highest invasive disease 

potential.  This study also found that different lineages with the same serotype had similar 

odds ratios indicating that the serotype is more important for determining invasiveness than 

the genotype (ST) [75]. 

Progression from carriage to disease is usually opportunistic on the part of the pneumococcus 

but a number of examples of disease outbreaks have been described.  These are often found 

in locations with a higher density of human populations such as prisons or else in sites where 

hosts are likely to be immunocompromised such as nursing homes or hospitals [76-78]. In 

Africa and Asia, serotype 1 is responsible for large numbers of cases of pneumococcal 

meningitis [79, 80] and unencapsulated (NT) pneumococci have been shown to be associated 

with outbreaks of conjunctivitis [81]. 
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1.4 Horizontal Gene Transfer (HGT) 

There are three main mechanisms in bacteria through which DNA is able to be horizontally 

transferred: transformation (the uptake and incorporation of environmental DNA), 

conjugation (the transfer of DNA via mobile genetic elements or a pilus system) and 

transduction (DNA transfer is mediated by bacterial viruses referred to as bacteriophages) 

[82].  Of the three mechanisms, there is no evidence for conjugation in pneumococcus and 

the evidence for transduction is limited although, given the relative ubiquity of 

bacteriophages and putative conjugative elements in the pneumococcal population, 

conjugation and transduction may yet be shown to have an important role in the transfer of 

genetic material between different pneumococci [83].  Thus, the most important type of 

horizontal gene transfer in pneumococcus is transformation.   

Transformation 

The pneumococcus is competent and naturally transformable which means that it readily 

incorporates exogenous DNA through homologous recombination.  This ability in 

pneumococcus was first identified by Frederick Griffith in 1928 [84] and his work would be 

used as the basis for the experiments performed by Avery, Macleod and McCarty which 

proved that DNA was the basis of heredity [85].  The competent state in pneumococci, when 

they are able to undergo transformation, is encoded by the comABCDE operon and occurs 

early in the mid-logarithmic growth phase lasting for approximately 40 minutes [10].  

Competence in the pneumococcus is regulated by an extracellular signalling mechanism [86]; 

the signal is generated by the ComAB transporter which cleaves the ComC peptide as it is 

exported to form the competence stimulating protein (CSP), an extracellular pheromone [87, 

88].  ComD and ComE, which function as a two-component signal transduction system, 

detect the CSP and initiate the upregulation of the early competence genes as well as 
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stimulating the transcription of comX which encodes the sigma factor X (σ
x
).  σ

x
, is 

responsible for the transcription of approximately 60 further competence genes known as late 

genes which encode the proteins required for genetic transformation and other functions as 

yet poorly understood [89].  The transcription of these genes is tightly regulated and they are 

upregulated at the same time before transcription of these genes is terminated a few minutes 

after induction [89]. 

Included amongst the late genes are the genes that encode for a competence pseudopilus 

(cglC and cglD), the DNA uptake pore and a ssDNA binding protein (RecA).  Exogenous 

DNA binds to the competence pseudopilus which then retracts pulling the bound DNA across 

the cell wall where the DNA interacts with the uptake pore which contains nucleases that 

degrade one strand of the DNA resulting in a double-stranded break [90-92].  RecA is then 

loaded onto the nicked DNA strand in the cytosol with the help of DprA and the resulting 

nucleoprotein filament is capable of invading the cell’s dsDNA though ~75% of these 

molecules will be degraded without being incorporated into the host genome [93-95]. 

A study that examined six pneumococci isolated from the same patient over a period of seven 

months showed that multiple recombination events can occur quickly and frequently with 23 

recombination events being observed between the collection of the first pneumococcus and 

the last [96].  The regions involved in these recombination events made up approximately 

7.8% of the genome.  The average size of DNA incorporated into the pneumococcal genome 

through recombination is 6.3 Kb with various studies having shown that these regions may 

vary from 3 bp up to as much as 235,000 bp [96, 97].   

Although all pneumococci recombine, the frequency of recombination has been shown to 

vary considerably; an experimental study showed, that in carriage pneumococci, the 

frequency of recombination varied by up to four orders of magnitude and was not correlated 
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with the genetic relatedness of the pneumococci [98].  Similar variation in the rates of 

recombination relative to mutation (r/m) have been shown in different lineages in the same 

pneumococcal population [99].  There is also evidence from a large longitudinal carriage 

study that some pneumococci are better at donating or receiving exogenous DNA than others, 

with an unencapsulated (NT) lineage being shown to be more likely to both donate and gain 

DNA when compared to the other lineages in the population [100]. 

Transduction  

Bacteriophages can be divided into two categories: lytic bacteriophages and lysogenic 

bacteriophages.  Lytic bacteriophages enter a bacterial cell and immediately use the cell’s 

machinery to replicate before lysing the bacterial cell to release infective phage particles that 

then go on to infect other bacterial cells.  Upon entering a bacterial cell, lysogenic 

bacteriophages do not enter a replication cycle or lyse the bacterial cell but instead integrate 

themselves into the bacterial chromosome where they remain dormant until an external 

stimulus such as UV radiation induces the bacteriophage to enter the lytic cycle [82].  

Occasionally, upon entering the lytic cycle, host DNA can be incorporated into the phage 

particles which leads to the transfer of bacterial DNA when the bacteriophages infect another 

cell and again incorporate themselves into a new bacterial chromosome.  This process of 

transferring bacterial DNA via bacteriophages is known as transduction. 

The first pneumococcal bacteriophages were identified in 1975 by two groups independently 

in samples isolated from the throat swabs of healthy children [101, 102].  One earlier study 

estimated that up to 76% of pneumococci isolated in a clinical setting contained 

bacteriophages or bacteriophage remnants in their genomes [103].  Pneumococcal 

bacteriophages are a relatively understudied area of pneumococcal biology and it is largely 

unknown what role bacteriophage sequences might play in pneumococcal virulence or 
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pathogenesis but the presence of the MM-1 phage in a pneumococcal chromosome has been 

shown to increase adherence to pharyngeal surfaces [104].  The high frequency of 

bacteriophage sequences in pneumococcal genomes is, however, suggestive of a possible role 

in enhancing genetic diversity as well as improving the ability of pneumococcus to evade 

selection pressures [83]. 

1.5 The pneumococcal polysaccharide capsule 

Pneumococcus, like many bacterial species, produces an extracellular polysaccharide capsule 

which is covalently attached to the peptidoglycan cell wall [105].    The polysaccharide 

capsule is the primary pneumococcal virulence factor and is believed to aid bacterial survival 

in blood [106] as encapsulated pneumococci were shown to have increased bacterial survival 

during IPD when compared to unencapsulated pneumococci.  In order to evade the host 

immune system, antigenic diversity has been selected for leading to the observed diversity of 

capsular types.  Nearly 100 different serotypes are now known and new types are still being 

identified [107-110].  The classification of pneumococcal capsules into distinct serotypes is 

based on the reaction of the capsule to serotype-specific antisera (see The epidemiological 

typing of pneumococci section) and the majority of serotypes were first defined in the 1930s 

[111].  The current system of nomenclature for serotypes was developed in the 1940s in 

Denmark [112] and the nearly 100 different serotypes are grouped into 46 serogroups based 

on the cross-reactivity of antisera to the respective polysaccharide capsules [113]. 

Capsule synthesis 

With the exception of serotypes 3 and 37, all capsule types are synthesised through the Wzy-

dependent pathway [15].  The monosaccharide repeat unit is synthesized through sequential 

addition of nucleotide-charged sugars to an undecaprenyl phosphate acceptor on the inner 

leaflet of the cell membrane.  The complete repeat unit is then transferred to the extracellular 
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face of the membrane by a flippase (encoded by the wzx gene) where the Wzy polymerase 

adds the growing polymer chain to the new repeat unit before attachment to the 

peptidoglycan cell wall [114].  Capsular synthesis in serotypes 3 and 37 requires the 

synthase-dependent pathway.  The synthase gene (wchE) in serotype 3 is located in a 

truncated cps locus that consists of only six genes, five complete and one truncated [115-

117].  The cps locus in serotype 37 is defective and closely resembles the cps locus of 

serotype 33F.  Instead the serotype 37 capsule is produced by the synthase gene tts, which 

encodes a protein with sequence motifs typical of cellulose synthases and β-

glucosyltransferases, and is located in a different part of the genome [118, 119].     

The capsule is a significant metabolic burden to the cell as it may account for more than 50% 

of the pneumococcal volume [120].  There are two different phases of capsule production in 

pneumococcus: the transparent and opaque phases.  The two phases are characterised by the 

differences between pneumococcal colonies that are observable when the colonies are viewed 

on transparent surfaces instead of blood agar [121].  Transparent variants, where expression 

of the capsule is reduced, have been shown to have increase adherence to human epithelial 

cells.  In animal models of carriage, transparent phase variants were selected for during 

nasopharyngeal carriage and were responsible for lower mortality rates as compared to 

opaque variants introduced intraperitoneally in a mouse model [121, 122].  Opaque variants, 

which express 2.5 to 22 times more polysaccharide capsule when compared to transparent 

variants of the same strain, are associated with invasive disease and are not generally found in 

nasopharyngeal colonisation [123].  The increased polysaccharide expression by opaque 

variants hinders cytoadherance, which may explain their inefficiency at colonising the 

nasopharynx. Increased polysaccharide expression also increases resistance to 

opsonophagocytosis and has been implicated in increased virulence in murine models of 

sepsis [121, 124].  More recent work has shown that phase variation in pneumococcus is 
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regulated by genetic rearrangements in the Type 1 restriction modification system [125].  

These rearrangements resulted in six different subpopulations with different gene expression, 

variable patterns of methylation and which exhibited phenotypic changes including phase 

variation [125]. 

Capsule genetics 

The genes encoding the Wzy-dependent pathway are located in a region of the pneumococcal 

chromosome known as the cps locus. The cps locus is situated between dexB and aliA and 

varies in size from ~10 kb to ~30 kb with the number of genes varying accordingly [15].  In 

almost all serotypes, the cps genes are in the same orientation as dexB and aliA and are 

predicted to be transcribed as a single operon [126, 127].  A promoter sequence is located 

upstream of the first gene, wzg, and a stem-loop termination structure is located downstream 

of the final gene in the locus [126].  Typically, the first four genes in the cps locus are 

conserved and common to nearly all serotypes; these four genes wzg, wzh, wzd and wze are 

involved in the regulation and processing of the capsule.  The next gene in the cps locus is 

normally wchA, the initial glucose phosphate transferase responsible for linking the activated 

glucose phosphate to the membrane-bound lipid carrier.  The serotype-specific genes are 

located downstream of the regulatory and processing genes along with the polysaccharide 

polymerase (wzy) and flippase genes (wzx).  Clustering of the original 90 cps loci sequences 

into homology groups revealed that there is a good correlation between the serogroups 

grouped together based on shared reactions to antisera and clustering based on the nucleotide 

sequence [15].  However, the analysis did reveal shared ancestry between certain serotypes, 

based on nucleotide sequence, that do not share any serological cross-reactivity: serotypes 44 

and 46 were closely related to serogroup 12, and serotype 14 was extremely similar to 

serogroup 15 [15].   
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The observed antigenic diversity seen amongst serotypes is due to different mechanisms.  For 

instance, small changes at a genetic level can be responsible for the production of different 

serotypes within the same serogroup.  Within serogroup 6, a single amino acid change in the 

wciP gene changes the serotype from 6A to 6B [128] whilst the insertion or deletion of a 

single gene in serogroup 18 leads to the different serotypes 18A and 18B [15].  Conversely, 

>5% divergence at a nucleotide level as in the case of serotype 6B and 6Bii (6E) does not 

result in a change to the polysaccharide structure [129].  The presence or absence of O-

acetylation of the peptidoglycan differentiates serotypes 15B and 15C with the differences 

caused by variable numbers of TA tandem repeats at the 5’ end of wciZ  which cause a 

frameshift in 15C but not 15B [130].   

1.6 Pneumococcal vaccines 

The first attempt at developing and administering a pneumococcal vaccine took place in 1911 

in South Africa where it was given to workers on the diamond and gold fields who suffered 

from a high burden of morbidity and mortality due to pneumococcal pneumonia [131, 132].  

The vaccine in this first trial, which consisted of dead pneumococci (a whole cell vaccine), 

reduced the rate of pneumonia in the miners receiving it in the first four months after 

administration but this effect declined over time.  Development and testing of whole cell 

vaccines continued sporadically until the 1940s without any great success in the reduction of 

pneumococcal disease [28].   

Pneumococcal Polysaccharide Vaccines (PPVs) 

In 1917 it was shown that the pneumococcal capsule triggered an adaptive immune response 

during human disease which led to the discovery that the injection of a polysaccharide 

intradermally would also lead to an immune response [133, 134].  This work would 

eventually lead to the development of the first polysaccharide-based vaccine, containing type 



 38 

1 and type 2 polysaccharides, in the 1930s in America [135].  The first polysaccharide 

vaccine shown to have a significant effect on vaccine-type pneumococcal pneumonia was 

tested on American airmen during the Second World War. This tetravalent vaccine, made up 

of capsule types 1, 2, 5 and 7, reduced the incidence of pneumococcal pneumonia in the 

target group by 85% and was also shown to provide protection against nasopharyngeal 

acquisition of the capsular types included in the vaccine [136].  This successful trial would 

lead to the commercial release of two hexavalent vaccines, one for adults (serotypes 1, 2, 3, 

5, 7 and 8) and one for children (serotypes 1, 4, 6, 14, 18 and 19) in the United States in 

1946.  However, the accelerated development of penicillin to treat wounded servicemen 

during the Second World War, as well as its remarkable efficacy at treating bacterial 

infections, including those caused by pneumococcus, meant that interest in preventing 

pneumococcal disease by vaccination diminished and the hexavalent vaccines were 

withdrawn in 1954 [137]. 

Following a revived interested in pneumococcal vaccination in the late 1960s, new vaccine 

formulations began to be developed. A trial of a 13-valent vaccine led to a reduction in the 

burden of vaccine-type pneumococcal pneumonia of almost 80% amongst ~12,000 South 

African miners [138].  In 1977, a 14-valent vaccine was licenced for use in the USA and this 

was subsequently replaced by a 23-valent pneumococcal polysaccharide vaccine (PPV-23) 

containing serotypes 1, 2, 3, 4, 5, 6B, 7F, 8, 9N, 9V, 10A, 11A, 12F, 14, 15B, 17F, 18C, 19F, 

19A, 20, 22F, 23F and 33F, which was introduced in 1983 and is still in use today [139, 140].  

The introduction of PPV-23 led to a 60%-70% reduction in pneumococcal disease in 

immunocompetent adults though disease incidence amongst children was largely unaffected 

as PPV-23 was later shown to be ineffective in children under the age of two as their 

immature immune system is unable to mount a strong immune response against the 

polysaccharides included in the vaccine [141, 142].  For this reason, PPV-23 is currently only 
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recommended for use in adult groups at risk of serious pneumococcal disease such as the 

elderly, the immunocompromised or else people suffering from chronic cardiac, pulmonary 

or renal disease [143]. The ineffectiveness of polysaccharide vaccines amongst children 

under the age of five, the primary reservoir of pneumococcus, would lead to the development 

of conjugate vaccines which are able to elicit an immune response in children [28]. 

Pneumococcal Conjugate Vaccines (PCVs) 

Whilst the first attempt at conjugating a pneumococcal polysaccharide to a protein (serotype 

3 polysaccharide was conjugated to a horse serum globulin and used to immunise rabbits 

against experimental pneumococcal infection) was made in the 1930s [144, 145], the first 

application of the technique to a human vaccine would not take place until the end of the 20
th

 

century [146].  The first pneumococcal conjugate vaccine, PCV7 (Prevnar), was developed in 

the 1990’s and first licenced for use in infants in America in 2000 [147].  PCV7 is made up of 

seven capsular polysaccharides (serotypes 4, 6B, 9V, 14, 18C, 19F, and 23F), chosen for their 

high incidence in invasive disease in the USA, covalently bound to the diphtheria toxoid 

CRM197, which is highly immunogenic but non-toxic [146].  The combination leads to an 

anamestic immune response in children under the age of five [147].  More recently two other 

PCVs have been licenced for use: PCV10 (Synflorix, serotypes 1, 4, 5, 6B, 7F, 9V, 14, 18C, 

19F, and 23F) and PCV13 (Prevnar 13, serotypes 1, 3, 4, 5, 6A, 6B, 7F, 9V, 14, 18C, 19A, 

19F, 23F) [148, 149] and these began to replace PCV7 in national immunisation programmes 

in 2009.  As of March 2016, pneumococcal conjugate vaccines (PCV10 and PCV13) are now 

routinely administered in 135 countries around the world and have had a major effect on the 

burden of morbidity and mortality due to pneumococcal disease [150].  The next PCV, 

PCV15 which will include serotypes 22F and 33F (these were chosen as they accounted for 

~10% of IPD cases in the USA in 2007 [151]) as well as the thirteen serotypes included in 
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PCV13 is currently undergoing clinical trials and will likely be licenced for use in the near 

future [152, 153]. 

The effect of PCVs on the pneumococcal population 

The introduction of PCV7 into the United States led to a decline of 60%-70% in the incidence 

of IPD in young children given the vaccine, along with a small decrease of 6-7% in cases of 

acute otitis media caused by pneumococcus [154-158].  A decline was also seen in the 

prevalence of IPD amongst adults and unvaccinated children suggesting that the vaccination 

of children under the age of five produced a level of herd immunity that provided protection 

amongst the unvaccinated population [159].  Though the overall rates of pneumococcal 

carriage did not decrease post-vaccination, there was a significant decline in the carriage of 

vaccine-type (VT) pneumococci [160-162] as well as a reduction in the carriage of antibiotic-

resistant pneumococci (many of the major antibiotic-resistant clones have vaccine serotypes 

[156]).  The sustained rates of carriage were caused by VTs being replaced by non-vaccine 

types (NVTs) in the population, a phenomenon known as serotype replacement [163, 164].  

Following the initial decrease in cases of IPD after the introduction of PCV7, serotype 

replacement was responsible for a subsequent increase in the cases of invasive disease in the 

USA and elsewhere caused by NVTs such as serotype 19A [165-167].  The increase in IPD 

caused by serotype 19A can also partly be explained by a second phenomenon, that of 

capsular switching [168].  Here, VT pneumococci acquire a cps locus that codes for a NVT 

capsule through recombination. This allows a disease-causing clone to “escape” the vaccine 

and thus continue to cause disease [168].  In the USA, it has been shown that there were at 

least five independent capsule switching events that led to the dissemination of serotype 19A 

variants of the previously serotype 4 ST695 clone that subsequently became the third most 

common cause of IPD due to serotype 19A [169, 170]. The replacement of PCV7 by PCV10 

and PCV13  in vaccination programmes has also had a significant effect on the incidence of 
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IPD caused by VT pneumococci, mainly due to reductions in serotype 19A and 7F disease 

[171].   

As pneumococcus is highly recombinant, there is a high likelihood of capsular switches 

occurring in the future which would lead to a potential reduction in vaccine efficacy. Thus, 

continued epidemiological surveillance of circulating pneumococcal serotypes is important as 

the long-term effects of the PCVs on the pneumococcal population need to be assessed, 

especially with regards to changes in the prevalence of NVT pneumococci.   

1.7 The mechanisms and emergence of antibiotic resistance in pneumococcus 

β-lactam resistance 

β-lactams are a broad-spectrum class of antimicrobial agents comprised of different structural 

classes including the penicillins (e.g. penicillin and amoxicillin) and the cephalosporins (e.g. 

cefotaxime and ceftriaxone). β-lactam resistance in pneumococcus is mediated by alterations 

to the penicillin-binding proteins (PBPs) which reduce the affinity of PBPs for β-lactams and 

prevent the binding of the β-lactam molecules [172].  PBPs are essential in pneumococcus for 

cell division, growth and remodelling [173, 174] and  six PBPs have been described: PBP1A, 

PBP1B, PBP2A, PBP2B, PBP2X and PBP3 [175].  Whilst variants of all six PBPs have been 

shown to be associated with β–lactam resistance in various settings, the primary resistance 

determinants are PBP2X and PBP2B as changes to just these two genes are capable of 

conferring resistance [176].  High level resistance in resistant clinical pneumococci is 

conferred by PBP1A, provided that the pneumococci also have altered PBP2B and/or PBP2X 

genes [177].  Though PBP1B and PBP3 have been implicated in resistance in laboratory 

mutants, the evidence for the role these genes may play in resistance in the wider 

pneumococcal population is limited [178-180].    Alterations to the PBPs are the result of 

homologous recombination whereby fragments of these genes from other closely-related 
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streptococci such as S. mitis are incorporated into the pneumococcal genome leading to a 

mosaic structure in the PBPs [181, 182].  The diversity of PBPs between different 

pneumococcal lineages suggests that there have been multiple independent acquisitions of 

resistant variants [183, 184].  As well as PBPs, mutations in other protein-encoding genes, 

including the MurMN and ciaRH operons and the clpL locus have also been shown to be 

responsible for β –lactam resistance [185-188].  

The widespread adoption of penicillin in the late 1940s led to a dramatic improvement in the 

survival rates of individuals suffering from IPD and the pneumococcus was considered to be 

fully susceptible to penicillin.  The first penicillin non-susceptible pneumococcus was  

reported in Australia in 1967 by Hansman and colleagues [189].  Further examples of 

penicillin resistant pneumococci were isolated in Papua New Guinea in 1971 by the same 

group [190].  In 1978 the first fully penicillin-resistant pneumococci were isolated from 

children in hospitals in South Africa [191].  These pneumococci were also resistant to 

tetracycline, chloramphenicol, macrolides and trimethoprim-sulfamethoxazole (TMP-SMX) 

and thus marked the emergence of multi-drug resistant (MDR) pneumococci.  MDR 

pneumococcal lineages also began to emerge in Spain in the 1980s and would spread around 

the world such that by the time the first PCV was introduced in 2000, a significant proportion 

of all IPD pneumococci were resistant to penicillin and other antibiotics. 

Resistance to other antibiotics 

Resistance to tetracycline in pneumococcus is mediated by the acquisition of tet(M) and 

occasionally its paralogue tet(O) which share ~77% amino acid similarity [192-194].  The 

acquired tet(M) and tet(O) genes prevent the binding of tetracycline to the 30S ribosomal 

subunit and are commonly carried on the Tn916 Integrative Conjugative Element (ICE).  The 

first tetracycline resistant pneumococci were identified in Australia in 1963 [195] and current 
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rates of tetracycline resistance in pneumococcus vary significantly depending on location, 

with rates of up to 85% observed in pneumococci carried by healthy children in South Korea 

[196]. 

Chloramphenicol works by targeting peptidyl transferase, an enzyme that is responsible for 

catalysing peptide bond formation during bacterial translation [197, 198].  Chloramphenicol 

resistance is due to an enzyme encoded by the chloramphenicol acetyltransferase gene, cat, 

which inactivates chloramphenicol upon entry to the cell by catalysing the conversion of 

chloramphenicol to its various derivatives [199, 200].  The cat gene is carried by the Tn5253 

and Tn5253-like ICEs [200, 201].  Chloramphenicol resistance in pneumococcus took longer 

to develop than resistance to other antimicrobials, but the first chloramphenicol resistant 

pneumococci were collected in France in 1973 [199].  Contemporary rates of 

chloramphenicol resistance are lower than that for other antimicrobials but may still reach as 

high as 67% in some populations [202]. 

Macrolide resistance in pneumococcus is caused by at least two different mechanisms.  

Erythromycin resistance is mediated by the erythromycin ribosome methylase, erm(B), which 

is generally acquired through the import of ICEs such as Tn1545 and  Tn917 and modifies 

the rRNA that macrolides target [203-205].    Macrolide resistance is also caused by the mef 

efflux pump; two variants with >90% amino acid sequence similarity, mefA and mefE are 

found in pneumococcus [206-208].  Like the cat and erm(B) genes mefA (Tn1207.1 and 

Tn1207.2) and mefE (mega element) are typically carried on  transposon-related elements 

[207, 209, 210].  The first erythromycin-resistant pneumococci were reported in 1967, the 

same year the first penicillin non-susceptible pneumococcus was reported [211], and 

erythromycin-resistant pneumococci  rapidly increased in prevalence in the USA, South 

Africa and parts of Asia from the 1980s onwards [206, 212].  The modification to the 23S 

rRNA mediated by erm(B) may also lead to reduced binding of the structurally distinct 
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lincosamide class of antibiotics (e.g. clindamycin) which target the same sites as macrolides 

[213].  Clindamycin resistance in pneumococcus is a particular problem in Asia e.g. 92.4% of 

clinical pneumococci were reported to be resistant to clindamycin in China [218]. 

Nucleotide changes in dihydrofolate synthase (DHFS) and dihydrofolate  reductase (DHFR) 

cause a reduced affinity for sulphonamides, such as sulfamethoxazole, and trimethoprim 

respectively [214-216] and mutations in the the rpoB gene, which encodes a subunit of RNA 

polymerase, lead to rifampicin (rifampin) resistance [217, 218].  Sulfamethoxazole and 

trimethoprim are usually administered together (TMP/SMX) and the prevalence of 

pneumococci resistant to this combination has increased from  less than 10% in the 1980s to 

as much as 86.1% in China [212, 219].  Rifampicin, which is only used to treat pneumococcal 

disease in certain settings, is still an effective antimicrobial as levels of resistance are 

comparatively low [220, 221]. 

1.8 Pneumococcal genomics 

The first bacterial genome to be sequenced, Haemophilus influenzae Rd, was made publicly 

available in 1995 [222] and the first sequenced pneumococcal genome, TIGR4, was 

published in 2001 [223].  Since then, with the development of high-throughput sequencing 

technologies such as Illumina, the number of pneumococcal genomes has increased 

significantly: over 23,000 WGS now exist in the public domain (August 2016). 

The aim of the original pneumococcal sequencing projects was to provide high quality 

reference genomes through a process known as finishing.  Attempts were made to close all 

the gaps in the original assembly using PCR or transposon insert libraries (TILs) and improve 

the quality of each base position in the genome to above a certain threshold [224].  This was a 

manual, time consuming and expensive process that often took years to finish a single 

genome to the required standard.   The exponential increase in the number of pneumococci 
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being sequenced has meant that the majority of genomes today are draft genomes with gaps 

in the sequence.  Often, the only attempts that have been made to improve the quality of the 

genomes have been to use computational algorithms to map the original sequence reads back 

to the initial assembly (see General methods).  The new generation of sequencing 

technologies such as PacBio now offer the ability to sequence pneumococci using a 

methodology that allows for the creation of gap-free draft genomes.  

Sequencing technologies 

The first pneumococcal genomes were sequenced using a capillary-based, semi-automatic 

implementation of the Sanger method (the same chemistry was used to sequence the first 

DNA genome, X174 in 1977 [225]).  In 2005, the first next-generation sequencing (NGS) 

platform, the 454 system, became commercially available [226].  The first generation of the 

454 platform could output data equivalent to that produced by 50 capillary sequencing 

machines at a fraction of the cost, immediately increasing the numbers of bacterial genomes 

sequenced [227].  Today, the vast majority of bacterial genome sequencing is done using 

various forms of the Illumina platform which was first made publicly available in 2008 [228] 

(see General Methods for a more detailed description of the Illumina chemistry).   

Multiplexing of samples (Illumina libraries for each DNA extract are tagged with a unique 

barcode) makes it possible to sequence up to 1,344 bacterial genomes on a single Illumina 

flowcell in a process that takes around 9 days.  This has vastly increased the number of 

bacterial genomes that have been sequenced in the last decade.  New sequencing technologies 

continue to become available and these include single-molecule long-read platforms such as 

PacBio and real-time sequencers like the Oxford Nanopore MiniION.  The ability of the 

PacBio chemistry to output sequences with read lengths of up to 50 Kb (average read lengths 

of 10-15 Kb) has led to gap-free bacterial assemblies, although the overall confidence in the 
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calling of each base is slightly lower than that obtained using the Illumina platform [229, 

230]. 

The application of genomics to pneumococcal epidemiology 

As the sequencing of pneumococci becomes increasingly part of routine epidemiological 

monitoring, the methods for phenotyping and genotyping pneumococci, that were previously 

performed experimentally, will begin to be replaced with computational analyses that can be 

performed at a fraction of the cost and on a far shorter timescale.  For example, MLST locus 

allele numbers can easily be assigned based on the WGS of a pneumococcus (see the 

Multilocus Sequence Typing (MLST) section above). 

In a similar way, serotypes can now be assigned to pneumococci based on the sequence of the 

cps loci; here, the genomes of sequenced pneumococci are compared against a set of cps 

locus references and in this way the serotype can be assigned based on the best match in the 

set of references.  Beyond the costs associated with sequencing and computational 

infrastructure, WGS-based serotyping costs very little and is significantly faster than 

experimental methods.  Public Health England and the CDC have begun to move away from 

traditional methods of serotyping such as Quellung or PCR, and have begun implementing 

WGS-based serotyping as part of their routine epidemiological monitoring programmes. 

There are various experimental protocols and methodologies used for assessing antimicrobial 

resistance in pneumococcus.  Typically, the level of resistance of a pneumococcal strain to a 

particular antimicrobial agent is based on the minimum inhibitory concentration (MIC) value.   

The MIC is defined as the minimum concentration of an antimicrobial that will inhibit visible 

bacterial growth after a period of incubation, usually overnight. Given the role of altered 

PBPs in β-lactam resistance, there is a correlation between β-lactam MIC and the amino acid 

sequence of PBP1a, PBP2b and PBP2x [231].  A recent study proposed a classification 
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system for PBP-types that links the amino acid residues of the transpeptidase domains 

(responsible for cross-linking peptidoglycan chains to form rigid cell walls) of  PBP1a, 

PBP2b and PBP2x to β-lactam MIC levels identified among invasive pneumococci [232].   

One potential application of this typing system would be to predict β-lactam resistance based 

on pneumococcal WGS: β-lactam resistance could still be discerned for clinical samples 

which could not be cultured and, given the large volume of whole genome data being 

generated that may not have metadata such as MIC values, theoretically every pneumococcus 

that has been sequenced could be assessed for β-lactam resistance.  The use of this typing 

system, once fully validated, also has significant implications for cost, time saved and 

antibiotic usage.  If pneumococci isolated from clinically-relevant sites are being routinely 

sequenced as part of epidemiological monitoring programmes, the ability to quickly and 

easily ascertain the presence or absence of β-lactam resistance will guide physicians when 

deciding which antimicrobials to administer.  In theory, it should also be possible to predict 

resistance profiles for other antimicrobials like chloramphenicol, tetracycline and 

erythromycin, based on the presence or absence of the genes that have been shown to confer 

resistance.  However, to date no such typing methods have been developed but it is likely that 

such methods will begin to become available in the near future. 

Pneumococcal population genomics 

A bacterial species can be defined by its pan-genome, which consists of a core genome 

conventionally defined as those genes present in all isolates, and an accessory or dispensable 

genome, which includes the genes absent from one or more genomes or unique to a given 

genome [233].  The size of the core genome is highly dependent on the number and diversity 

of genomes included in the analysis; as more genomes are added the core genome will 

continue to decrease in size.  Conversely, as more genomes are added the size of the pan-
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genome will continue to increase as rare and unique genes not found in all the genomes 

increase the total number of genes in a given population.  Any collection of genomes is a 

subset of the total population; if the subset has limited diversity then number of core genes 

will be higher than in a dataset which is more diverse.  Various methodologies have been 

developed for calculating the core and accessory genomes of bacterial species (see Chapter 

3). 

The first pan-genome analysis to study pneumococcal diversity was applied to a set of 17 

genomes; the study revealed a pan-genome of 3,170 genes with a core genome, defined as the 

genes found in all 17 genomes, of 1,454 genes [234].  Using their methodology, the authors 

predicted that the total pneumococcal pan-genome was finite and would contain 

approximately 5,000 genes.  Subsequent studies have shown conclusively that the 

pneumococcal pan-genome is in point of fact open i.e. including new genomes in the analysis 

will continue to uncover novel genes [99, 235].  Calculating the pneumococcal core genome 

has become the starting point for many comparative genomics analyses and published 

estimates for the size of the pneumococcal genome range from 851 to 1,194 depending on the 

methodology used, and the number and relatedness of the genomes included [99, 236].   

Genome Wide Association Studies (GWAS) 

Genome-wide association studies (GWAS) were developed to test large numbers of genetic 

variants, such as single nucleotide polymorphisms (SNPs), k-mers (regular sized genome 

fragments) or indels, within a population of individuals for statistically significant 

associations with a given phenotype.   The technique was originally developed to search for 

variants associated with disease in human genomes but is now being extended to consider 

genome variants found in bacteria.  Since the first successful GWAS in humans was 

published in 2005 [237], the results of hundreds of GWASs have been published.  The results 
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of the first bacterial GWAS were published in 2013 and revealed genetic factors responsible 

for host adaptation in 192 Campylobacter jejuni and C. coli WGS [238].  The majority of 

early bacterial GWASs adapted software designed for eukaryotic GWAS or else used custom 

tools to perform the analyses.  However, tools designed for eukaryotes may not provide 

sufficient resolution or statistical robustness as bacterial populations tend to display genome-

wide linkage disequilibrium and strongly structured genetic lineages (see Chapter 7) [239].  

More recently, software specifically designed for bacterial GWAS that explicitly takes 

bacterial population structure into account has become publically available and the first 

pneumococcal GWAS, which identified genetic variants associated with resistance to 

penicillin and other antibiotics, was published in 2014 [240].   

1.9 Pneumococcus in Iceland 

Iceland is a unique location for pneumococcal research as it is an island with a small, 

ethnically-homogenous population of ~327,000 (http://www.statice.is/statistics/population/) 

where patient demographic and microbiological data are comprehensive and have been 

routinely collected for decades.  The capital and largest city, Reykjavik, is home to 

approximately 120,000 people.  If the surrounding suburbs are included the total population 

of the Capital Region is 200,000 people which accounts for nearly two thirds of the overall 

Icelandic population.  Over 90% of children aged between 18 months and six years of age 

attend day care centres in Reykjavik and the surrounding area and each year nasopharyngeal 

swabs are collected from 400-500 children as part of the routine epidemiological monitoring 

programme.  From these samples, the rates of S. pneumoniae and Haemophilus influenzae 

carriage are determined.  The results of these studies have shown that, in the pre-vaccine era, 

the carriage rate of the pneumococcus was  comparatively high (58% to 72% for the years 

2009-2011) when compared to the carriage rates reported in other European countries [241-

243].  Antimicrobial susceptibility testing of these samples revealed a high rate of resistance, 
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especially amongst the youngest children and those currently receiving antimicrobials [243, 

244].  As well as monitoring pneumococcal carriage rates amongst children, nearly all 

pneumococci isolated from invasive infections by the Department of Clinical Microbiology 

laboratory at the Landspitali University Hospital in Reykjavik have been stored since 1990.  

PVC10 was introduced in Iceland in April 2011 and in order to examine the effects of PCV10 

on the Icelandic pneumococcal population, the VICE (Vaccine Impact in Iceland) study was 

started in 2012.  The aims of the study were: i) assess the impact of PCV10 on the 

nasopharyngeal carriage of S. pneumoniae and Haemophilus influenzae in healthy children 

attending day care centres; ii) compare the prevalence of serotypes and genotypes from a 

selection of pneumococci  isolated from blood, cerebrospinal fluid, joint fluid, the lower 

respiratory tract and middle ear fluid pre- and post-vaccine; iii) assess the impact of PCV10 

on pneumococci isolated from the middle ear fluid of children with otitis media; and iv) 

assess changes in antibiotic usage and healthcare costs after the introduction of PCV10.  The 

years included in the study were 2009 to 2014 so as to cover both the pre- and post-vaccine 

periods.  All pneumococci isolated from invasive infections, every other pneumococcus 

collected from healthy children attending day care centres in Reykjavik and the surrounding 

areas, as well every other pneumococcus collected from the lower respiratory tract and 

middle ear fluid during the study period were selected for whole genome sequencing.  These 

pneumococcal samples were sent to Oxford, where I performed the DNA extractions and 

subsequently sent the DNA extracts to the Wellcome Trust Sanger Institute for sequencing.  

The VICE study dataset is the first large well-characterised genome dataset to include both 

carriage and disease (invasive and non-invasive) pneumococci and includes 1,916 pre- and 

post-vaccine genomes, in addition to 526 pneumococcal genomes selected to address specific 

questions.  The traditional epidemiology, vaccine impact and molecular epidemiology 

analyses in the VICE study are being performed by an Icelandic PhD student, in collaboration 
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with us.  I used the 1,916 genomes from the invasive and carriage pneumococci to address 

specific questions related to capsular sequence diversity, the pneumococcal pan-genome and 

genes associated with invasive pneumococcal disease.   

1.10 Aim of this Thesis 

The aim of this thesis was to show how large numbers of well-sampled, well-characterised 

genome sequences could be used to explore various aspects of pneumococcal biology and 

evolution.  Chapter 3 outlines the development of a Bayesian decision model for estimating 

the core genome of a set of bacterial genomes.  This model was used to calculate the 

estimated core genomes for five different bacterial species (n=2,096 genomes in total) and 

case studies demonstrated how the model could be used to identify areas for further study.  In 

Chapter 4, the prevalence and distribution of the recently described serotype 6E as well as the 

other members of serogroup 6 was assessed using a diverse dataset of ~1000 genomes. 

Opsonophagocytosis assays were then conducted by collaborators in London to see whether 

PCV-induced serotype 6A and 6B antibodies inhibited serotype 6E pneumococci.  The 

finding that there was significant diversity amongst serogroup 6 pneumococci in Chapter 4 

led to the analyses conducted in Chapter 5 where capsular diversity amongst 49 serotypes 

from 14 different serogroups was assessed.  A number of hybrid and putative serotypes were 

identified and characterised.  The core genome model described in Chapter 3 was then used 

in Chapter 6 to calculate the estimated core genomes for four distinct pneumococcal carriage 

datasets.  The core genomes were compared to each other which revealed a small shared core 

genome of 303 genes.  The comparison also revealed that one of the datasets from a refugee 

camp in Thailand was very different to the other three datasets and possible explanations for 

these differences were explored.   In Chapter 7 a genome-wide association study was 

conducted to attempt to identify genes associated with three disease phenotypes (invasive 

disease, otitis media and pneumonia) using genomes from the VICE study.   
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2. General Methods 

This chapter describes the methods and materials more generally used in this thesis.  Any 

methods specific to a particular results chapter are described in the relevant chapter. 

2.1 Pneumococcal strain collections 

Historical pneumococci 

A unique collection of pneumococci dating back to the 1930s were collected by the Staten 

Serum Institute in Denmark and were made available by a collaborator, Steen Hoffman, for 

DNA extraction and whole genome sequencing (WGS).  Sequences for the original 90 cps 

loci were obtained from this collection of pneumococci [15]. 

PMEN clones 

The Pneumococcal Molecular Epidemiology Network (PMEN) was set up in 1997 in order to 

monitor the prevalence of antimicrobial-resistant pneumococci around the world as well as 

establish a standard nomenclature for globally circulating resistant pneumococcal lineages or 

clones [245].  Currently, 45 susceptible and non-susceptible PMEN clones have been 

designated and examples of each of these lineages were obtained for DNA extraction and 

WGS from the German Streptococcal Reference Laboratory. 

South Africa 

High-level penicillin resistant strains first emerged in South Africa in the late 1970s [191].  

DNA was extracted from 83 penicillin non-susceptible pneumococci (dating from 1977-

1989) provided by a South African collaborator, Anne von Gottberg, and sent for whole 

genome sequencing (WGS). 
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VICE study 

Nasopharyngeal swabs were collected from healthy children attending 15 day care centres in 

the Greater Reykjavik area during April and May of the 2009-2014 period of the VICE study 

and cultured for pneumococci.  Pure cultures were stored at -80
o
C and every other 

pneumococcus was selected for DNA extraction and WGS. 

All invasive pneumococci isolated from sterile sites (blood, cerebrospinal fluid, pleural fluid 

and joint fluid) and thus associated with invasive pneumococcal disease (IPD) have been 

collected and stored in Iceland since 1990 as part of national routine disease monitoring.  All 

invasive pneumococci collected between 2009 and 2014 were selected for DNA extraction 

and WGS.  Pneumococcal pneumonia isolates were those recovered from lung aspirates or 

sputum samples taken from patients with suspected pneumonia.  Pneumococci associated 

with otitis media were cultured from swabs of discharging middle ear fluid from patients with 

suspected infections.  All cases of suspected pneumonia and otitis media are sent to the 

Clinical Microbiology Laboratory at the Landspitali University Hospital in Reykjavik and 

approximately half of the pneumococcal-positive cultures obtained from suspected 

pneumonia and otitis media cases during the study period were selected for DNA extraction 

and WGS. 

Previously sequenced genomes 

A BIGS database was set up for the purposes of storing and analysing the pneumococcal 

genomes analysed in this thesis [20].  The sequence data were then uploaded to the database 

and the ribosomal, MLST and penicillin binding genes were tagged in an iterative process 

using BLASTN and TBLASTX [246].  Publically available reference genomes and other 

genomes from Genbank were downloaded pre-assembled from Genbank and uploaded to the 

BIGSdb database. 
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rMLST 

Raw sequence reads for genomes sequenced as part of large population-level datasets 

(Massachusetts, Maela and Southampton [99, 100, 247]) were downloaded from the 

European Nucleotide Archive [248] and assembled using Velvet [249] before the final 

assemblies were uploaded to the rMLST database (pubmlst.org/rmlst) [20, 250].  Currently, 

the rMLST database contains over 150,000 bacterial genomes including ~23,000 

pneumococcal genomes (August 2016).  

2.2 Antimicrobial susceptibilities 

VICE study 

The VICE study pneumococci were tested for their susceptibility to the following 

antimicrobials: penicillin, erythromycin, tetracycline, chloramphenicol, clindamycin, 

ceftriaxone, oxacillin and trimethoprim/sulfamethoxazole.  Two different disk-diffusion 

standards were used for determining the antimicrobial susceptibilities of pneumococci 

isolated in Iceland: CLSI (2009 - May 2012) and Eucast (June 2012 – present) [251, 252].    

Isolates were first cultured onto Columbia agar with sheep blood and incubated overnight at 

37ºC in 5% CO2.  A sterile swab was used to suspend bacterial growth in 1 ml phosphate 

buffered saline (PBS) to a turbidity matching a 0.5 McFarland standard.  A new sterile swab 

was then used to spread the bacterial cell suspension onto Mueller Hinton agar with sheep 

blood.  Disks containing the antimicrobial being tested were then placed on the agar plates 

and the cultures were incubated overnight at 37ºC in 5% CO2.  The diameter of the zone of 

inhibition around each disk was then measured and compared against the published 

interpretive criteria.   
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Antimicrobial susceptibility data for other published genomes included in analyses in this 

thesis were obtained from the original publications and antimicrobial susceptibility data for 

unpublished pneumococci including the historical, PMEN and South African genomes were 

provided by our collaborators. 

2.3 Serotyping 

The pneumococci collected as part of the VICE study were initially serotyped using either 

latex-agglutination or PCR.  Following the development and validation of seqSerotyper.R 

(see Serotyping based on the cps locus sequence below), sequence-based serotyping replaced 

latex-agglutination and PCR for serotyping the VICE study pneumococci. 

Serotypes for all other genomes included in this thesis were obtained from the original 

publications or from the collaborators who provided the samples.  The original serotypes for 

these pneumococci were obtained using a variety of serotyping methodologies including 

Quellung, latex agglutination and PCR.  For the analyses in Chapters 4 and 5, all of the 

genomes were re-serotyped using seqSerotyper.R. 

2.4 DNA extraction protocols 

DNeasy DNA extraction for whole genome sequencing (South African pneumococci 

[23]) 

Sterile disposable loops were used to subculture freezer stocks of isolates on to half of a 

Columbia agar with sheep blood (Oxoid) plate. Plates were incubated overnight at 37ºC in 

5% CO2.  A third of the resulting growth on each half-plate was then subcultured onto three 

tryptic soy agar (Oxoid) with 1000 U/ml catalase (bovine liver, Sigma-Aldrich) plates and 

distributed with a swab before further incubation overnight at 37ºC in 5% CO2.  The addition 

of catalase is required for growth on tryptic soy agar (TSA) so as to neutralise the hydrogen 
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peroxide produced during pneumococcal growth.  Without the presence of catalase, hydrogen 

peroxide release would lead to premature cell lysis followed by DNA denaturation.  

Pneumococcal growth from the three TSA plates was then suspended in 1 ml phosphate 

buffered saline (PBS; pH 7.4, Fisher Scientific) and centrifuged at 7600 rpm (Eppendorf 

5417C) for ten minutes.  The supernatants were removed and the remaining pellets 

resuspended in 180 µl enzymatic lysis buffer + 2% lysozyme (chicken egg white, Sigma-

Aldrich) and incubated in a water bath at 37ºC for 30 minutes.  25 µl Proteinase K and 200 µl 

Buffer AL (Qiagen) were added to each of the extracts which were then well mixed.  This 

was followed by a further water bath incubation at 70
o
C for 30 minutes.  200 µl ethanol (96-

100%) was added before thorough mixing by inversion.  The mix was then pipetted into a 

DNeasy mini column sitting in the provided 2 ml collection tube and centrifuged at 10,000 

rpm (Eppendorf 5417C) for 1 minute.  The flow-through and collection tube was then 

discarded and the DNeasy mini column placed in a fresh 2 ml collection tube.   500 µl of 

Buffer AW1 was added and the mix was centrifuged for 1 min at 10,000 rpm (Eppendorf 

5417C).  Again, the flow-through and collection tube was discarded and the DNeasy mini 

column placed in a fresh 2 ml collection tube.  500 µl of Buffer AW2 was added and the mix 

was centrifuged for 3 min at 13,000 rpm (Eppendorf 5417C) to dry the DNeasy membrane 

(this centrifugation step ensures that no residual ethanol is carried over to the following 

elution).  The flow-through and collection tube was discarded and the DNeasy mini column 

was placed in a clean 1.5 ml microcentrifuge tube where 115 µl of TE buffer was added 

before a final incubation at room temperature for 1 minute took place.  The mix was then 

centrifuged at 10,000 rpm (Eppendorf 5417C) for 1 minute to produce a ~110 µl elute 

containing the purified DNA. 



 57 

Promega DNA extraction for Whole-genome sequencing (VICE study, PMEN clones 

and historical pneumococci [253]) 

Isolates from Iceland were sent to Oxford on charcoal swabs, which were then cultured on 

Columbia agar with sheep blood (Oxoid) and incubated overnight at 37ºC in 5% CO2.  1-3 

colonies were picked from the blood agar plates and subcultured to 7 ml of Todd-Hewitt 

broth (Fisher) in a sterile 15 ml conical tube before being incubated overnight at 37ºC in 5% 

CO2.  Following incubation, the conical tubes were centrifuged at 4000 rpm (Eppendorf 

5810R) for 15 min and the supernatant was then discarded.  300 µl of lysis buffer and 30 µl 

of Proteinase K was added to the conical tubes.   The tubes were vortexed for 10 seconds to 

thoroughly mix the pellet and buffer before being placed in a water bath for 30 minutes at 

70
o
C.  The mix was transferred to a Promega Buccal Swab column placed in a 1.6 ml 

microcentrifuge tube.  The microcentrifuge tubes were centrifuged at 13,000 rpm (Eppendorf 

5417C) for 2 minutes.  The columns were discarded and the flow-through added to well 1 of 

the Maxwell 16 LEV cartridge.  The cartridges were placed in the Promega Maxwell 16 robot 

and the LEV Blood protocol was selected.  Each run on the robot took 45 minutes and the 

final extracts were eluted to 100 µl of elution buffer.   

Quantification of DNA extracts using the Nanodrop 

The protocol provided by the manufacturer (ThermoFisher Scientific) was used for the 

quantification of DNA using the Nanodrop spectrophotometer.  Initialization of the Nanodrop 

spectrophorometer was begun by adding 1 µl of distilled water to the Nanodrop stage and 

analysing the water sample before wiping the stage clean. 1 µl of TE buffer was placed on the 

stage of the Nanodrop and analysed as a blank sample before wiping the stage clean.  1 µl of 

each DNA extract was placed on the stage of the Nanodrop and quantified.  A DNA 
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concentration of at least 20 ng/ul was considered the minimum concentration necessary for 

whole-genome sequencing.  

Quantification of DNA extracts using the Qubit 

The protocol provided by the manufacturer (Invitrogen) was used for the quantification of 

DNA using the Qubit fluorometer.  For DNA quantification on the Qubit platform, the Quant-

IT BR (Broad Range) dsDNA assay kit (Invitrogen) was used.   The Quant-IT working 

solution was prepared by adding 199 x n µl Quant-IT buffer to n µl Quant-IT reagent, where 

n = the number of samples to be quantified.  The resulting solution was mixed by inversion.  

2 µl of each DNA extract was added to 198 µl working solution in a clear 0.5 ml 

microcentrifuge tube and vortexed for 2-3 seconds.  The samples were incubated at room 

temperature for 2-3 minutes.  Following calibration with the Qubit standards, concentrations 

for each DNA extract were determined by the Qubit machine.  A DNA concentration of at 

least 20 ng/ul was the minimum concentration necessary for whole-genome sequencing. 

2.5 Whole Genome Sequencing 

Standard Illumina multiplex library construction and paired-end sequencing was undertaken 

at the Wellcome Trust Sanger Institute (Hinxton, UK).  The first step in library construction 

involved fragmenting the DNA extracts and selecting fragments <800 bp.  These fragments 

were blunt-ended and phosphorylated in preparation for ligation to adapter sequences that 

included index tags, allowing for multiple genomes to be included in one sequencing library 

(96 or 192 genomes).  Adapter-ligated fragments were PCR amplified and gel purified before 

being loaded onto a flow cell where the fragments were captured on a lawn of surface-bound 

oligos complementary to the library adapters.  Each fragment was amplified to form distinct, 

clonal clusters through bridge amplification.  Each element of a cluster was near-identical to 

its nearby neighbours and therefore the signal from a single molecule increased linearly, 
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which allowed for robust, reliable detection.  The clusters were sequenced using a proprietary 

sequencing-by-synthesis method: each cluster was labelled using fluorescent reversible 

terminators that only allow one nucleoside to be added in a single cycle of sequencing, which 

is imaged using a camera.  The sequencing cycles were repeated in order to obtain the desired 

read length of the final sequences (100 or 150 bp) before the fluorescent labels were removed 

and the sequences separated in silico using the index tags.  

2.6 Whole Genome Sequence Analysis 

Genome Assembly 

Raw sequencing reads were assembled using Velvet [249], a de Bruijn graph assembler, to 

obtain preliminary assemblies.  Contigs <300 bp were filtered out and SSPACE [254] was 

used to scaffold the assembled contigs based on information obtained from the original 

paired-end sequencing reads.  GapFiller [255] was then run on these scaffolded contigs in an 

attempt to close gaps between the contigs and improve the overall quality of the assemblies.  

SMALT 0.5.7 [256] was used to assess the quality of the improved assemblies by mapping 

the raw sequencing reads against the assemblies generated through the pipeline in order to 

obtain quality metrics.  These improved assembly files were assessed based on the number of 

contigs and total length of the assembly: assemblies with more than 100 contigs or with a 

total length outside the typical range of a pneumococcal genome (1.9 Mb – 2.2 Mb) were 

assumed to be contaminated, either by another pneumococcal sequence or another bacterial 

species, and were removed.  The remaining assemblies were uploaded to BIGSdb. 

MLST 

As described in Chapter 1, MLST alleles are defined based on the sequences of seven 

housekeeping genes.  CCs were defined by running goeBurst [21] on the whole  
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Figure 2.1 Flowchart outlining the pipeline for serotyping serogroup 6 pneumococci 
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pneumococcal MLST database downloaded from the MLST website 

(http://spneumoniae.mlst.net/).  When goeBurst could not resolve the group founder, the 

group was assigned to CC NoneX where X is the ST with the lowest numerical value in the 

group.  When a lack of closely related STs meant that a CC could not be assigned, they were 

named SingletonX where X is the isolate ST. 

Serotyping based on the cps locus sequence  

A custom program, SeqSerotyper, was written in R for the purposes of using WGS to assign 

serotypes to pneumococcal samples.  The first step of the serotyping pipeline is a BLAT 

screen of the genomes against a collection of reference serotype sequences obtained from 

previously published studies [15, 107, 108, 110, 257-260].  Samples belonging to serogroups 

with serotypes defined by particular amino acid residues and/or specific alleles are separated 

out and re-analysed to more accurately determine the serotype.  Figure 2.1 shows a flowchart 

of the serogroup 6 specific part of the pipeline with the specific amino acid residues and 

alleles used to assign each of the serogroup 6 serotypes indicated. 

BLAST/BLAT 

BLAST (Basic Local Alignment Search Tool) is an algorithm designed to compare 

nucleotide or amino acid sequences [246].  Typically, a BLAST search involves the 

comparison of a query sequence against a library of sequences to identify sequences that 

match the query sequence above a certain threshold.  The BLAST package includes a number 

of different programs including BLASTN (for querying nucleotide sequences), BLASTP 

(amino acid queries) and TBLASTX (compares the six-frame nucleotide translations of a 

nucleotide query sequences against the six-frame translations of a nucleotide sequence 

library).  BLAT (BLAST-like alignment tool) works in a similar manner to BLAST but was 

designed to be faster and more efficient than BLAST [261]. 

http://spneumoniae.mlst.net/
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Gene prediction and annotation 

WGS were annotated using Prokka [262], a tool designed for the rapid annotation of 

prokaryotic genomes.  Using external programs, Prokka predicts coding sequences and 

transfers annotation from a custom database based on pneumococcal gene sequences 

downloaded from Genbank.  Prokka also provides options for predicting mRNAs, ribosomal 

RNA and signal peptides and creates a number of output files in standard format that can be 

used as inputs for other programs. 

Pan-genome analyses 

Genome Comparator 

Genome Comparator is a module of BIGSdb that allows a number of genomes to be 

compared against an annotated reference [20, 250].  Users can specify BLASTN thresholds 

for nucleotide identity and the proportion of a gene in the query dataset that needs to match 

the equivalent gene in the reference sequence (alignment).  Each gene in each of the query 

genomes that is also present in the reference is assigned an allele number based on how much 

the query sequence differs at a nucleotide level from the reference sequence and an X if the 

reference gene is not present in the query genome.  Genome Comparator identifies potential 

paralogues (genes with more than one copy within the same genome that may indicate a 

problem with sequence assembly) and these are generally removed from any downstream 

analyses.  Genome Comparator can also create gene alignments for each of the query genome 

genes that are present in the reference genome as well as neighbour-net phylogenetic 

diagrams [263] based on the matrix created by comparing the presence or absence and 

nucleotide sequences of each of the reference genes in the query dataset. 
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Roary 

Roary is a program that enables the pan-genome for large numbers of genomes to be 

calculated on an average desktop computer and takes as input annotated genome files (gff 

format) such as those produced by Prokka [264].  Coding sequences are extracted from the 

gff files and then converted to protein sequences. After filtering out partial sequences, cd-hit 

[265] is used to iteratively cluster the protein sequences based on sequence identity.  This set 

of clustered protein sequences is then used as input for BLASTP in order to run an all against 

all BLAST comparison using a user-defined percentage sequence identity.  The results of a 

final clustering step using orthoMCL [266] are merged together with the cd-hit clustering 

results and clusters of homologous genes are defined.  The frequency of each defined cluster 

of homologous genes in the set of isolates is determined and from here the pan-genome for a 

given group of isolates is calculated.  Roary also has options for calculating a core genome 

based on a user-defined cut-off as well as for creating alignments based on the core genome. 

Phylogenetics 

FastTreeMP 

FastTreeMP [267] is a tool for that uses multiple cores or processors to quickly and 

accurately construct  maximum likelihood phylogenetic trees using large numbers of 

genomes.  FastTreeMP allows users to specify which model to use to construct phylogenetic 

trees and all trees constructed using FastTreeMP in this thesis used a nucleotide general time-

reversible substitution model. 

ClonalFrameML 

Ignoring recombination when constructing phylogenetic trees may lead to erroneous 

structuring in the tree that does not accurately depict the true clonal relationship of the 
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genomes (ref).  It is therefore necessary that recombination be accounted for when 

constructing phylogenetic trees based on sequences from bacterial genomes.  

ClonalFrameML [268] is an updated version of the original ClonalFrame [269] software that 

attempts to reconstruct phylogenetic trees to show the true clonal relationships between 

different genomes by detecting the location of recombination regions on each branch of a 

prior phylogenetic tree generated using a tree-building program such as FastTreeMP. 

Interactive Tree of Life (iTOL)  

All phylogenetic trees created using FastTreeMP and ClonalFrameML in this thesis were 

annotated using the web-based service, the Interactive Tree of Life (iTOL) [270].  iTOL 

allows users to upload trees in a number of different formats as well as text-based files that 

can be used to annotate clades or else add rings around the tree to display relevant metadata 

such as serotype or antimicrobial susceptibility.  
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3. Defining the estimated core genome of bacterial populations using a 

Bayesian decision model. 

This chapter has been published as:  

van Tonder, A.J., Mistry, S., Bray, J.E., Hill, D.M.C., Cody, A.J., Farmer, C.L., Klugman, 

K.P., von Gottberg, A., Bentley, S.D., Parkhill, J., Jolley, K., Maiden, M.C.J. and 

Brueggemann, A.B. 2014. Defining the estimated core genome of bacterial populations using 

a Bayesian decision model.  PLoS Comput Biol  10(8): e1003788. 

The development of the Bayesian decision core genome model was a collaboration with 

Shilan Mistry and Chris Farmer from the Mathematical Institute at the University of Oxford.  

Shilan Mistry was also a member of the Brueggemann group and was responsible for the 

mathematical aspects of the Bayesian decision model, whilst I was responsible for providing 

the raw data and testing of the model.   The process of developing and testing the model was 

included in Shilan Mistry’s DPhil thesis. 

Martin Maiden’s group in the Department of Zoology provided support and genome data for 

this chapter: the Neisseria meningitidis genomes analysed in this chapter formed the basis of 

Dorothea Hill’s DPhil thesis; the Campylobacter jejuni genomes were taken from work done 

by Alison Cody; and James Bray downloaded raw sequence data for the Staphylococcus 

aureus and Helicobacter pylori samples, assembled the data and uploaded the genomes to the 

rMLST database.  Keith Jolley developed the BIGSdb infrastructure, including the Genome 

Comparator tool, which allowed for the genomes and associated metadata used in this chapter 

to be easily accessible for analysis. 

Anne von Gottberg provided South African pneumococcal isolates which were included in 

the pneumococcal dataset analysed in this chapter; the DNA was extracted in Oxford and 
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whole genome sequencing was performed at the Wellcome Trust Sanger Institute with the 

assistance of Stephen Bentley and Julian Parkhill.  I downloaded pneumococcal genomes 

from Genbank and uploaded them to the Brueggemann BIGSdb database. 

3.1 Abstract 

The bacterial core genome is of intense interest and the volume of whole genome sequence 

data in the public domain available to investigate it has increased dramatically.  The aim of 

this study was to develop a model to estimate the bacterial core genome from next-generation 

whole genome sequencing data and use this model to identify novel genes associated with 

important biological functions.  Five bacterial datasets were analysed, comprising 2,096 

genomes in total.  A Bayesian decision model was developed to estimate the number of core 

genes, pairwise evolutionary distances (p-distances) based on nucleotide sequence diversity 

were calculated, and  the median p-distance for each core gene relative to its genome location 

was plotted.  Visually-informative genome diagrams were designed to depict areas of interest 

in genomes.  Case studies demonstrated how the model could identify areas for further study, 

e.g. 25% of the core genes with higher sequence diversity in the Campylobacter jejuni and 

Neisseria meningitidis genomes encoded hypothetical proteins.  The core gene with the 

highest p-distance value in C. jejuni was annotated in the reference genome as a putative 

hydrolase, but further work revealed that it shared sequence homology with beta-

lactamase/metallo-beta-lactamases (enzymes that provide resistance to a range of broad-

spectrum antibiotics) and thioredoxin reductase genes (which reduce oxidative stress and are 

essential for DNA replication) in other C. jejuni genomes.  This Bayesian model of 

estimating the core genome is principled, easy to use and can be applied to large genome 

datasets.  This study also highlighted the lack of knowledge currently available for many core 

genes in bacterial genomes of significant global public health importance. 
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3.2 Introduction 

The advent of next-generation sequencing (NGS) has greatly increased the number of 

bacterial genomes sequenced and made available for study in public databases such as 

GenBank, the Sequence Read Archive and European Nucleotide Archive (ENA) [248, 271, 

272].  Increasing computational power allows for comparative genomics studies involving 

hundreds or even thousands of sequences, but large scale computational resources are not 

available to all researchers.  Developing methods for analysing large datasets that capitalise 

on the computational power of modern desktop computers will make comparative genomics 

analyses much more accessible to the wider research community, allowing this vast quantity 

of data to be analysed more extensively.   

Identifying the core complement of genes in a bacterial species is often the first step in 

population genomics studies and the core genome can be defined in different ways.  The most 

conservative and most frequently employed method is to only include genes present in 100% 

of isolates within the study population; however, this presents problems related to both 

biological sampling and the sequencing technology.  Any collection of isolates is a subset of 

the entire population for the species of interest, and if the subset of isolates has limited 

genetic diversity then the number of “core” genes shared by all isolates in that sample will be 

higher than in a dataset which is genetically more diverse.  This is not necessarily a problem, 

unless the intention is to extrapolate the findings to the wider bacterial population.  Another 

biological limitation to using a 100% cut-off for inclusion in the core genome is that there 

may be rare variant strains which are missing genes that would otherwise be considered core 

genes.  These variant strains may survive long enough to be sampled, potentially skewing the 

analyses.  More generally, the size of the core genome is dependent on the size of the data 

set, with the core genome decreasing in size as more genomes are added to the analysis [233]. 
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A large proportion of the bacterial genome sequences available at the time of writing are 

produced using next-generation sequencing platforms such as Illumina or Roche 454, so that 

even high-quality assemblies remain as incomplete or “draft” genomes. This is acceptable for 

most studies, but analyses of these genomes may exclude a gene from a list of core genes 

simply because it contains a sequence gap or is otherwise incomplete at that locus in the 

assembly of one or a few genomes.  This assumes that the sequences being compared are all 

full-length: if an analysis accepts less than full-length coding sequences then gaps may not be 

an issue, but there will be other challenges with using incomplete sequence data, e.g. 

calculating pairwise distance (p-distance) measures. 

If a definition of core genes as those found complete in all isolates in the dataset is too 

conservative, then the problem becomes that of determining an acceptable limit to the number 

of isolates missing any particular gene.  One approach is to plot a frequency distribution that 

indicates how many genes are present in all isolates, or are missing in one or more isolates 

within the study population (Figure 3.1).  For some bacterial species, there is a reasonably 

clear delineation between genes present in a large proportion of the study population versus 

those that are infrequent or rare, but for other bacterial species it is not clear.   

Rather than make an arbitrary decision, a statistical model for estimating the core genome 

was developed that can be applied to different bacterial species by formalising the decision in 

the language of probability.  The aim was to develop a Bayesian decision model to identify 

the genes found in what will be called the “estimated core genome” and apply this decision 

model to several large bacterial genome datasets.  The nucleotide sequence diversity for each 

gene in the estimated core genome was described and used to consider how core genome 

sequence diversity varied across unrelated bacterial species.  Finally, the data was depicted in 

a way that allowed the exploration of the sequence data in greater detail and generated 

testable hypotheses about the estimated core genome. 
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Figure 3.1 Bar charts depicting the number of genes present in 90-100% of isolates in each bacterial 

genome dataset. 
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The five bacterial species chosen for inclusion in this study were disease-causing organisms 

responsible for a large proportion of the global bacterial disease burden: Streptococcus 

pneumoniae (respiratory disease, the most important cause of infectious disease mortality); 

Campylobacter jejuni (gastrointestinal disease); Neisseria meningitidis (meningitis); 

Staphylococcus aureus (skin and soft tissue infections); and Helicobacter pylori 

(gastrointestinal ulcers). 

3.3 Methods 

Datasets selected for analyses 

Complete lists of the bacterial genome data included in this study, with accession numbers 

and available metadata (obtained by consulting the relevant published papers or websites) are 

listed in Supplementary File 3.1.  Publicly-available whole genome sequence data for H. 

pylori (N = 107 genomes) and S. aureus (N = 534 genomes) were collected in two ways: 1) 

raw sequence trace files from the ENA [248] were downloaded via an in-house genome 

assembly pipeline, assembled using Velvet [249] and uploaded to the rMLST BIGSdb 

database [20, 250]; and 2) finished reference genomes for each species were downloaded 

from GenBank and uploaded to the rMLST BIGSdb database.  Only genomes that were 

already published in the scientific literature were included in the analyses.  By comparison to 

MRSA genomes, few methicillin-susceptible S. aureus (MSSA) genomes are currently 

available (27 MSSA genomes were available at the time of our analysis, 18 of which were 

ST398) and the analyses was restricted to MRSA genomes only.  Approximately 1000 S. 

aureus genomes were publicly available and published at the time, and a diverse dataset of 

~600 genomes was selected such that the final MRSA dataset was similar in size to the C. 

jejuni and N. meningitidis datasets.  Many of the available S. aureus genomes were ST239 or 

ST22, thus selection proceeded as follows: i) any non-ST239/ST22 genomes were 
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automatically included; ii) among the 456 ST239/ST22 genomes available, 167 ST239 and 

186 ST22 were selected (duplicates or re-sequenced genomes were removed); and iii) any 

genomes that were MSSA or an unknown ST (n = 54) were subsequently removed. 

The Global Historical S. pneumoniae dataset (N = 336 genomes) included 85 assembled 

genomes from a previously published study [273]; sequences for 25 published genomes [97] 

downloaded from the ENA and assembled using Velvet; 134 genomes downloaded from 

GenBank; and 92 isolates sequenced and assembled as described in Supplementary File 3.2.  

Raw sequence data for the 616 pneumococcal genomes comprising the comparison 

Massachusetts data set [99] were downloaded from the ENA, assembled and uploaded to the 

rMLST BIGSdb database as described above.   

Data for N. meningitidis were collected largely as part of the Meningitis Research Foundation 

Meningococcus Genome Library database (MRF GL; n = 514 genomes) and an additional 

four historical isolates were included (http://www.meningitis.org/genome-library).  The C. 

jejuni isolates included in this study (N = 601 genomes), all of human origin, were collected 

at the John Radcliffe Hospital in Oxford and form part of the Oxfordshire Human 

Surveillance collection [274].  Sequence data for C. jejuni and N. meningitidis can be found 

in the PubMLST (http://pubmlst.org) and rMLST (http://pubmlst.org/rmlst) databases. 

Sequence types (STs) and clonal complexes (CCs) 

STs were assigned to genomes either by retrieving the ST information from previously 

published papers or by extracting the sequences corresponding to the MLST loci and looking 

up the ST on the MLST website (S. pneumoniae and S. aureus) [16].  STs and CCs for N. 

meningitidis and C. jejuni were extracted from the relevant BIGSdb databases. All other CCs 

were defined using goeBURST [17] and the species-specific MLST databases downloaded 

from the MLST website.  Supplementary File 3.3 provides a summary of the STs and CCs 
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included in this study for each bacterial species apart from H. pylori.  Although an MLST 

scheme is available for H. pylori, the high genetic diversity of the species means that virtually 

every new strain has new alleles and new STs, making the interpretation of such data difficult 

and thus we have not defined STs and CCs for H. pylori. 

Genome Comparator analyses and nucleotide sequence alignments 

The genomes in each dataset were analysed using Genome Comparator is a component of the 

BIGSdb genome analysis database and software suite [13].  The BLASTN parameters 

selected used a cut-off of 70% identity over a 100% alignment with a word size of 15.  

Potential paralogues were removed from the analyses by identifying which of the coding loci 

were found in more than one copy in any query genome and excluding these sequences from 

any further analyses.  For each coding locus in the reference genome, ClustalW [275] 

sequence alignments were generated for all of the query genomes containing that particular 

sequence.  Neighbor-Net diagrams were also created by Genome Comparator as part of its 

standard analysis and figures were created using SplitsTree [263]. 

Definition of the core genome  

For each of the collections of bacterial genomes, a reference genome was chosen, consisting 

of a set of 𝐾 genes {𝑔1, … , 𝑔𝐾}.  Each gene is considered independently during the analysis.  

Let 𝑁 be the number of isolates under consideration.   For each isolate, 𝑛 =  1, … , 𝑁, let 

𝑐𝑘
𝑛 = 1 if the 𝑘-th gene is present in isolate 𝑛 or zero if it is not present.  Then, for the 𝑘-th 

gene, 𝑐𝑘 = ∑ 𝑐𝑘
𝑛

𝑛  is the number of times the gene is found in 𝑁 isolates.  𝑐𝑘
𝑛 is modelled as a 

sequence of binomial random variables with the probability parameter 𝜃𝑘.  Letting 𝜋 denote a 

probability density, the probability of observing the k-th gene 𝑐𝑘 times in 𝑁 isolates given the 

model parameter 𝜃𝑘 is: 
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𝜋(𝑐𝑘|𝜃𝑘) = (
𝑁
𝑐𝑘

) 𝜃𝑘
𝑐𝑘(1 − 𝜃𝑘)𝑁−𝑐𝑘    (1) 

The above equation, viewed as a function of 𝜃𝑘, is the binomial likelihood function.  For the 

parameter 𝜃𝑘, a prior probability density 𝜋(𝜃𝑘) is specified.  Then, using Bayes’ rule, the 

posterior density of 𝜃 conditional on the observed frequency is computed: 

𝜋(𝑐𝑘|𝜃𝑘) ∝ 𝜋(𝑐𝑘|𝜃𝑘)𝜋(𝜃𝑘)     (2) 

If the prior density 𝜋(𝜃𝑘) is assumed to be a beta density with parameters (𝛼𝑘, 𝛽𝑘) then the 

prior with the binomial likelihood (1) combined with Bayes’ rule (2) can be used to find that 

the posterior density is also a beta distribution with parameters (𝛼𝑘
∗ , 𝛽𝑘

∗) [276].  The 

parameters of the prior (𝛼𝑘 , 𝛽𝑘) are related to the posterior parameters by 𝛼𝑘
∗ = 𝛼𝑘 + 𝑐𝑘 and 

𝛽𝑘
∗ = 𝛽𝑘 + 𝑁 − 𝑐𝑘.   

Decision rule 

The posterior density 𝜋(𝜃𝑘|𝑐𝑘) represents the uncertainty of the parameter 𝜃𝑘.  If the density 

𝜋(𝜃𝑘|𝑐𝑘) has a greater value near 𝜃𝑘 = 1 then that the gene is believed to be in the core 

genome.  In light of this observation, the following decision rule for each gene can be 

introduced: 

If 𝜋(𝜃𝑘|𝑐𝑘) = 0 at 𝜃𝑘 = 1 then the 𝑘-th gene is not in the core  (3) 

The set of genes not rejected according to (3) can be defined as the estimated core genome.   

Choice of prior 

The selection of a prior amounts to specifying the prior belief of whether a gene is or is not in 

the core genome.  The belief that there is an equal uncertainty of whether a gene is present in 

the core or not might also be adopted.  Priors that reflect this type of belief are known as near 
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ignorance priors [277].  Rather than selecting a near ignorance prior it can be argued that a 

prior should be selected to reflect the nature of the decision process.  Prior to analysing any of 

the 𝑁 isolates there is no reason to believe that any of {𝑔1, … , 𝑔𝐾} is or is not in the core.  As 

each strain is analysed, evidence is accumulated to suggest that the 𝑘-th gene is not a core 

gene.  To reflect this process the prior belief that every gene is a core gene is adopted and 

then an attempt to falsify this statement using the decision rule is made.  Formally, this 

corresponds to selecting as the prior a beta density with parameters (𝛼𝑘, 𝛽𝑘) = (1,0).   

Calculating p-distance values and classification of estimated core genes into functional 

groups 

Custom Perl scripts were used to split the merged sequence alignment files generated by 

Genome Comparator into separate sets of nucleotide sequence alignment files by estimated 

core gene, and then the nucleotide distance between each pair of sequences for each 

estimated core gene was calculated.  The number of sites at which the nucleotides differed 

between each pair of genes was counted.  𝑝𝑘(𝑛, 𝑚) was the proportion of sites that differed 

between isolate 𝑛 and isolate 𝑚 for the 𝑘-th gene in the estimated core.  Then for each gene 

the matrix of pairwise evolutionary distances 𝐷𝑘 was calculated using the Jukes-Cantor 

model [278] where the (𝑛, 𝑚) entry of the matrix 𝐷𝑘 was given by: 

𝐷𝑘(𝑛, 𝑚) = −
3

4
log(1 −

4

3
𝑝𝑘(𝑛, 𝑚))     (4) 

The median p-distance value was then calculated as a summary statistic for each estimated 

core gene: 

𝑑𝑘 = 𝑚𝑒𝑑𝑖𝑎𝑛{𝐷𝑘(𝑛, 𝑚); 1 ≤ 𝑛, 𝑚 ≤ 𝑁}    (5) 
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For each species the median distances for each gene in the estimated core was collected.  This 

information was plotted against the genome position of each gene (relative to the position of 

that locus in the reference genome) and depicted in a circular diagram created using Circos 

[279].  In addition, the estimated probability density function of the median pairwise 

evolutionary distances for each species, or for individual genes within a species, was plotted 

using ksdensity (Kernel smoothing function estimate) [280]. Finally, the COG functional 

groups of the genes with p-distance values greater than the 95
th

 percentile were determined 

using eggNOG [281]. 

Computing requirements and open source code  

The computationally intensive part of the analysis is the Genome Comparator run (because it 

creates sequence alignments for every gene), but this runs via a publicly-available web 

interface on a cluster of servers hosted at the University of Oxford.  Output files are stored for 

one week on the server.  The Bayesian model for estimating the number of core genes, the 

calculation of p-distance values for all reference genes, creation of the genome diagrams 

(Figure 4) and the generation of estimated probability graphs (Figure 5) can be implemented 

using freely available scripts written in the open source R software package (https://www.R-

project.org/).  Along with wrapper scripts that prepare the Genome Comparator outputs and a 

detailed manual, the relevant code is available at:  https://sourceforge.net/projects/ 

bayesianestimatedcoregenome/.  As a frame of reference, the Genome Comparator analysis 

of the largest dataset, C. jejuni (601 genomes) took 90 hours to run, including all sequence 

alignments and generation of the Neighbor-Net diagram, but the subsequent steps took 

approximately 2 hours and can be run on any modestly-powered computer. 
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Comparison of core genomes (S. pneumoniae and S. aureus) 

For case studies 2 and 3 the names of the core genes for each of the datasets included in the 

comparisons were compared to each other using the VLOOKUP function in Microsoft Excel, 

which matches cells containing the same text (the same reference genomes were used for 

each dataset so the gene names were the same) in order to generate numbers of shared and 

unique genes.    Functional groups for each of the sets of unique genes were assigned using 

eggNOG [281]. 

3.4 Results 

Description of the datasets used in analyses 

In total, 2096 genomes were analysed across the 5 different bacterial species (Table 3.1 and 

Supplementary File 3.1).  A phylogenetic network for each dataset was derived using 

Neighbor-Net [282] as part of the initial Genome Comparator [20] analyses; these diagrams 

demonstrated the overall diversity of the genomes in each study dataset (Figure 2).   

The S. pneumoniae (pneumococcal) dataset consisted of 336 genomes for isolates of 39 

different serotypes collected over 90 years (1916-2008) from at least 32 countries around the 

world.  The isolates were recovered from individuals of a wide range of ages, including 

isolates from patients with disease and isolates recovered from healthy individuals.  The 

multilocus sequence typing (MLST) data revealed 163 sequence types (STs), which could be 

clustered into 74 different clonal complexes (CCs) indicative of isolates with shared ancestry 

(Table 3.1 and Supplementary File 3.1).  
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Table 3.1 Summary of study datasets. 

Bacterial 

species 

Study dataset 
No. of 

genomes 

Years of 

isolation 

No. of 

countries 

represented 

No. of 

STs
a
 

No. of 

CCs
a
 

S. pneumoniae 
Global Historical 

Collection 
336 1916-2008 32 163 74 

C. jejuni 
Oxfordshire Human 

Surveillance 2011 
601 2011 1 (UK) 134 29 

N. meningitidis 
MRF Meningococcus 

Genome Library 
518 2010-2011

b
 3

c
 198 24 

S. aureus 
rMLST BIGSdb 

database
d 

534 1955-2011 27
e
 25 11 

H. pylori 
rMLST BIGSdb 

database 
107 --

f
 10 --

f
 --

 f
 

 

a
STs = sequence types; CCs = clonal complexes. 

b
Four historical isolates from 1976, 1983 (n = 2) and 1986 

were also included.  
c
One historical isolate was from The Gambia and another was from Norway.  All other 

isolates were from the UK. 
d
 http://pubmlst.org/rmlst/.  

e
39% (n = 210) of the genomes were from the UK; 18% 

(n = 94) genomes were from unknown locations. 
f
The year of isolation for virtually all genomes was unknown; 

STs and CCs for H. pylori were not defined (see main text). 

The largest genome dataset analysed was that of C. jejuni (N = 601 genomes).  Isolates were 

recovered from human stool samples collected from patients in Oxfordshire, United Kingdom 

(UK) with gastroenteritis during 2011.  134 STs from 29 CCs were characterised in this 

collection, which was representative of the broader C. jejuni population genetic diversity 

[274, 283]. 

The N. meningitidis (meningococcal) dataset was comprised of 518 genomes and these 

isolates were collected nearly exclusively from patients residing in England, Wales and 

Northern Ireland in the 2010/11 epidemiological year, apart from 4 historical isolates from 

Norway (1976), The Gambia and UK (1983) and UK (1986).  The 2010/11 genomes are part 
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of the Meningitis Research Foundation Meningococcus Genome Library, which contains 

genomes from all culture-confirmed cases of meningococcal disease submitted to the 

Meningococcal Reference Unit in 2010/11 and 2011/12.  Isolates of seven serogroups were 

included, mostly serogroup B (n = 394), Y (n = 74) and W-135 (n = 27).  198 STs were 

represented by the isolates and the STs clustered into 24 CCs.  Culture-confirmed cases of 

meningococcal disease are largely representative of the England and Wales disease-causing 

N. meningitidis population as described previously [284].   

The S. aureus dataset was large (N = 534 genomes) but genetically less diverse (25 STs and 

11 CCs; Table 3.1 and Supplementary File 3.1) than other datasets, since the analyses were 

restricted to methicillin-resistant S. aureus (MRSA) only.  Most of the publicly-available 

genomes that are already published are of a limited number of CCs, predominantly the 

MRSA CCs that are epidemiologically the most important.  The MRSA isolates were 

recovered from patients in 27 countries, although 39% of isolates were recovered in the UK.  

The H. pylori dataset included 107 genomes and 82% of the collection was from the USA, 

Canada or Japan.  Only limited additional metadata were available for these isolates.   

Estimated core genomes for each bacterial species dataset 

The size of the reference genomes used in the Genome Comparator analyses for each dataset 

varied from 1.6 to 2.8 Mb, and the total number of genes in each reference genome ranged 

from 1,566 to 2,547 (Table 3.2).  There were small numbers of unique loci, i.e. genes found 

only  in  one genome: S. pneumoniae (n = 6); C. jejuni (n = 6); N. meningitidis (n = 7); S. 

aureus (n = 4); and H. pylori (45). 

An initial BLASTN criteria of 70% identity was chosen, which allowed for the identification 

of variable sequences among conserved gene classes [285] and avoided bias towards 

reference-specific sequences, and 100% sequence alignment, which means that coding 
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Figure 3.2 Neighbor-Net phylogenetic networks for the five species included in this study.   Neighbor-Net 

diagrams for each species as follows: Sp) S. pneumoniae; Cj) C. jejuni; Nm) N. meningitidis; Sa) S. aureus; and 

Hp) H. pylori.  Scale bars for each individual diagram were too small to be visualised and thus were removed 

for illustrative purposes. 
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sequences occurring at the ends of contigs or with gaps were therefore not included.  

Lowering the BLASTN criteria to 70% identity and 90% alignment increases the number of 

genes in the estimated core, as partial gene sequences will be detected and included (Table 

3.3), which may be more suitable for other user-specific analyses but is not ideal for the 

calculation of p-distances to estimate sequence diversity. 

Table 3.2 Summary of estimated core genome analyses. 

Bacterial 

species 

Reference 

genome 

Reference 

genome 

size (Mb) 

Reference 

genes (n) 

% of genomes 

that possess 

each core gene 

Estimated 

core genes 

(n) 

S. pneumoniae ATCC700669 2.22 1990 ≥99.7 851 

C. jejuni NCTC11168 1.64 1623 ≥99.8 866 

N. meningitidis FAM18 2.19 1917 ≥99.8 744 

S. aureus HO5096_0412 2.83 2547 ≥99.8 242 

H. pylori 26695 1.67 1566 ≥99.1 244 

 

The smallest estimated core genomes were those of MRSA and H. pylori (242 and 244 genes, 

respectively; Table 3.2) and the S. pneumoniae, C. jejuni and N. meningitidis core genomes 

were similar in size, ranging from 744 to 866 genes.  The percentage of genomes within a 

dataset that possessed each estimated core gene ranged from ≥99.1% to ≥99.8%.  The number 

of putative paralogues identified in the initial Genome Comparator analyses varied from 1 in 

C. jejuni to 40 among the S. pneumoniae genomes, and these genes were removed from 

further analyses (lists of putative paralogues for each species are provided in Supplementary 

File 3.4).  If putative paralogues had not been removed, one would have been included in 

each of the estimated core genomes of S. pneumoniae and N. meningitidis.
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Table 3.3 Comparison of estimated core genomes using different BLASTN alignment criteria. 

   70% identity / 90% alignment 70% identity / 100% alignment 

Bacterial 

species 

Reference genome Reference 

genome 

size (Mb) 

Unique 

genes 

(n) 

Potential 

paralogues in 

whole 

genome (n) 

% of 

genomes 

that possess 

each core 

gene 

Estimated 

core genes 

(n) 

Unique 

genes 

(n) 

Potential 

paralogues 

in whole 

genome (n) 

% of 

genomes 

that possess 

each core 

gene 

Estimated 

core genes 

(n) 

S. pneumoniae ATCC700669 2.22 3 60 ≥99.7 1113 6 40 ≥99.7 851 

C. jejuni NCTC11168 1.64 3 6 ≥99.8 1183 6 1 ≥99.8 866 

N. meningitidis FAM18 2.19 4 50 ≥99.8 1104 7 21 ≥99.8 744 

S. aureus HO5096_0412 2.83 1 38 ≥99.8 537 4 13 ≥99.8 242 

H. pylori 26695 1.67 21 15 ≥99.1 766 45 2 ≥99.1 244 
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Calculated pairwise evolutionary distance values (p-distances) 

Within each genome dataset, median p-distance values were calculated for each of the 

estimated core genes and the estimated probability density function was plotted for each 

bacterial species (Figure 3.3).  The estimated probability density function plotted a  

Figure 3.3 Estimated probability densities of median p-distances.  The estimated probability density 

function was plotted for each bacterial species as follows: Sp) S. pneumoniae; Cj) C. jejuni; Nm) N. 

meningitidis; Sa) S. aureus; and Hp) H. pylori. 

smoothed histogram of the median p-distances vs. the estimated probability (relative 

frequency) of each p-distance value.  The shape of the graphs for S. pneumoniae and C. 

jejuni were similar, showing a large peak of very small p-distance values, i.e. highly 

conserved genes, but these were entirely different from the graphs depicting the data for 
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the other genes for that particular genome dataset.  Each graph is an indication of the 

overall sequence diversity of the set of estimated core genes for that particular genome 

dataset. 

The median p-distance value for each estimated core gene was then plotted against its 

position in the reference genome and illustrated as a circular bacterial chromosome 

(Figure 3.4).  The length of each line indicates the median p-distance value for that gene.  

The estimated core genes were distributed around each genome and accessory regions in 

the reference genomes (e.g. ICE elements or phage genes), were observed as gaps where 

no core genes clustered.  Estimated core genes with p-distances above 0 but less than the 

95
th

 percentile (blue lines) and those above the 95
th

 percentile (red lines) stood out in a 

pattern on each genome diagram and allowed for an evaluation of specific genes and gene 

clusters in the genome, as demonstrated below.  Supplementary File 3.5 lists all the 

estimated core genes and p-distances for each bacterial species.  All genes with a p- 

distance value greater than the 95
th

 percentile for each bacterial species, and the Cluster 

of Orthologous Groups (COG) functional category for each of those genes, are listed in 

Supplementary File 3.6. 

Three case studies that expanded the initial analyses of the estimated core genome 

Case study 1: Investigate the core genes in C. jejuni and N. meningitidis with p-distances 

above the 95
th

 percentile.   

43 estimated core genes in C. jejuni were over the 95
th

 percentile (Figure 3.4-Cj). 26% (n 

= 11; range of p-distances 0.026-0.118) of these genes were hypothetical proteins or of 

unknown function, and 19% (n = 8) were associated with coenzyme metabolism (Table 

3.3 and Supplementary File 3.6).  The C. jejuni genome diagram also clearly identified a 

gene in the estimated core that had a much higher p-distance value (0.118) than the rest of  
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Figure 3.4 Distribution of core genes and median pairwise distances. Median p-distance plotted against 

genome position, relative to the reference genome, for Sp) S. pneumoniae (ATCC700669, 2.2 Mb); Cj) C. 

jejuni (NCTC11168, 1.64 Mb); Nm) N. meningitidis (FAM18, 2.19 Mb); Sa) S. aureus (HO5096_0412, 

2.83 Mb); and Hp) H. pylori (26695, 1.67 Mb).  The length of each line on a genome diagram was scaled 

according to the maximum p-distance value calculated for that particular bacterial species. The three outer 

rings mark the 99
th

, 95
th

 and 50
th

 percentiles.  Median p-distances above the 95th percentile were coloured 

red; median p-distances above zero but less than the 95th percentile were coloured blue.  The innermost 

pair of rings marks the position of genes with a median p-distance of zero.   
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the core genome (the longest red line in Figure 3.3-Cj).  Cj0809c was annotated in the 

reference genome as a putative hydrolase.  A Pfam [286] search of the Cj0809c amino 

acid sequence returned a match to the Lactamase_B superfamily and a BLAST search 

against the NCBI non-redundant database found orthologues of the gene annotated as 

metallo-beta-lactamase in other C. jejuni.  A BLAST search of the KEGG database [287] 

resulted in hits to sequences annotated as beta-lactamase, metallo-beta-lactamase and 

thioredoxin reductase (NADPH) genes in other C. jejuni genomes. 

Beta-lactamases and metallo-beta-lactamases are enzymes that provide resistance to a 

wide range of broad-spectrum beta-lactam antibiotics.  Thioredoxin reductase is part of 

the thiol redox system, which reduces oxidative stress and is essential for DNA 

replication; it has also recently been proposed as a possible novel antimicrobial target site 

[288, 289].  The high level of sequence diversity observed in Cj0809c means that it is 

likely under selective pressure and/or is a site of frequent recombination, and further 

investigation of the true function of Cj0809c as well as the different sequence variants of 

this particular gene is necessary.  

Overall, 37 estimated core genes in N. meningitidis had median p-distance values over the 

95
th

 percentile threshold and these were categorised into 12 different COG functional 

categories (Tables 3.3 and Supplementary File 3.6).  Similar to the C. jejuni data, 24% (n 

= 9) encoded unknown hypothetical proteins or genes with only a general predicted 

function and their calculated p-distances ranged from 0.045-0.073.  The two core genes 

with the highest p-distance values (NMC1154 and NMC0661) also encode putative 

proteins with unknown functions.  NMC1154 is adjacent to ribA, which encodes a GTP 

cyclohydrolase II (ribA has been proposed as a novel antimicrobial target site [290]) and 

NMC0661 is a hypothetical protein, possibly in the YicC-like family of bacterial proteins, 

which are poorly characterised but may play a role in stationary phase survival [291]. 
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Table 3.3 Cluster of Orthologous Groups (COG) functional groups for the estimated core genes with 

p-distances greater than the 95
th

 percentile in the C. jejuni and N. meningitidis genomes. 

 C. jejuni N. meningitidis 

COG functional group no. % no. % 

R/S hypothetical protein
a
 11 25.6 9 24.3 

H coenzyme metabolism 8 18.6 7 18.9 

J translation 1 2.3 5 13.5 

M cell wall membrane envelope biogenesis 4 9.3 4 10.8 

E amino acid metabolism and transport 2 4.7 4 10.8 

L replication and repair 0 0.0 3 8.1 

C energy production and conversion 4 9.3 2 5.4 

T signal transduction 1 2.3 1 2.7 

F nucleotide metabolism and transport 1 2.3 1 2.7 

P inorganic ion transport and metabolism 0 0.0 1 2.7 

G carbohydrate metabolism and transport 3 7.0 0 0.0 

O post-translational modification, protein turnover, chaperone 3 7.0 0 0.0 

I lipid metabolism 2 4.7 0 0.0 

D cell cycle control and mitosis 1 2.3 0 0.0 

K transcription 1 2.3 0 0.0 

N cell motility 1 2.3 0 0.0 

Total 43 100 37 100 

 

a. Includes genes in COG categories R (general functional prediction only) and S (function unknown), and 

genes otherwise annotated as hypothetical proteins. 
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There were also several clusters of red lines in the N. meningitidis genome, indicating 

regions of the genome with higher sequence diversity among the estimated core genes 

(Figure 3.4-Nm).  One gene cluster encodes proteins in the NADH dehydrogenase 

complex (p-distances for each core gene in this region range from 0.021-0.055; 

Supplementary Files 3.5 and 3.6).  NADH dehydrogenase is involved in oxidative 

phosphorylation and has recently been identified as a region of the N. meningitidis 

genome that has undergone intragenic recombination; authors have speculated that 

sequence differences in this gene region may be related to differences in fitness and 

possibly virulence [292, 293].  

The matrix of calculated p-distances across all nucleotide sequences for any particular 

core gene, which were summarised as a median p-distance and plotted on the genome 

diagram were explored.  This provided insight into the range of calculated p-distances for 

a core gene and an indication of whether there was any particular clustering of p-

distances within that gene.  To investigate this, the estimated probability density graph for 

the core gene with the highest median p-distance value for each of the bacterial species 

was generated (Figure 3.5). 

The graphs varied widely in shape and height, and the graphs for Cj0809c and HP0203 

suggested that there were clusters of sequences that were likely to be biologically 

informative.  Overall, these graphs suggest that the median p-distance value is a suitable 

summary statistic to represent the sequence diversity of a particular core gene across all 

genomes analysed, and as such it provides a useful starting point for exploring a very 

large set of core genes; however, a gene-specific plot of the range of p-distances should 

also be considered as it may reveal informative biological patterns in the data.  Statistical 

analyses of the pairwise p-distance matrix would be required for further inference to be 

made.  
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Figure 3.5 Estimated probability density of p-distances for the core gene with the highest median p-

distance.  Probability distributions of p-distances for the core gene with the highest median p-distance for: 

Sp) S. pneumoniae; Cj) C. jejuni; Nm) N. meningitidis; Sa) S. aureus; and Hp) H. pylori.  Gene names are 

given in the corner of each graph. 

Case study 2. A comparison of Bayesian vs COGs methodologies to estimate the core 

genome of S. pneumoniae. 

The Bayesian model methodology was compared to that of a recently published study 

that estimated the core genome among S. pneumoniae using a COGs-based methodology 

[99].  Croucher and colleagues generated whole genome sequence data for 616 

pneumococcal carriage isolates collected during three discrete time periods between 

2001-2007 from healthy children <7 years of age in Boston, Massachusetts.  Putative 
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protein-coding sequences from all genome assemblies were extracted and grouped into 

COGs; COGs present in 100% of genomes in a single copy were defined as core genes.  

Overall, the COGs-based method estimated the size of the core genome in the 

Massachusetts S. pneumoniae dataset to include 1194 genes, whereas the Bayesian 

analysis of the same dataset estimated 948 core genes. 840 genes were common to both 

estimations and 108 and 354 genes were unique to each methodology (Figure 3.6A; 

Supplementary File 3.7).   

An explanation for the difference in core genome estimates was that the Genome 

Comparator analysis was set up to only consider full-length genes (100% alignment of 

the putative coding sequence), whereas partial sequences were included in the COGs-

based methodology.  To test this, the Genome Comparator analysis was re-run with a 

lowered threshold of 90% sequence alignment (i.e. up to 10% of the sequence could be 

missing and the gene would still be included in the estimated core genome).  The result 

was that the sets of estimated core genes were very similar: 1206 vs. 1194 genes, of 

which 1027 genes were found in both lists (Figure 3.6B).    

It is useful to note here that the output generated using the Bayesian methodology 

includes a list of the estimated core genes (named according to the reference genome), 

their predicted functions (including hypothetical proteins) and location in the genome 

(relative to the reference genome).  The COGs-based analysis outputs data for COG 

groups, which requires the user to undertake additional processing steps to acquire the 

corresponding list of gene names, sequences and genome position. 
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Figure 3.6 A comparison of the results of two different methodologies for estimating the core genome, 

using the 616 S. pneumoniae genomes from Massachusetts [11] as the assessment dataset.  Comparison 

of the number of core genes identified using the Bayesian method versus the number of core genes 

identified using the COGs-based method. A) Results obtained using an initial BLAST cut-off of 70% 

identity and 100% sequence alignment for the Bayesian analysis; and B) Results obtained using an initial 

BLAST cut-off of 70% identity and 90% sequence alignment for the Bayesian analysis. *Note that the total 

includes 10 predicted coding regions that are not in the ATCC 700669 reference genome. 

 

Case study 3. Comparison of the estimated core genome of specific MRSA CCs and STs. 

The estimated core genome for the MRSA dataset derived from the Bayesian model was 

much smaller than previous estimates of the number of core genes in S. aureus/MRSA.  
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Prior estimates of the S. aureus core genome varied from 1492 to 2266 genes [294-296], 

whilst the figure obtained using the Bayesian model was only 242 genes.  This was due to 

a number of factors: i) recently published analyses of larger MRSA genome datasets were 

restricted to a single CC, in which case the set of genes in the estimated core will be 

larger since the genomes share common ancestry [294, 297, 298]; ii) the much larger 

sample size of dataset in this study (534 genomes) in comparison to previous estimates 

using datasets of 14-63 MRSA genomes [294-296]; and iii) the exclusion of partial gene 

sequences (Supplementary File 8) which means that the estimate of the genes found in the 

MRSA core genome is very conservative.  To test whether the small estimated MRSA 

core genome may also be associated with major core genome differences between 

unrelated CCs, the MRSA genome data was reanalysed in Genome Comparator by 

running the two largest CCs, 5 and 22, individually.  The CC-specific data were then 

compared with respect to the number of estimated core genes and the COG functional 

groups associated with each unique set of core genes.   

CC5 and CC22 were comprised of 207 and 235 genomes, respectively, in the MRSA 

dataset.  81% (167/207) of genomes in CC5 were ST239, a widely-distributed, multidrug-

resistant clone that is among the most common MRSA lineages worldwide [299, 300].  

The predominant genotype in CC22 was ST22 (186/235; 79%), also known as EMRSA-

15 and responsible for 80% of healthcare-associated MRSA infection in the UK [301].   

Core genomes of 692 and 1114 genes were estimated for CC5 and CC22, respectively, 

and 396 genes were common to both CCs (Figure 3.7; Supplementary File 3.8).  A total 

of 296 genes were defined as core genes in CC5 but not in CC22: 45% of these were 

associated with metabolic functions, 22% with information storage/processing, 12% with 

cellular processes and signalling, and 21% were poorly categorised or with unknown 
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Figure 3.7 Comparison of S. aureus clonal complexes CC5 and CC22. Venn diagram of the comparison 

between the estimated core genes for CC5 and CC22, along with pie charts showing the COG functional 

categories associated with the genes that were unique to each dataset.  

function.  In contrast, 718 estimated core genes in CC22 were not part of the core genome 

of CC5: the proportions of unique genes associated with metabolism or cellular 

processes/signalling were similar to that of CC5, but half as many were associated with 

information storage/processing and notably, over one-third (n = 261) of unique core 

genes in CC22 were poorly categorised or with unknown function.  Given that CC22 is a 

major healthcare-associated MRSA clone, an argument could be made for identifying and 

discerning the functions of these unique core genes. 

3.5 Discussion 

This study exploited the large volume of publicly-available whole genome sequence data 

to outline a method for analysing bacterial genomes in a straightforward way, using web-

based tools and computer programmes that run on modestly-powered computers.  The 
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analyses described here do not require access to supercomputers.  The resulting data can 

be explored in a biologically relevant manner and there is flexibility to change the 

analysis parameters to suit different datasets and different questions.   

As an example, the core genes from among the coding loci were defined as those present 

at full sequence length so that complete gene sequence information was included and p-

distances could be reliably calculated. The model is designed to allow for the inclusion of 

genes present in <100% of genomes, which adjusts for arbitrary contig assembly issues.  

It is important to note that by excluding partial genes, many of which will be incomplete 

due to breaks in gene sequences based on sequencing technicalities and/or the genome 

assembly, the core genome estimates generated using the Bayesian model are a 

conservative estimate for each bacterial species.  However, as was demonstrated, simply 

lowering the sequence alignment to <100% will increase the number of estimated core 

genes, which may be appropriate for some datasets and analyses. In other words, the unit 

of count was the complete gene, but if the unit of count was nucleotides or the aim was to 

generate a list of full plus incomplete estimated core genes, then including partial 

sequences would be appropriate and requires the user to simply lower the sequence 

identity threshold in the initial analysis.   

Most importantly, the process described here is completely transparent and the 

assumptions are easily understood, e.g. a list of genes is exported that includes the locus 

name, putative product, sequence length and genome position, which allows for detailed 

user inspection.  The initial Genome Comparator output includes information about 

which genes are truncated (found at the ends of contigs) in each query genome and the 

user should evaluate these data carefully in conjunction with an assessment of the overall 

quality of the genome assemblies and consider whether or not to explore partial genes as 

part of a separate analysis.    Furthermore, if a user wished to analyse amino acid 
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sequences as opposed to nucleotide sequences, this is possible by selecting the 

appropriate option at the start of the Genome Comparator analysis; however, this will also 

significantly increase the run time and memory requirements and will become an issue 

with large genome datasets.  A simpler option would be to convert the aligned nucleotide 

sequences for genes of interest into protein sequences after the Genome Comparator run 

is completed.      

The estimated core genome sizes that were obtained using the Bayesian model were 

expected to be lower than previous estimates, since the number of genes common to all 

genomes in a dataset decreases as the number of genomes increases, and the study 

datasets are much larger and more diverse than the great majority of those previously 

analysed (see Table S8 for a list of relevant references).  That is not a criticism of the 

previous studies and the analyses of small numbers of whole genomes; it is simply an 

indication of what data were available at the time each study was undertaken and how 

much the genomics field has changed in a short span of time. 

The utility of using this Bayesian model was demonstrated by determining which core 

genes were more diverse than others, but other investigators may wish to focus on the 

core genes that are highly conserved in a particular dataset.  It is important to note that 

there is no one definitive “core genome” – the estimates of core genes will vary from 

dataset to dataset and between different methodologies.     

A Bayesian model for calculating the core genome was chosen in this study but a 

frequentist model, based on a hypothesis test, could also have been applied.  The 

advantage to using a Bayesian model is that it allows for the formalisation of the decision 

rule by a particular choice of prior.  Furthermore, the Bayesian model implemented here 

does not account for correlations between the genes and each gene is considered to be 
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statistically independent of each other; however, many genes are known (or likely) to be 

linked and operate as part of an operon or cassette.  A revision of the proposed model 

could assess correlations between specific genes and/or gene regions.  Such modifications 

would be a significant computational and statistical challenge given the large volume of 

genome data one would potentially wish to analyse, but a correlation model could provide 

useful biological information from the sequence data.  Moreover, the median was selected 

as the summary of the distribution of gene pairwise distances since the underlying 

distributions of p-distances are not Gaussian.  A better representation of the underlying 

probability distributions could be achieved by considering a number of different 

percentiles, but for this study the analyses were restricted to just the median. 

Finally, the case studies that were highlighted demonstrated how the data outputs and 

initial analyses may be used to derive more focussed analyses on specific genes or gene 

regions in the genome and generate new hypotheses to test.  The genome diagrams are a 

useful way of depicting areas of potential interest in the genome and the bacterial species 

evaluated here presented a huge range of possibilities for further study, from which a few 

were selected to highlight as examples.   

The field of bacterial genomics is advancing rapidly and it is now possible to generate 

enormous quantities of sequence data (albeit currently incomplete) at a low cost; 

therefore, it is also essential to find and develop suitable, widely-accessible and 

inexpensive methods of processing and analysing these data in order to maximise the 

utility and benefits of whole genome sequence data.   This model formalises the 

estimation of the core bacterial genome as a Bayesian decision problem and the resulting 

outputs reveal many areas for further exploration of the bacterial core genome. 
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3.6 Appendixes 

Appendix 3.1 List of references to previously published papers that estimated a bacterial 

core genome. 

Species First author Year Reference 

No. of 

estimated  

core 

genes 

No. of 

whole 

genomes Comments 

S. pneumoniae Donati 2010 [235] 1666 44 

 

 

Hiller 2011 [302] 1324 52 

 

 

Croucher 2013 [99] 1194 616 

 C. jejuni Lefubure 2010 [303] ~1300 43 

 

 

Friis 2010 [304] 1295 13 

 

 

Biggs 2011 [305] 1001 2 

 N. meningitidis Hotopp 2006 [306] 1706 3 

 

 

Schoen 2008 [307] 1337 6 

 

 

Schoen 2009 [308] 1330 7 

 

 

Rusniok 2009 [309] 1736 5 

 

 

Budroni 2011 [310] 1630 20 

 

 

Krauland 2012 [311] 1776 2 

 

 

Kong 2013 [293] 1090 36 

 S. aureus Hall 2010 [296] 1923 14 

 

 

Harris 2010 [297] ??? 63 ST239 only 

 

Castillo-

Ramirez 2011 [294] 1492 63 

ST239 only, follow 

on from Harris study 

above 

 

Boissy 2011 [295] 2266 17 

 

 

Castillo-

Ramirez 2012 [312] ??? 165 

ST239 only; includes 

62 from Harris study 

above 

 

Holden 2013 [298] ??? 193 ST22 only 

H. pylori McClain 2009 [313] 1237 5 

 

 

Fischer 2010 [314] 1223 7 

 

 

Kawai 2011 [315] 1079 20 

 

 

Lara-Ramirez 2011 [316] 1186 9 

 

 

Gunaletchumy 2012 [317] 760 10 
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3.7 Supplementary information (see attached USB drive) 

Supplementary File 3.1 Datasets 

Supplementary File 3.2 DNA extraction protocol 

Supplementary File 3.3 Genome STs and CCs 

Supplementary File 3.4 Putative paralogues 

Supplementary File 3.5 Core genes 

Supplementary File 3.6 Core genes with p-distance > 95
th

 percentile 

Supplementary File 3.7 Bayesian core genome versus COGs core genome 

Supplementary File 3.8 MRSA results 
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4. Genomics reveals the worldwide distribution of multidrug-resistant 

serotype 6E pneumococci 

The results described in this chapter were presented at the 12
th

 European Meeting on the 

Molecular Biology of the Pneumococcus (Europneumo 2015), Oxford July 2015. 

This chapter has been published as:  

van Tonder, A.J., Bray, J.E., Roalfe, L., White, R., Zancolli, M., Quirk, S.J., Haraldsson, 

G., Jolley, K.A., Maiden, M.C.J., Bentley, S.D., Haraldsson, A., Erlendsdóttir, H., 

Kristinsson, K.G., Goldblatt, D. and Brueggemann, A.B. 2015. Genomics reveals the 

worldwide distribution of multidrug-resistant serotype 6E pneumococci. J Clin 

Microbiol. 53(7): 2271-85. 

Sequence data for two published datasets (USA and Thailand), were downloaded from 

the ENA, assembled using Velvet and, following a quality control step, uploaded to the 

rMLST database where the pneumococcal genomes were assigned MLST profiles by 

James Bray in the Department of Zoology, University of Oxford.  I extracted metadata for 

the published pneumococcal datasets from the original publications.   

Pneumococci from Iceland were collected by my collaborators as part of the VICE study 

and were sent to Oxford on swabs where I cultured and stored the samples before 

extracting the DNA for sequencing.  DNA extracts were sent to the Wellcome Trust 

Sanger Institute where sequence template libraries were constructed by the Illumina 

library construction team before sequencing was performed using the Illumina Hiseq 

platform.  The resulting sequence data was quality controlled before being inputted into 

the Sanger assembly and improvement pipeline which assembled the genomes using 

Velvet and closed gaps in the assemblies computationally using SSPACE and GapFiller.  
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I downloaded the resulting assemblies from the Sanger ftp site, assessed the genome 

quality based on contig length and number and excluded any substandard genomes from 

further analyses.  I then uploaded the genomes to my group’s BIGSdb database where the 

MLST profiles were scanned and assigned.  I downloaded pneumococcal genomes from 

Genbank and uploaded them to the Brueggemann BIGSdb database.  The genomes were 

serotyped based on the whole genome sequence data using a script I developed, 

seqSerotyper.R. 

The opsonophagocytosis assays (OPA) used to evaluate functional antibody responses to 

serotype 6E were undertaken in Professor David Goldblatt’s laboratory at the Institute of 

Child Health, University College London.  Strains were sent from Oxford to London 

where members of Prof. GoldbIatt’s group, in particular Lucy Roalfe, Rebecca White and 

Marta Zancolli, performed the assays. 

4.1 Abstract 

Serogroup 6 pneumococci are a frequent cause of serious disease and a common 

coloniser of the nasopharynx in children.  Serotypes 6A and 6B have been recognised for 

many decades, but more recently serotypes 6C and 6D, which are genetically similar to 

serotypes 6A and 6B, were discovered.  Serotype 6E was first reported in 2004 but was 

thought to be rare; however, serotype 6E has been detected among recent pneumococcal 

collections by a number of groups.  Therefore, a diverse dataset of ~1000 serogroup 6 

genomes was analysed, the prevalence and distribution of serotype 6E was assessed, the 

genetic diversity among serogroup 6 pneumococci was analysed and the inhibition of 

serotype 6E pneumococci by pneumococcal conjugate vaccine (PCV)-induced serotype 

6A and 6B antibodies was investigated.  This study found that 43% of all genomes were 

serotype 6E and they were recovered worldwide from healthy children and patients of all 
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ages with pneumococcal disease.  Four genetic lineages, three of which were multidrug-

resistant, described ~90% of the serotype 6E pneumococci.  Serological assays 

demonstrated that vaccine-induced serotype 6B antibodies were able to kill serotype 6E 

pneumococci. This study also revealed three major genetic clusters of serotype 6A 

capsular sequences, discovered a new hybrid 6C/6E serotype, and identified 44 examples 

of serotype switching.  Therefore, while vaccines appear to offer protection against 

serotype 6E, genetic variants may reduce vaccine efficacy in the longer term due to the 

emergence of serotypes that can evade vaccine-induced immunity.  

4.2 Introduction 

Serogroup 6 is a particularly important serogroup, as it is one of the most common 

serotypes found in the nasopharynx of unvaccinated young children and is a major cause 

of serious pneumococcal disease among all age groups [318, 319].  Serotypes 6A and 6B 

have been recognised for many decades, but more recently serotypes 6C and 6D, which 

are genetically similar to serotypes 6A and 6B, were discovered [109, 258, 320].  From a 

vaccine perspective, it was shown that the 6B antibodies elicited by PCV7 were partially 

protective against serotype 6A, but not serotype 6C [321-323].  However, PCV13 was 

shown to protect against 6A, 6B and 6C [323, 324] and PCV10 is protective against 6B 

and possibly 6A [321, 325].  Serotype 6D pneumococci have been reported infrequently, 

although the prevalence in South Korea was estimated to be 10% of clinical strains, and a 

PCV7-induced cross-protective immune response to serotype 6D was demonstrated [326, 

327].  Serotypes 6F, 6G and 6H have been described very recently and whether PCVs 

provide any protection against these serotypes is unknown [110, 328]. 

The first report of serotype 6E pneumococci was by Mavroidi et al, in a study that 

explored sequence diversity and evolution among serogroup 6.  Internal fragments of the 
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three serotype-specific genes were sequenced in a diverse collection of 102 isolates of 

serotype 6A and 6B pneumococci.  While they found little sequence divergence between 

serotype 6A and most of the 6B isolates, they did identify a group of what they called 

‘class 2’ serotype 6B sequences, which were >5% divergent from the majority of 

serotype 6B isolates [128].  Two subsequent studies of serogroup 6 diversity and 

evolution in other pneumococcal collections confirmed the existence of ‘class 2’ serotype 

6B or what one report called ‘6B-III’ or possible ‘serotype 6E’ strains [258, 329].  Very 

recently, investigators have reported serotype 6E pneumococci in several Asian countries 

[259, 330, 331].  The ongoing VICE study characterising Icelandic pneumococci pre- and 

post-PCV10 implementation also discovered serotype 6E strains.  Furthermore, when the 

genome sequences of several serotype 6B PMEN reference strains were interrogated it 

was found that they all possessed a serotype 6E cps locus sequence.   

Therefore, a large and diverse dataset of ~1000 serogroup 6 pneumococcal genomes was 

compiled to investigate three aims: (i) determine the prevalence, distribution and 

epidemiology of serotype 6E; (ii) examine the genetics of the serogroup 6 cps locus and 

the molecular epidemiology of serogroup 6 lineages; and (iii) assess whether the serotype 

6B polysaccharides in PCV7 and PCV13 induce the production of protective antibodies 

to serotype 6E. 

4.3 Methods 

Pneumococcal genome dataset.  

A dataset of 1,059 assembled serogroup 6 pneumococcal genome sequences was 

compiled using previously published genome datasets [99, 100, 236], GenBank sequence 

data (http://www.ncbi.nlm.nih.gov/GenBank) and genome data from the VICE study 

(Figure 4.1; Supplementary File 4.1).  
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Figure 4.1 Flowchart outlining the compilation of the pneumococcal genome data set and corresponding 

cps locus sequences that were analysed in this dataset. 
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The genome dataset included four serotype 6B pneumococcal reference strains from the 

Pneumococcal Molecular Epidemiology Network (PMEN) collection [245], for which 

genome sequences were available (Table 4.1).  The genomes from Genbank were 

downloaded directly, and all other genomes in the dataset were downloaded as raw 

sequence reads from the European Nucleotide Archive (ENA), assembled using Velvet 

[249] and deposited in the rMLST database, which is powered by BIGSdb [20, 250].  

Corresponding metadata was manually acquired from the original publications and 

matched to the genome data.  Genome sequence quality was assessed and poor quality 

sequences (e.g. those with gaps or non-full length gene sequences in the cps locus) were 

removed, leaving 974 genomes for analyses.  All genome assemblies analysed in the 

current study, with corresponding metadata, are available from the pneumococcal 

PubMLST website (http://pubmlst.org/spneumoniae/). 

Sequence types (STs), clonal complexes (CCs) and serotypes 

Multilocus sequence type (MLST) data were automatically extracted from each genome 

using BIGSdb [20] and STs were clustered into clonal complexes (CCs) using Phyloviz 

[332].  Serotypes for each of the 974 pneumococci included in the study were assigned 

based on the genome sequence, using seqSerotyper.R; briefly, the genomes were 

serotyped by identifying amino acid residues and/or alleles specific for each serotype: 

serotypes 6A/6B, wciP195; serotypes 6C/6D, presence of wciNβ and wzy117; serotype 6E, 

wzy220; 6F, wciN150; and 6G, wzy225. 
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Table 4.1 Reference PMEN
a
 genomes and cps locus sequences used in this study. 

Reference Other name ST
a
 

Accession 

number 
Year Other info Reference(s) 

PMEN2
 

Spain
6B

-2 ST90 
ATCC700670; 

ENA 
1988 

Abscess in 

human patient, 

Madrid 

[245, 333] 

 

PMEN8 S. Africa
6B

-8 ST185 
ATCC700675; 

ENA 
1990 

Human blood 

culture, South 

Africa 

[245, 334] 

PMEN12 Finland
6B

-12 ST270 
ATCC700903; 

ENA 
1987 

Isolated in 

Finland 
[245, 335] 

PMEN17 Maryland
6B

-17 ST384 
ATCC BAA342; 

ENA 
1997 

Invasive disease 

isolate, USA 
[336] 

6A cps locus 
34351 

Rodrigues 6A/2 
ST7188 CR931638 1952 Isolated in USA [15] 

6B cps locus 
2616/39 

6B/3 
ST7199 CR931639 1939 

Isolated in 

Denmark 
[15] 

6C cps locus CHPA388 -- EF538714 1999-2002 
Nasopharyngeal  

isolate, USA 
[257] 

6D cps locus MNZ21 ST282 HM171374 2008 

Isolated from 

nasopharynx of 

healthy child, 

South Korea 

[337] 

6E cps locus HK02-14 ST90 

Multiple 

(accession 

numbers for each 

sequenced gene, 

see reference) 

2008 

Isolated from 

sputum sample, 

Hong Kong 

[259] 

6F cps locus 
MNZ1135 

PS6657 
-- KC832411 1992-2012 

Clinical adult 

sample, Germany 
[110] 

6G cps locus 
MNZ1136 

PS16864 
-- KC832410 1992-2012 

Clinical adult 

sample, Germany 
[110] 

a. PMEN = Pneumococcal Molecular Epidemiology Network; ST = sequence type as determined by multilocus 

sequence typing. 
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Analyses of the cps locus sequences.  

Thirteen cps locus genes were identified among all seven serogroup 6 reference 

sequences using cd-hit [265] and a sequence identity threshold of >80%: wzg, wzh, wzd, 

wze, wchA, wciO, wciP, wzy, wzx, rmlA, rmlC, rmlB, rmlD (Figure 4.3 depicts 

phylogenetic trees for each of the 13 genes).  Note that wciN was also present among all 

cps loci, but α and β versions of wciN were highly divergent, as noted previously [257, 

258].  The serotype 6A reference sequence for each of the 13 genes was then BLASTed 

[246] against the study genome dataset to extract the sequences for the 13 genes from 

each genome.  Pairwise estimates of evolutionary distance (p-distance; number of 

nucleotide sites that differ between two sequences divided by the total number of 

nucleotides compared) were calculated for each of the 13 genes in the 974 genomes, 

stratified by serotype.   

The extracted cps locus sequences were aligned gene-by-gene using Muscle [338] before 

being concatenated together to obtain a 12,271 bp cps locus alignment for each of the 974 

genomes.  The concatenated sequences were then input into FastTree2 to construct a cps 

locus phylogeny, using a nucleotide general time-reversible model [267].  The resulting 

phylogeny was annotated using iTOL [270].  P-distances between the serogroup 6 cps 

locus reference sequences were calculated using MEGA5 [339].  Input sequences were 

13,416 bp in length and spanned the cps locus from the start of wzg through the end of 

rmlD, including intergenic regions, but excluding wciN, HG262 (present in the cps locus 

of serotypes 6A, 6F and 6G only) and HG263 (present in serotype 6B and 6E only).   

Genome-wide assessment of sequence diversity.   

The Genome Comparator module in BIGSdb was used to compare all 974 serogroup 6 

genomes to the annotated reference genome 670-6B (NC_014498.1), also known as 
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PMEN2 or Spain
6B

-2.  The BLASTn parameters were set to ≥70% sequence identity and 

100% sequence alignment length [20].  The data were exported to an Excel spreadsheet 

 

 

 

Figure 4.2 Phylogenetic trees for each of the 13 common genes in the cps locus, constructed using the 

entire set of 974 genomes. 

that depicted the results of sequence comparisons of each annotated coding sequence 

(hereafter referred to as ‘gene’ for simplicity) in the reference 670-6B genome to each of 

the 974 query genomes (Supplementary File 4.2).  Data were output on a gene-by-gene 

basis across the entire genome for every query genome.  670-6B reference gene 

sequences were marked as allele ‘1’ and corresponding sequences in each query genome 

were marked as: ‘X’ (not present); ‘1’ (identical to the reference); ‘N’ (sequence present 
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but non-identical to the reference, marked with allele numbers to indicate unique 

sequences); or ‘T’ (sequence present but truncated).  The exported Genome Comparator 

gene-by-gene data analysis for the full 2.24 Mb genome was read into R (http://www.r-

project.org/) to create a pseudo-heat map to compare gene presence/absence and sequence 

diversity across all 974 genomes. 

The Genome Comparator analysis also revealed that 432 gene sequences were found in 

all 974 genomes in full coding length, thus for each of the genomes these 432 genes were 

concatenated (292 Kb in total) and FastTree2 was used to assemble a phylogenetic tree 

that represented all 974 genomes.   Multilocus sequence type (MLST) data were available 

for each genome and the STs were clustered into CCs using Phyloviz [332] (see 

Supplementary File 4.1).   The 432-gene phylogenetic tree was annotated with CC and 

serotype data for each genome.   

Serological analyses of serotype 6E pneumococci.   

To evaluate functional antibody to serotype 6E, post-primary vaccination sera from PCV7 

and PCV13 recipients (n = 10) who participated in previous vaccine studies [340, 341] 

were selected.  Sera were analysed by an opsonophagocytic assay (OPA, titre ≥1:8 

considered positive) [342] utilising 5 different isolates of serotype 6E pneumococci 

(PMEN2 and PMEN8 plus three recent Icelandic isolates). To assess the contribution of 

serotype-specific antibody to killing of cross-reactive antigens, sera were retested by 

OPA after adsorbing sera with purified 6A, 6B (ATCC, USA) or 6C capsular 

polysaccharide (Statens Serum Institut, Denmark) one at a time and reported as the titre 

where 50% of bacteria were killed. 
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4.4 Results 

Epidemiology of serogroup 6 pneumococci.   

The study genome dataset represented a diverse set of 974 serogroup 6 pneumococci 

recovered in 16 different countries across five continents between 1972 and 2014 (Table 

4.2).  69% (n = 675) of pneumococci were recovered from carriage, 27% (n = 267) from 

disease and 4% (n = 32) from an unknown source, from individuals spanning a wide 

range of ages.  78% (n = 760) of the pneumococci were collected prior to any PCV 

introduction in the country of origin.  Antibiogram data demonstrated a range of 

antimicrobial-susceptible and -resistant isolates among the serotypes, although 

susceptibility data were missing for many of the pneumococcal genomes.  The full list of 

genomes and associated metadata are detailed in Supplementary File 4.1. 

Based upon the molecular analysis of the dataset, 421 of 974 pneumococci were found to 

be serotype 6E.  They were recovered from individuals between the ages of 6 months and 

87 years residing in 15 different countries in Europe, North America, South America, 

Africa and Asia (Table 4.2).  The serotype 6E pneumococci were isolated from 1981 

onwards and 90% were isolated prior to the use of any PCVs.  Serotype 6E isolates were 

recovered from both healthy young children and individuals of all ages with 

pneumococcal disease.  Diseases caused by serotype 6E pneumococci spanned the range 

of typical pneumococcal diseases, i.e. otitis media, sinusitis, empyema, pneumonia, 

bacteraemia and meningitis (Supplementary File 4.1).  

One-third of the genomes (n = 318) were serotype 6A pneumococci recovered between 

1972 and 2013 from patients of all ages residing in six different countries.  The majority 

of serotype 6A pneumococci were recovered from healthy children, although 67 isolates 

from patients with invasive and non-invasive diseases were also included (Table 4.2;  
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Table 4.2. Epidemiological characteristics of individual serotypes within 974 serogroup 6 

pneumococcal genomes. 

Serotype 6A 6B 6C 6D 6E Hybrid Total 

Isolate n (%) 318 (33) 108 (11) 115 (12) 4 (0.4) 421 (43) 8 974 

Years of 

isolation 

1972-

2013 

2001-

2013 

2001-

2014 

2004 1981-

2013 

2004-

2006 

1972-

2014 

Country of origin:       

Thailand 125 0 61 4 202 8 400 

Iceland 118 100 14 0 130 0 362 

USA 53 8 40 0 20 0 121 

South Africa 19 0 0 0 10 0 29 

Portugal 0 0 0 0 13 0 13 

Germany 0 0 0 0 10 0 10 

South Korea 0 0 0 0 8 0 8 

Spain 0 0 0 0 7 0 7 

China 0 0 0 0 6 0 6 

Peru 0 0 0 0 6 0 6 

Turkey 2 0 0 0 1 0 3 

France 0 0 0 0 2 0 2 

Finland 0 0 0 0 1 0 1 

Oman 0 0 0 0 1 0 1 

PNG
e 

1 0 0 0 0 0 1 

Unknown 0 0 0 0 4 0 4 

Recovered from:       

Carriage 247 80 107 4 229 8 675 

Disease 67 28 8 0 164 0 267 

Unknown
 
 4 0 0 0 28 0 32 

Patient age (y)
b
 <0.5-87 0.5-83 <0.5-82 unknown <0.5-87 unknown <0.5-87 

Vaccine status
c        

pre-PCV 227 73 69 4 379 8 760 

post-PCV 89 35 46 - 35 - 205 

unknown 2 - - - 7 - 9 

Susceptibility (µg/ml)
 d
       

Penicillin <0.03-16 <0.03-

0.06 

<0.03-1 S
d
 <0.03-4 0.06-1 <0.03-16 

Erythromycin <0.03-16 <0.03-

0.06 

<0.03-2 -- <0.03-

256 

-- <0.03-

256 Tetracycline ≤0.5->4 ≤0.5-0.25 ≤0.5-0.25 -- ≤0.5-64 -- ≤0.5-64 

Chloramphenicol 2 2 2-4 -- 2->8 -- 2->8 

a) Serotypes were determined from the nucleotide sequence of the cps locus.  No pneumococci of 

serotypes 6F or 6G were identified in the study genome dataset. The hybrid serotype is genetically a 

combination of both 6C and 6E cps locus sequences (see Results); b) Age data were missing for 625 

genomes, but available data indicated that isolates of serotypes 6A, 6B, 6C and 6E were recovered from 

both children and adults; c) PCV = pneumococcal conjugate vaccine; vaccine status refers to whether any 

PCV was being used in the country of origin at the time of pneumococcal isolation; d) Susceptibility data 

were missing for many genomes, but the ranges of available data are given here.  S = susceptible. See 

Supplementary Table 1 for more details; e) PNG=Papua New Guinea 
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Supplementary File 4.1).  Pneumococci with a serotype 6C cps locus sequence comprised 

12% (n = 115) of the dataset and were predominantly recovered from healthy children in 

Thailand, Iceland and the USA since 2001.   

11% (n = 108) of the pneumococci possessed a serotype 6B cps sequence.  Serotype 6B 

pneumococci were isolated between 2001 and 2013 from both carriage and disease (otitis 

media, pneumonia and bacteraemia), from patients of a wide range of ages.  Four 

serotype 6D pneumococci from Thailand were identified among the genomes, but no 

serotype 6F or 6G pneumococci.  Eight carriage pneumococci from Thailand with a 

hybrid serotype 6C/6E were also identified and these are discussed in more detail below.  

Figure 4 provides a comparison of the serotype distribution among all 974 genomes using 

the original serotyping data versus sequence-based serotyping. 

Serotype-specific prevalence estimates.  

The study genome dataset was diverse and compiled from several different genome 

collections, thus estimates of serotype-specific prevalence based on the entire dataset may 

not be representative of the global pneumococcal population.  However, the carriage 

datasets from the Maela refugee camp in Thailand and from Massachusetts could reliably 

be used to assess the prevalence of serotypes within specific geographical locations 

during a specified time period.   

The Maela genome dataset was comprised of 3,085 pneumococci collected from infants 

and mothers living in a rural refugee camp in Thailand from 2007-2010 [100, 343].  

PCVs had not been used in this setting prior to or during the study period.  398 serogroup 

6 pneumococcal genomes were identified, of which 50% (n = 200) were serotype 6E, 

31% (n = 125) were serotype 6A, 15% (n = 61) were serotype 6C, 1% (n = 4) were 
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serotype 6D and 2% (n = 8) were a hybrid 6C/6E serotype (Supplementary File 4.1).  No 

pneumococci with a serotype 6B cps locus sequence were identified. 

In contrast, 616 pneumococcal genomes were collected from healthy young children in 

Boston, Massachusetts, USA, during three time periods (2001, 2004 and 2007) after 

implementation of PCV7 [99].  97 serogroup 6 pneumococci were identified, of which 

47% (n = 46) were serotype 6A, 35% (n = 34) were serotype 6C, 9% (n = 9) were 

serotype 6E and 8% (n = 8) were serotype 6B (Supplementary File 4.1).   

 

Figure 4.3. Using the entire dataset (n = 974 genomes), a comparison of the original serotyping data 

as previously published for each genome versus the sequence-based serotyping data generated in this 

study.  The majority of the unknown serotypes in part A correspond to Icelandic pneumococci from the 

study currently in progress and for which serotyping data generated via traditional methods were not 

available.  

Serotypes among PMEN clones.   

Genome sequences for four PMEN reference strains were included in this study: PMEN2 

(Spain
6B

-2), PMEN8 (S. Africa
6B

-8), PMEN12 (Finland
6B

-12) and PMEN17 

(Maryland
6B

-17), as shown in Table 4.1 (44; http://pubmlst.org/spneumoniae/).  All four 
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were previously identified as serotype 6B (presumably based on the Quellung reaction), 

but all possess a serotype 6E cps locus sequence.  Moreover, one dataset included in this 

study was compiled specifically to study the PMEN2 lineage [344], which is a multidrug-

resistant lineage of pneumococci detected in many countries around the world, but was 

originally identified in Iceland and Spain in the 1980s (http://pubmlst.org/spneumoniae/).  

189 pneumococcal genomes were sequenced in the original PMEN 2 study.  172 of these 

had complete cps locus sequences and were thus included in the current study, and all 

possessed a serotype 6E cps locus sequence. 

Figure 4.4 Organisation of the cps locus for each of the seven serogroup 6 reference sequences (see 

Table 4.2 for accession numbers).  Genes coloured red are the 13 genes common to all serogroup 6 cps 

loci at >80% sequence similarity; wciN was coloured blue and the α or β allele was indicated; transposons 

and other pseudo-genes were coloured grey; and a hypothetical gene was coloured orange.  α or β versions 

of wciP were also indicated. 
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Table 4.3 Estimates of pairwise evolutionary distances between serogroup 6 cps locus sequences, and 

among individual genes within the cps locus of each serotype. 

 Serotype 

cps locus
a
/gene

b 
6A 6B 6C 6D 6E 6F 6G 

6A        

6B 0.008       

6C 0.016 0.011      

6D 0.011 0.016 0.012     

6E 0.068 0.065 0.066 0.068    

6F 0.009 0.008 0.010 0.012 0.067   

6G 0.010 0.004 0.013 0.017 0.067 0.009  

        
wzg 0.013 0 0 0 0 -- -- 

wzh 0.008 0 0 0 0 -- -- 

wzd 0.001 0 0.001 0 0 -- -- 

wze 0.004 0 0.009 0 0 -- -- 

wchA 0.004 0 0.007 0 0.001 -- -- 

wciNα 0.001 0 -- -- 0 -- -- 

wciNβ -- -- 0.002 0 -- -- -- 

wciO 0 0 0.006 0 0 -- -- 

wciP 0 0 0.002 0 0 -- -- 

wzy 0.001 0 0.004 0 0 -- -- 

wzx 0.001 0 0.001 0 0 -- -- 

rmlA 0.046 0 0.062 0 0 -- -- 

rmlC 0.005 0 0.002 0 0 -- -- 

rmlB 0.016 0 0.014 0 0 -- -- 

rmlD 0.005 0 0.006 0 0 -- -- 

 

a) Pairwise comparisons were made between the serogroup 6 references using 13,416 bp 

cps locus sequences, which spanned the cps locus from the start of wzg through the end of 

rmlD, but excluded wciN, HG262 and HG263 from the analyses (see Methods and Figure 

1); b) Median pairwise distance measures for each cps locus gene, estimated using the entire 

974 pneumococcal genome dataset but stratified by serotype.  No serotype 6F or 6G 

pneumococci were identified among the study genomes. 
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Genetics and phylogeny of the cps locus.   

Thirteen cps locus genes were common to all 974 serogroup 6 pneumococci at a 

similarity threshold of >80% (Figure 4.4) and gene synteny was preserved among all the 

common genes.  Pairwise distance measures (p-distances) of nucleotide variation between 

the cps loci of the seven reference strains were assessed and notably, serotype 6E was 

6.7% divergent (p-distance range 0.065-0.068) from all other serotypes, whereas p-

distances between all other serotypes were 0.4-1.7% (Table 4.3).  P-distances were also 

calculated individually for each of the 13 common genes using the entire 974 genome 

dataset stratified by serotype, and the median p-distance value was used to provide a 

simple summary statistic of gene-specific sequence diversity within each serotype (Table 

4.3).  Most notably, the serotype 6B, 6D and 6E cps gene sequences were highly 

conserved within each serotype (median p-distance per gene = 0), whereas nearly all of 

the cps locus genes in the serotype 6A and 6C cps loci varied to some extent, with wzg, 

rmlA and rmlB being the most diverse (in addition to wciN), as noted in a previous study 

[329].     

A phylogenetic tree was constructed using concatenated sequences of the 13 common cps 

locus genes for each of the 974 genomes, and major serotype clusters were clearly 

delineated (Figure 4.5).  There were three major serotype 6A clusters and one cluster each 

for serotypes 6B, 6C and 6D.  No serotype 6F or 6G pneumococci were identified, but the 

serotype 6F/6G reference sequences were within serotype 6A clusters.  This was 

consistent with the initial report describing these new serotypes as being nearly identical 

to the serotype 6A cps sequence [110].  The serotype 6E pneumococci clustered in one 

group with minor within-cluster genetic variation, apart from a few pneumococci from 

South Africa in 1984-85 and Massachusetts in 2004 (long purple branches) that had 

switched serotypes and are discussed below, and three Thai pneumococci at the tips of  
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very short branches that predominantly possess serotype 6E cps locus sequence but also 

have sequence regions that match serotype 6C or 6D sequence.There was also a small 

cluster (coloured grey) of eight pneumococci collected in Thailand from 2004-2006.  This 

small cluster represented a hybrid serotype 6C/6E cps locus, with sequence differences as 

shown in Figure 4.6.  The hybrid failed to type properly as either serotype 6C or 6E in the 

serotyping pipeline because it possessed a wciNα like serotype 6E but the wzy amino acid 

that differentiates serotype 6C (Figure 4.6A).   The reason for the serotyping failure was 

clearly apparent when the sequences for each of the cps locus genes were examined 

(Figure 4.6B). The hybrid predominantly matches the 

serotype 6E sequence, but contains a region of mainly serotype 6C-like sequence from 

wciP through roughly the first half of wzx.  

Molecular epidemiology of serogroup 6 pneumococci.   

A phylogenetic tree was constructed based upon 432 concatenated gene sequences (292 

kb) present in full coding length in all 974 pneumococci (Figure 4.7).   The tree was 

annotated with clonal complex (CC) and serotype data, which clearly defined the major 

CCs (those with ≥12 members) within the dataset.  The serotype data, represented by the 

outer coloured ring, demonstrated which serotypes were associated with each CC and 

where serotype switching had occurred within CCs. 

Serotype 6E pneumococci were associated with 20 CCs (43 sequence types (STs)) in the 

study dataset, although 89% of the serotype 6E pneumococci were members of one of 

four lineages: CC90 (n = 203); CC315 (n = 117); CC4405 (n = 55); and CC273 (n = 20), 

as shown in Figure 4.7 and Supplementary File 4.1.  CC90, CC315 and CC273 are 

multidrug-resistant lineages associated with PMEN2, PMEN20 (Poland
6B

-20) and   
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PMEN22 (Greece
6B

-22), respectively (Supplementary File 4.1; http://pubmlst.org/ 

spneumoniae/).  All 8 hybrid serotype 6C/6E genomes were ST315. 

Notably, pneumococci of these four serotype 6E lineages have been detected in at least 

32 different countries on six continents, as detailed in the PubMLST database.  However, 

the majority of the isolates of these four lineages in PubMLST were submitted as 

serotype 6B (including PMEN20 and PMEN22): these should be considered putative 

serotype 6E rather than 6B, and thus the PubMLST database expands the wide 

distribution of serotype 6E pneumococci. 

Serotype 6A pneumococci were members of 24 different CCs (45 STs) in the study 

dataset, of which 11 CCs captured 90% of the serotype 6A population (Supplementary 

File 4.1).  Serotype 6C pneumococci were associated with 12 CCs, five of which defined 

83% of the serotype 6C genomes.  All but three strains of serotype 6B pneumococci were 

members of either CC176 (n = 66) or CC138 (n = 39), and all four serotype D genomes 

were ST4407. 

Serotype switching among serogroup 6 pneumococci.   

There was clear evidence for serotype switching (horizontal genetic exchange of all or 

part of the cps locus sequence, conferring a change in serotype) within 11 CCs, since 

pneumococci within the CC were not exclusively defined by a single serotype (Figures 

4.7 and 4.8).  Notably, CC315 was represented by three serotypes: 6E, 6C and the 6C/6E 

hybrid.  CC90 was predominantly defined by serotype 6E pneumococci, except for 9 

genomes from the Maela refugee camp that were ST5127 (a double-locus variant of 

ST90) and had a serotype 6A cps locus.  CC1094 was a major South African lineage of 

serotype 6A, although three genomes isolated in the mid-1980s were serotype 6E. 
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The cps locus sequences of all 44 genomes associated with putative serotype switches 

were manually inspected and confirmed.  All serotype switches were clearly evident from 

the sequence, either by an exchange of the entire cps locus or by mosaic patterns of DNA 

sequence fragments indicative of recombination events within the cps locus, as shown in 

Figure 4.9 [168, 170, 345-348].  No other hybrid cps loci were identified apart from the 

6C/6E described above. 

 

Figure 4.8. Clonal complexes (CCs) identified among the 974 pneumococcal genomes that were not of 

a single serotype. 

Genome-wide diversity among serotypes.  

Finally, all 974 genomes were compared to the PMEN2 genome reference using Genome 

Comparator, to investigate the presence/absence and diversity of 2352 genes across each 

genome.  These data were depicted as a pseudo-heat map, ordered by serotype and CC  
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(Figure 4.10).  A number of observations were immediately apparent.  As expected, the 

genomes of CC90
6E

 (CC
serotype

) pneumococci were very similar to the PMEN2 reference 

(ST90
6E

) genome used for comparison (largest white horizontal band).  However, they 

were not identical – the bacteriophage sequences in the PMEN2 reference were either not 

present or of a different sequence in the CC90
6E

 study pneumococci, and there was a 

region of variable genes (blue) in the latter half of the genome in addition to several 

smaller variable regions in some genomes within CC90
6E

.  The serotype switch CC90
6A 

pneumococci were highly similar across the genome to the CC90
6E

 pneumococci, 

although CC90
6A

 genomes also did not have the PMEN2-like bacteriophages and smaller 

variable regions were identified.  The STs within CC273
6E

, CC4405
6E

 and CC490
6A

 

shared some MLST alleles (5, 1-4, and 1, respectively), with the STs in CC90, but all 

possessed genes across the genome that matched identically to CC90
6E

 (genes coloured 

white).  In contrast, across the genome the CC315
6E

 genes were mainly of different 

alleles (i.e. genes mainly coloured blue).  Future studies will use these genome-wide data 

to investigate whether specific genotypic differences among serogroup 6 lineages relate 

to phenotypic differences between lineages and/or serotypes.  

Vaccine-induced inhibition of serotype 6E.   

Finally, a key question was whether or not PCVs would provide immunological 

protection against serotype 6E pneumococci.  Stored sera from infants in the United 

Kingdom, previously vaccinated with either PCV7 or PCV13, were available and used to 

test for killing of serotype 6E pneumococci.  Five strains were tested and results are 

shown in Table 4.4.  Antibodies induced by both PCV7 and PCV13 killed the five strains 

tested. Removal of antibodies specific for 6B polysaccharide abolished the killing 

completely in most sera tested. Removal of 6A antibodies varied by serum analysed but 

in general was similar irrespective of the type of vaccine used (6B alone in PCV7 or both  
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Table 4.4 (part 1). Results of serological assays using paediatric sera collected after 

primary PCV7 and PCV13
a
 immunisation to inhibit serotype 6E pneumococci. 

Serotype 

6E strain Vaccine Sample 

Titer without 

competitor 

Titer 

with 6A 

PnPsb 

% 

inhibition 

Titer 

with 6B 

PnPsc 

% 

inhibition 

Titer 

with 6C 

PnPs 

% 

inhibition 

PMEN 2 

PCV7 

209(6) 266 nad na <8 98.5 298 -12.0 

214(6) 165 117 29.1 <8 97.6 144 12.7 

190(6) 3462 3738 -8.0 <8 99.9 2999 13.4 

154(6) 2005 1361 32.1 <8 99.8 1397 30.3 

042(7) 213 70 67.1 <8 98.1 258 -21.1 

PCV13 

010A 766 708 7.6 <8 99.5 684 10.7 

208A 261 147 43.7 <8 98.5 193 26.1 

226A 1995 1684 15.6 <8 99.8 1337 33.0 

240A 2030 1760 13.3 496 75.6 1835 9.6 

243A 3069 433 85.9 na na 2473 19.4 

PMEN 8 

PCV7 

209(6) 246 na na <8 98.4 237 3.7 

214(6) 235 221 6.0 <8 98.3 237 -0.9 

190(6) 2382 3811 -60.0 <8 99.8 2692 -13.0 

154(6) 2151 1755 18.4 <8 99.8 1894 11.9 

042(7) 477 90 81.1 <8 99.2 585 -22.6 

PCV13 

010A 484 536 -10.7 <8 99.2 456 5.8 

208A 111 72 35.1 <8 96.4 75 32.4 

226A 1677 1446 13.8 <8 99.8 1245 25.8 

240A 1979 1803 8.9 533 73.1 2153 -8.8 

243A 2769 328 88.2 <8 99.9 2117 23.5 

VICE 0629 PCV7 

209(6) na na na na na na na 

214(6) 180 54 70.0 <8 97.8 112 37.8 

190(6) 2024 1877 7.3 <8 99.8 1858 8.2 

154(6) 923 790 14.4 <8 99.6 703 23.8 

042(7) <8 <8 0.0 <8 0.0 <8 0.0 
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Table 4.4 (part 2). Results of serological assays using paediatric sera collected after primary PCV7 and 

PCV13
a
 immunisation to inhibit serotype 6E pneumococci. 

VICE 0629 PCV13 

010A 420 199 52.6 <8 99.0 193 54.0 

208A na na na na na na na 

226A 681 509 25.3 <8 99.4 566 16.9 

240A 1316 1011 23.2 249 81.1 977 25.8 

243A 1419 117 91.8 <8 99.7 1109 21.8 

VICE 1004 

PCV7 

209(6) 198 na na <8 98.0 194 2.0 

214(6) 359 334 7.0 <8 98.9 333 7.2 

190(6) 2514 2424 3.6 <8 99.8 2238 11.0 

154(6) 863 1141 -32.2 <8 99.5 762 11.7 

042(7) 233 76 67.4 <8 98.3 239 -2.6 

PCV13 

010A 421 488 -15.9 <8 99.0 461 -9.5 

208A 233 100 57.1 <8 98.3 148 36.5 

226A 2626 241 90.8 na na 1855 29.4 

240A 1791 1394 22.2 <8 99.8 1257 29.8 

243A 2099 1701 19.0 371 82.3 1739 17.2 

VICE 
1150a 

PCV7 

209(6) 230 192 16.5 <8 98.3 247 -7.4 

214(6) 367 336 8.4 <8 98.9 416 -13.4 

190(6) 2426 2418 0.3 <8 99.8 2368 2.4 

154(6) 1259 1066 15.3 <8 99.7 1470 -16.8 

042(7) 500 161 67.8 <8 99.2 390 22.0 

PCV13 

010A 540 293 45.7 <8 99.3 304 43.7 

208A 145 106 26.9 <8 97.2 92 36.6 

226A 1674 1173 29.9 <8 99.8 879 47.5 

240A 1602 931 41.9 238 85.1 944 41.1 

243A 2324 301 87.0 <8 99.8 1849 20.4 

 

a) PCV7 and PCV13: 7-valent and 13-valent pneumococcal conjugate vaccines, respectively; b)PnPs: 

pneumococcal polysaccharide tested at 1 µg/ml; c) Titer of 4 used to calculate % inhibition for results <8; 

na: not available due to technical failure. 
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6B and 6A in PCV13) with only partial inhibition of killing demonstrated, findings 

consistent with a previous study of 6A inhibition of 6B killing [323]. Anti-6C antibody 

removal also varied depending on the serum used but in general had little effect on 

killing. 

4.5 Discussion 

This is the first in-depth large scale interrogation of the molecular epidemiology of 

serogroup 6 strains and it illustrates that serotype 6E pneumococci have been circulating 

for at least 33 years, preceding PCV introduction by nearly two decades.  This study 

revealed that 43% of the genome collection (previously thought to predominantly contain 

serotypes 6A, 6B and 6C) in fact represented serotype 6E pneumococci of several major 

genetic lineages, three of which were multidrug-resistant PMEN lineages.  They were 

distributed across 15 countries and 5 continents, and the pneumococcal PubMLST 

database provides evidence for an even wider geographical distribution.  Serotype 6E 

pneumococci caused a range of diseases among all age groups, but were also frequently 

recovered from healthy young children.  This study identified several major genetic 

clusters of serotype 6A cps locus sequences, discovered a new hybrid 6C/6E serotype and 

revealed many examples of serotype switching involving serotypes 6A-6E.  Importantly, 

serological assays demonstrated that vaccine-induced serotype 6B antibodies were able to 

kill serotype 6E pneumococci.  

For several decades the existence of serotype 6E pneumococci was obscured because they 

cross-react to the serotype 6B antisera used in the Quellung reaction, and it was only by 

inspection of the cps locus sequences that the existence of serotype 6E was realised.  

Initially serotype 6E were recognised by several research groups analysing key regions of 

gene sequences within small collections of isolates, and now the high prevalence and 
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worldwide distribution of 6E has been revealed unequivocally here by the interrogation of 

a global and historical collection of genome sequences.  Basically, the majority of what 

for many years were thought to be serotype 6B isolates were in fact serotype 6E 

pneumococci.  ‘True’ serotype 6B pneumococci were also identified in this study, but 

they were mainly of two genetic lineages, CC138 and CC176, both of which have also 

been detected in many countries around the world (http://pubmlst.org/spneumoniae/).   

This study revealed the sequence diversity among serogroup 6 cps loci and of particular 

note was that there were three major serotype 6A cps locus sequence clusters.  Do the 

sequence-based changes in the 6A cps locus result in changes to the polysaccharide and if 

so, do PCV-induced 6A antibodies differentially protect against alternative versions of 

serotype 6A polysaccharide?  This is currently unknown but warrants further 

investigation.  Moreover, in this study a hybrid 6C/6E serotype was discovered that is 

sufficiently divergent to presumptively consider it yet another serotype, as well as 

evidence for many distinct serotype switches among the genetic lineages.  Yet it is 

important to recognise that serotype switching and the creation of genetic variants at the 

cps locus appears to be a normal biological process among pneumococci and is not a 

direct consequence of vaccine use [348].  However, vaccine-induced immune pressure 

does alter the pneumococcal population structure, which can select for the emergence of 

new genetic variants.  The earliest reported evidence for vaccine escape pneumococci 

was the result of such a scenario [168, 170, 349].  PCVs perturb the pneumococcal 

population with unpredictable consequences; therefore, the importance of genomics and 

molecular epidemiology in any pneumococcal surveillance programme cannot be 

underestimated. 

To date, the biochemical structure of serotype 6E polysaccharide is not yet known.  It 

may be that the structures of the serogroup 6B and 6E polysaccharides are similar enough 
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to explain the inhibition of serotype 6E pneumococci by PCV-induced 6B antibodies, 

even though at a sequence level the cps loci are very different.  However, Oliver et al 

recently reported a detailed investigation of the new serotypes 6F and 6G, and 

experimentally showed that single changes in the amino acid sequence of wciNα resulted 

in changes in the repeating units of the capsular polysaccharides, with concomitant 

changes in serological profiles.  wciNα and wciNβ are highly divergent versions of wciN: 

serotypes 6A, 6B, 6E, 6F and 6G possess wciNα (encoding a galactosyltransferase), 

whilst serotypes 6C and 6D have the wciNβ allele (encoding a glucosyltransferase).  The 

authors concluded that small changes in the sequence not only resulted in new capsular 

types, but they also posited that these changes could confer immunological changes in the 

human host response [110].  A detailed comparison of serogroup 6 polysaccharide 

biochemistry should be investigated as a matter of priority, to understand the biochemical 

structure of the polysaccharides in the context of the observed serotype-specific 

epidemiology and killing by serotype 6B antibodies. 

The majority of these serotype 6E study isolates were collected pre-PCV, and this study 

showed that PCV7 and PCV13-induced antibodies to serotype 6B were protective.  

Therefore, the overall prevalence of 6E should be significantly reduced post-PCV 

implementation and the post-PCV vaccine impact studies from many countries have 

demonstrated a significant reduction in the prevalence of serotype 6B and near 

elimination of 6B carriage [319, 350].  This suggests two possibilities: (i) PCV7 and 

PCV13, which contain serotype 6B polysaccharides, inhibit serotype 6B and sufficiently 

cross-protect against serotype 6E at a population level; or (ii) that the serotype ‘6B’ 

polysaccharides in the vaccines are actually serotype 6E polysaccharides.  This study was 

unable to identify which strain(s) was specifically used to produce the serotype 6B 
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polysaccharides used in the PCVs, in order to confirm the serotype based on the cps locus 

sequence.   

Whether or not current PCVs are in fact serotype 6E vaccines remains an open but 

important question.  The overwhelming success of PCVs in reducing serotype 6B (6E) 

disease suggests that perhaps the question is purely an academic one; however, it would 

be relevant in cases of vaccine failures where there may be discordance between the 

vaccine serotype and the serotypes of pneumococci associated with vaccine failures.  One 

clue to a mismatch might be if pneumococci responsible for 6B vaccine failures were 

ST138 or ST176 lineages, as these appear to be the predominant (true) serotype 6B 

lineages that circulate worldwide.  Determining country-specific estimates of the 

prevalence of serotype 6E pre- and post-PCV implementation will be essential to 

assessing whether at a population level PCVs are protective against serotype 6E. 

Genomics has revolutionised microbiological research and this study reinforces just how 

influential the change has been and will continue to be in the future.  It is now relatively 

simple and cost-effective to use next generation sequencing to obtain the (nearly) 

complete bacterial genome sequence, and the early challenges of contig assembly, 

availability of databases in which to store and query genome sequences, and the 

development of tools to analyse large scale databases are being overcome.  There are 

currently >10,000 pneumococcal genome sequences available in public databases and 

other genome sequencing projects are underway.  Challenges remain, including making 

published genome assemblies widely accessible to all users, but the genomics field is 

moving apace.  
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4.6 Supplementary information (see attached USB drive) 

Supplementary File 4.1. Study datasets. 

Supplementary File 4.2. Genome Comparator output. 
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5. Putatively novel serotypes and the potential for reduced vaccine 

effectiveness: capsular locus diversity revealed among 5,405 

pneumococcal genomes 

 

These data were presented as an oral presentation and a poster at the 10th International 

Symposium on Pneumococci and Pneumococcal Diseases (ISPPD), Glasgow in June 

2016. 

This chapter was published as: 

van Tonder, A.J., Bray, J.E., Quirk, S.J., Haraldsson, G., Jolley, K.A., Maiden, M.C.J., 

Hoffmann, S., Bentley, S.D., Haraldsson, A., Erlendsdóttir, H., Kristinsson, K.G. and 

Brueggemann, A.B. 2016. Putatively novel serotypes and the potential for reduced 

vaccine effectiveness: capsular locus diversity revealed among 5,405 pneumococcal 

genomes.  Microbial Genomics. doi: 10.1099/mgen.0.000090 

The genomes from the VICE study were prepared as described in the General Methods 

chapter and Chapter 4.  Steen Hoffman provided pneumococci from a historical 

collection; DNA extractions were performed by Caroline Harrold before whole genome 

sequencing was performed at the Wellcome Trust Centre for Human Genetics (WTCHG) 

at the University of Oxford.  The genomes were then assembled and improved using the 

WTCHG’s automated pipeline before being uploaded to the Brueggemann BIGSdb 

database by Caroline Harrold.  Genomes from previously published datasets were 

downloaded from the rMLST database by James Bray (see Chapter 4). 
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5.1 Abstract 

Approximately 100 different serotypes are known, but the extent of sequence diversity 

within the cps locus of individual serotypes is not well understood.  Investigating 

serotype-specific sequence variation is crucial to the design of sequence-based serotyping 

methodology, understanding pneumococcal conjugate vaccine (PCV) effectiveness, and 

the design of future PCVs.  The analysis of serogroup 6 cps loci in Chapter 4 revealed a 

surprising amount of capsular diversity. The availability of large genome datasets makes 

it possible to assess population-level variation among pneumococcal serotypes and in this 

study 5,405 pneumococcal genomes were used to investigate cps locus diversity among 

49 different serotypes.  Pneumococci were recovered between 1916 and 2014 from 

people of all ages living in 51 countries.  Serotypes were deduced bioinformatically, cps 

locus sequences were extracted and variation was assessed within the cps locus, in the 

context of pneumococcal genetic lineages.  Overall, cps locus sequence diversity varied 

markedly: low to moderate diversity was revealed among serogroups/types 1, 3, 7, 9, 11 

and 22; whereas serogroups/types 6, 19, 23, 14, 15, 18, 33 and 35 displayed high 

diversity.  Putative novel and/or hybrid cps loci were identified among all 

serogroups/types apart from 1, 3 and 9.  This study demonstrated that cps locus sequence 

diversity varied widely between serogroups/types.  Investigation of the biochemical 

structure of the polysaccharide capsule of major variants, particularly PCV-related 

serotypes and those that appear to be novel or hybrids is warranted. 

5.2 Introduction 

The standard phenotypic methodologies for determining the pneumococcal serotype are 

the Quellung reaction and latex agglutination; however, PCR-based and microarray-based 

serotyping have increased in popularity in recent years [351].  Furthermore, there is 
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growing interest in deducing the serotype directly from the genome sequence, given that 

genome sequencing is now relatively straightforward and increasingly utilised.  Genome 

sequence-based serotyping has the added advantage that putatively novel serotypes can 

be identified directly from the sequence, whereas all other methods result in a negative or 

equivocal test result that requires repeat testing.  However, confirmation of putatively 

novel serotypes requires a biochemical assessment of the polysaccharide capsule to 

confirm novelty, which is not a trivial task.   

Every serotyping method has its challenges, but for sequence-based methods a key 

consideration is the extent of sequence diversity within the cps locus (e.g. within the PCR 

primer-binding region) that might lead to erroneous results.  Sequence-based methods are 

also reliant on having a representative reference set of cps loci with which to design the 

test method and ensure accurate serotype prediction.  The first detailed genetic analysis of 

a single example of each of 90 pneumococcal serotypes was published in 2006, and since 

then new serotypes have been discovered [15, 107, 108].  Whether or not the original 

reference set of 90 cps loci are the best representatives of each serotype is unknown, even 

though they form the basis for the design of many sequence-based serotyping assays or 

algorithms.   

A surprising amount of cps locus diversity was revealed among serogroup 6 pneumococci 

in Chapter 5.  Therefore, in order to further assess pneumococcal serotype diversity, a 

large and diverse pneumococcal dataset of 5,405 genomes of 14 major serogroups/types, 

which corresponded to 49 different serotypes was compiled.  Serogroups/types were 

selected based upon their overall prevalence, inclusion in current or future PCVs, and 

invasive disease potential [23].  The aim of the study was to assess the level of sequence 

diversity at the cps locus for each serogroup/type and identify any unusual serotypes 

within each serogroup, in the context of the pneumococcal genetic lineages.  
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5.3 Methods 

Pneumococcal genome sequences and datasets 

Table 5.1. Pneumococcal genomes included in cps locus analyses. 

  Serogroup/type 

Genomes
*
 n 1 3 6 7 9 11 14 15 18 19 22 23 33 35 

Thailand 1875 6 35 396 25 42 49 147 161 32 482 30 325 59 86 

Iceland 1536 6 60 338 15 49 78 59 87 22 448 50 255 27 42 

USA (MA) 540 0 11 97 14 10 49 4 82 5 104 20 73 5 66 

UK 428 2 8 126 6 8 37 7 50 1 50 27 62 16 28 

Serotype 1 317 317 0 0 0 0 0 0 0 0 0 0 0 0 0 

PMEN2 172 0 0 172 0 0 0 0 0 0 0 0 0 0 0 

PMEN1 126 0 0 2 0 0 0 0 0 0 0 0 124 0 0 

Historical 100 5 6 2 11 12 5 8 5 7 15 3 9 6 6 

Serotype 3 75 0 75 0 0 0 0 0 0 0 0 0 0 0 0 

PMEN ref 21 4 0 5 1 1 0 3 0 1 3 0 3 0 0 

Genbank 215 8 10 44 4 4 4 30 0 3 83 4 23 2 0 

Total n 5405 348 205 1182 76 126 222 258 385 71 1185 130 874 115 228 

 

* Pneumococcal genome studies from which genome sequences were obtained. Note: USA = 

United States of America; MA = Massachusetts; UK = United Kingdom; PMEN = Pneumococcal 

Molecular Epidemiology Network. 

Datasets of assembled pneumococcal genomes (n=5,405; Table 5.1) from 14 

serogroups/types were compiled using previously published genome datasets [97, 99, 

100, 236, 247, 348, 352, 353], sequence data from GenBank 

(www.ncbi.nlm.nih.gov/genbank/), a new set of historical (1937-1996) pneumococcal 

genomes and new genome data from the VICE study [253].  The genome datasets 

included 21 Pneumococcal Molecular Epidemiology Network (PMEN) reference strains 

sequenced by the Brueggemann group or downloaded from GenBank (Appendix 5.1; 

[245]).   
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Table 5.2. Demographical and epidemiological information for serogroups/types with low to 

moderate diversity in the cps locus. 

    Carriage/Disease PCV status 

Serogroup/type Years Country (n) Genomes (n) Carr Dis Unk Pre Post Unk 

1 - 1943-2012 22 348 16 260 72 20 5 323 

3 - 1961-2014 10 205 88 111 6 167 36 2 

7 7A 1937 1 1 0 0 1 1 0 0 

7B 1952-2010 3 13 11 0 2 13 0 0 

7C 1939-2011 4 10 8 0 2 7 2 1 

7F 1962-2014 5 36 16 17 3 6 25 5 

7Hybrid 1952-2009 4 16 11 2 3 14 2 0 

9 9A 1962-2009 2 3 0 2 1 2 1 0 

9L 1941-2010 3 11 8 0 3 11 0 0 

9Lii 2008-2010 1 7 7 0 0 7 0 0 

9N 1938-2014 5 36 24 7 5 18 14 4 

9V 1968-2014 6 58 30 25 3 44 11 3 

9Vii 2008-2011 2 11 11 0 0 10 0 1 

11 11A 1939-2014 6 166 140 25 1 33 94 39 

11B 1940-2010 2 2 0 1 1 2 0 0 

11C 1957 1 1 0 0 1 1 0 0 

11D 1986 1 1 0 0 1 1 0 0 

11E 2012 1 1 0 1 0 0 1 0 

11F 1952 1 1 0 0 1 1 0 0 

11Hybrid 2001 1 1 1 0 0 1 0 0 

11X 2008-2010 1 49 49 0 0 49 0 0 

22 22A 1939-2009 2 19 17 0 2 19 0 0 

22F 1940-2014 4 98 75 22 1 7 64 27 

22Hybrid 2008-2010 1 13 13 0 0 13 0 0 

 

Genome sequences downloaded from GenBank were assembled by the original submitter.  

All other genome sequences were downloaded as raw sequence reads from the European 

Nucleotide Archive (http://www.ebi.ac.uk/ena), assembled using Velvet [249], assessed 

for quality and deposited in the rMLST database, which is publicly available and powered 

using BIGSdb (http://pubmlst.org/rmlst/; [20, 250]).  Metadata for the isolates were 

manually extracted from the original publications (Supplementary File 5.1).  Summaries 

of the metadata, including demographics, carriage/disease status and whether the 

pneumococci were recovered pre- or post-PCV are included in Tables 5.2 and 5.3. 
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Table 5.3. Demographical and epidemiological information for serogroups/types with high diversity 

in the cps locus. 

    Carriage/Disease PCV status 

Serogroup/type Years Country (n) Genomes (n) Carr Dis Unk Pre Post Unk 

6 6A 1952-2014 5 283 212 68 3 140 110 33 

6Bi 1939-2014 4 171 136 34 1 79 49 43 

6Bii (6E) 1981-2014 16 420 230 164 26 374 37 9 

6C 2001-2014 3 106 88 18 0 8 56 42 

6D 2006-2011 2 5 5 0 0 4 0 1 

6F 2006-2011 1 1 1 0 0 0 0 1 

6Hybrid 1978-2014 5 196 180 13 3 166 21 9 

19 19A 1939-2014 5 210 141 65 4 56 144 10 

19B 1971 1 1 0 0 1 1 0 0 

19C 1939 1 1 0 0 1 1 0 0 

19F 1952-2014 9 745 470 271 4 555 178 12 

19Hybrid 1952-2014 9 222 166 43 13 154 33 35 

19A/F 2012-2014 1 6 4 2 0 0 6 0 

23 23A 1945-2014 4 84 70 13 1 17 52 15 

23B 1941-2014 4 76 64 11 1 2 54 20 

23Fi 1940-2014 22 375 158 171 46 253 82 40 

23Fii 1983-2010 2 49 48 0 1 48 1 0 

23Hybrid 1997-2011 5 261 256 4 1 248 13 0 

23X 1996-2014 5 29 26 2 1 17 10 2 

14 14i 1952-2013 8 58 19 33 6 35 17 6 

14wciY-fs 1967-2013 9 48 15 30 3 32 11 5 

14ii 2008-2010 1 88 88 0 0 88 0 0 

14Hybrid 1939-2010 4 64 59 2 3 63 1 0 

15 15A 1939-2014 5 62 59 2 1 53 3 6 

15BC 1939-2013 4 20 15 2 3 6 7 7 

15F 1963 1 1 0 0 1 1 0 0 

15Hybrid 2001-2014 4 210 183 27 0 41 132 37 

15X 2008-2010 1 92 92 0 0 92 0 0 

18 18A 1952-2010 2 4 3 0 1 4 0 0 

18B 1941-2011 2 2 0 1 1 1 1 0 

18C 1939-2013 5 31 20 8 3 21 9 1 

18F 1961 1 1 0 0 1 1 0 0 

18Hybrid 1945-2010 4 33 32 0 1 33 0 0 

33 33A 1937-2011 3 4 1 0 3 3 0 1 

33B 1962 1 1 0 0 1 1 0 0 

33C 2007-2010 1 11 11 0 0 11 0 0 

33D 1979 1 2 0 0 2 2 0 0 

33F 1999-2014 3 40 23 17 0 11 20 9 

33Hybrid 2008-2014 3 52 52 0 0 43 3 6 

33X 2008-2010 1 5 5 0 0 5 0 0 

35 35A 1939-2010 2 11 10 0 1 11 0 0 

35B 1939-2014 5 108 97 9 2 42 61 5 

35C 1941-2009 2 8 6 0 2 8 0 0 

35F 1939-2014 5 73 63 9 1 18 32 23 

35Hybrid 2007-2010 2 28 28 0 0 25 3 0 
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The serogroup/types selected for investigation in this study were 1, 3, 6, 7, 9, 11, 14, 15, 

18, 19, 22, 23, 33 and 35, corresponding to 49 serotypes in total.  Each genome sequence 

was screened against the relevant cps reference for the stated serotype and any genomes 

without full-length cps sequences were removed from further analyses.  Genome 

sequences and associated metadata for all the pneumococci analysed in this study were 

deposited in the pneumococcal PubMLST website (http://pubmlst.org/spneumoniae/). 

Sequence-based serotyping 

With the exception of serotypes 3 and 37 (although serotype 37 was not investigated 

here), the polysaccharide capsule in pneumococcus is synthesized by the Wzy-dependent 

pathway.  All Wzy-dependent serotypes have a cps locus located between dexB and aliA.  

Four conserved genes, wzg, wzh, wzd and wze, (also known as cpsA-D) at the start of the 

cps locus are responsible for the regulation of capsular synthesis while the remaining 

genes in the cps locus are serotype-specific and are involved in the production of the 

polysaccharide capsule.  The serotype 3 cps locus shares a similar structure except that 

wzg, wzh and wze are truncated or frame-shifted [354]. 

Serotypes for each of the pneumococci included in the study were assigned based on the 

genome sequence, using a bespoke serotyping script called seqSerotyper.R 

(https://github.com/avantonder/seqSerotyper).  The genome sequences were screened 

against published serotype reference sequences downloaded from GenBank, including the 

recently identified serotypes 6F, 6G and 11E (Appendix 2).  Following the initial screen, 

where necessary, further differentiation of serotypes within serogroups was achieved  
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Figure 5.1 Serotypes assigned to serogroup 15 genomes using a previously published method of 

counting the number of TA repeats in the wciZ gene of serotypes 15B and 15C. 

 

using serotype-specific markers such as key amino acid residues and/or alleles unique to 

a particular serotype. 

Serotypes 15B and 15C are difficult to accurately differentiate using phenotypic methods.  

A published method for separating serotypes 15B and 15C based upon counting the 

number of TA repeats in wciZ was attempted [130]; however, this methodology failed to 

unambiguously resolve the two serotypes (Figure 5.1) and thus any pneumococci with a 

15B- or 15C-like sequence were reported here as 15B/C. 
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Extraction and analysis of the cps locus sequences within each serogroup/type 

For serotypes 1, 3 and 14 the cps locus sequences were extracted from the corresponding 

pneumococcal genome sequences and aligned using Muscle, excluding frameshifted 

genes and transposons [355].  To investigate the serogroups that contained multiple 

serotypes (6, 7, 9, 11, 15, 18, 19, 22, 23, 33 and 35), within each individual serogroup cd-

hit was used to identify CDS that were common to all serotypes in that serogroup at a 

sequence identity threshold of ≥70%; ([265]; Appendix 5.3).  A representative sequence 

from one of the serotype references within the serogroup was then BLASTed against the 

pneumococcal genome dataset to extract sequences for each of the shared CDS of that 

serogroup [246]. These extracted cps sequences were aligned gene-by-gene using Muscle 

before being concatenated to obtain a cps locus alignment for each serogroup.   

Phylogenetic trees were created from the respective concatenated alignments using 

FastTreeMP and a general time-reversible nucleotide model [267].  ClonalFrameML was 

implemented to create final phylogenetic trees adjusted for recombination [268].  iTOL 

was used to annotate and colour the resulting diagrams [270].    

Investigation of sequence diversity among serogroups/types 

To examine the level of cps locus sequence diversity amongst the 49 different serotypes 

included in this study, the nucleotide sequence of each reference serotype was BLASTed 

against the pneumococcal genomes in BIGSdb and the corresponding sequences were 

exported.  Using MEGA6, each set of serotype-specific nucleotide sequences was 

aligned, converted to amino acid sequences and the variable amino acids were exported 

[356].  The variable amino acid alignments were then exported to MS Excel and 

annotated: across the alignment amino acids that were identical to the reference serotype 
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were coloured the same colour as the reference whilst alternative amino acids were 

shaded grey.   

Putative novel (cps sequence with unknown origin) and hybrid (sequence combinations 

of ≥2 different serotypes) cps loci were identifiable in the phylogenetic trees based on 

distinct clustering and in the variable amino acid alignments based upon significant 

divergence from the reference sequence.  Variable regions of sequence were manually 

extracted and investigated (e.g. via BLAST searches to the study database, the rMLST 

database and/or GenBank) to determine the likely origin of the alternative sequence.   

Determination of pneumococcal genetic lineages 

Prokka was used to predict coding sequences (CDS) in each genome and add annotation 

using a bespoke pneumococcal sequence database compiled for this study based upon the 

available gene annotation data from all pneumococcal genomes in GenBank [262].  The 

resulting annotation files in gff format were then input into Roary and clustered using a 

sequence identity threshold of 90% [264].  A core genome threshold of 100% (i.e. those 

genes present in every genome were considered core genes) was implemented to select 

the core genes for each serogroup/type and these gene sequences were aligned.  

FastTreeMP and ClonalFrameML were used to construct phylogenetic trees.  Multilocus 

sequence type (MLST) data were automatically extracted from each genome using 

BIGSdb and STs were clustered into clonal complexes (CCs) using Phyloviz [332].  Each 

core gene phylogenetic tree was annotated using iTOL. 
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5.4 Results 

Serogroups/types with low to moderate diversity in the cps locus  

Serotype 1 

Serotype 1 pneumococci (n=348) were recovered in 22 countries from 1943-2012 (Table 

5.2).  Minor serotype 1 cps locus variation was revealed among 12 of 14 genes, but 

patterns of variation were most commonly identified in wzd and wze (cpsC and cpsD, 

regulation) and ugd, rmlA and rmlB (sugar biosynthesis) (Supplementary File 5.2; [354]).  

Three genetic lineages were represented although most serotype 1 pneumococci in this 

study were within CC217, given that many serotype 1 genomes were from a recent 

African study ([353]; Figure 5.2). 

Serotype 3 

Serotype 3 pneumococci (n=205) were collected in 10 countries from 1961-2014 (Table 

5.2) and 81% of serotype 3 pneumococci were in CC180, a widespread serotype 3 lineage 

(Figure 5.2; http://pubmlst.org/spneumoniae/). Little variation within the cps locus was 

revealed and what was noted was mainly due to the fact that the serotype 3 reference 

sequence differed at five amino acids in ugd (sugar biosynthesis), wchE and galU 

(glycosyltransferases) from the majority of the serotype 3 pneumococci (Supplementary 

File 5.3). 

Serogroup 7 

Distinct clusters of serotype-specific cps loci were observed among serogroup 7 

pneumococci (total n=76; Figure 5.2). Nearly half (n=36) were serotype 7F pneumococci 

of three major genetic lineages, CC191, CC218 and CC3545/5265, plus two singletons  
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Figure 5.2 (a) Phylogenetic trees generated based on 15 cps locus genes amongst 348 serotype 1 

pneumococcal genomes (left) and constructed using the concatenated sequence of 1,000 full-length coding 

loci found in all 348 serotype 1 genomes (right).  (b) Phylogenetic trees generated based on 4 cps locus 

genes amongst 205 serotype 3 pneumococcal genomes (left) and constructed using the concatenated 

sequence of 1,160 full-length coding loci found in all 205 serotype 3 genomes (right).  (c) Phylogenetic 

trees generated based on 10 cps locus genes amongst 76 serogroup 7 pneumococcal genomes (left) and 

constructed using the concatenated sequence of 1,378 full-length coding loci found in all 76 serogroup 7 

genomes (right).  The outer rings of the trees on the right indicate the serotype by colour as detailed in the 

corresponding trees on the left. 
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(single genotypes with no closely related variants) that dated from 1962-2014.  The cps 

locus genes were generally highly conserved, although minor variation at amino acids in 

wzd (cpsC, regulation), wcwA (glycosyltransferase) and rmlD (sugar biosynthesis) was 

noted (Supplementary File 5.4).  Thirteen serotype 7B pneumococci were characterised 

and dated from 1952-2011 (Table 5.2), most of which were from Thailand (n=11; CC230; 

Fig. 1).  Serotype 7C pneumococci (n=10; 5 different CCs) were recovered from 1939-

2009 in four countries.  The serotype 7B and 7C cps loci were highly conserved 

(Supplementary File 5.4).  Serotype 7A (differentiated from 7F by a frameshift in wcwD) 

was rare: only one example (CC191) from 1937 was detected.   

Additionally, a hybrid cps locus comprised of wzg (cpsA, regulation) sequence that 

matched both serotypes 7F and 19F was identified (Supplementary File 5.4).   Carriage 

and disease-associated pneumococci with this hybrid locus (n=16) were isolated in four 

countries from 1952-2009 (Table 2).  The pneumococci were of four genetic lineages, but 

mainly CC3545/5265 (n=9) from Thailand and CC218 (n=5), which is widespread 

(http://pubmlst.org/spneumoniae/).  

Serogroup 9 

Distinct clusters of serotype-specific cps loci were observed among 126 serogroup 9 

pneumococci (Figure 5.3).  Serotype 9V pneumococci were the most common (n=69), 

dated from 1968-2014, and 83% were members of CC156/162.  One major serotype 9V 

cps locus sequence predominated, although eight minor Icelandic variants were identified 

with changes in wzg, wze and wchO (glycosyltransferase; Supplementary File 5.5).  In 

addition, a variant serotype 9V cps locus (serotype 9Vii, Figure 5.3 and Supplementary 

File 5.5) with divergent alleles at 7 of 14 cps locus genes was revealed among 11 

serotype 9V isolates (10 CC280 genomes from Thailand plus one singleton genome from 
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Figure 5.3 (a) Phylogenetic trees generated based on 12 cps locus genes amongst 126 serogroup 9 

pneumococcal genomes (left) and constructed using the concatenated sequence of 1,259 full-length coding 

loci found in all 126 serogroup 9 genomes (right).  (b) Phylogenetic trees generated based on 10 cps locus 

genes amongst 222 serogroup 11 pneumococcal genomes (left) and constructed using the concatenated 

sequence of 1,204 full-length coding loci found in all 222 serogroup 11 genomes (right).  (c) Phylogenetic 

trees generated based on 16 cps locus genes amongst 130 serogroup 22 pneumococcal genomes (left) and 

constructed using the concatenated sequence of 1,390 full-length coding loci found in all 130 serogroup 22 

genomes (right).  The outer rings of the trees on the right indicate the serotype by colour as detailed in the 

corresponding trees on the left. 
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the UK).  Also of note was that the serotype 9V reference sequence differed at one amino 

acid in wcjB from all but one serotype 9V pneumococcus.  The cps locus of serotype 9A 

is similar to 9V apart from a disrupted wcjE gene [15], but serotype 9A was uncommon 

in this study (n=3).   

Serotype 9N pneumococci were also frequently identified (n=36), were recovered from 

1938-2014 in five countries (Table 5.2), and were mainly of two genetic lineages (CC66, 

n=26; CC3983, n=7).  The serotype 9N cps locus was generally highly conserved apart 

from isolated amino acid changes in wze, wchA, wchO and wcjC (the latter among 

Thailand pneumococci only; Supplementary File 5.5). Most serotype 9L pneumococci 

(n=18) were identified within the Thai dataset (n=15; CC5873) except for three historical 

isolates isolated from 1941-1968.  No variable amino acids were observed among 10 of 

13 serotype 9L cps locus genes although a distinct wzg allele was observed among seven 

Thai pneumococci (serotype 9Lii; Supplementary File 5.5).         

Serogroup 11 

Serogroup 11 consists of six known serotypes but most were uncommon in this study.  

Serotypes 11C, 11D, 11E and 11F were represented by single pneumococci from 1957, 

1986, 2012 and 1952, respectively, and only two serotype 11B pneumococci from 1940 

and 2010 were identified (Table 5.2; Figure 5.3).  75% of the 222 serogroup 11 isolates 

were serotype 11A and 92% of those were in CC62.  Excluding unusual variants (see 

below), seven of 16 genes within the cps locus of the serotype 11A pneumococci were 

identical to the serotype 11A reference, whilst five genes were differentiated from the 

reference by various single amino acid changes (Supplementary File 5.6).  Most serotype 

11A pneumococci consistently differed from the reference in genes wchA 

(glycosyltransferase), wcwC and wcjE (acetyl transferases). 
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A putative novel cps locus (11X) was identified among 49 pneumococci (CC99) from 

Thailand (Figure 5.3).  The sequence was most similar to serotype 11F, although the 

nucleotide sequence similarity for each gene ranged from 85.5-99.6% (Supplementary 

File 5.6).   Notably, the novel cps locus had distinctive wcwC and wcrL 

(glycosyltransferase) genes (91.3% and 85.5% similarity to serotype 11A) that did not 

match any other serotype sequences in GenBank.  The novel locus also had intact gct 

(CDP-glycerol pathway) and wcjE genes, similar to serotype 11A.  Interrogation of the 

PubMLST database revealed that pneumococci within CC99 were also identified in South 

Korea and China, but whether they possess the novel cps locus is unknown.  Finally, a 

single hybrid combination of serotype 11A/11X was identified in one pneumococcus 

from Massachusetts (Figure 5.3 and Supplementary File 5.6).  

Serogroup 22 

130 serogroup 22 pneumococci were analysed and serotypes 22F, 22A and a hybrid were 

identified (Figure 5.3).  Serotype 22F pneumococci (n=98) were recovered from 1940-

2014 in four countries (Table 2), and 89% were in CC433.  Overall, one major and one 

minor cluster of the serotype 22F cps locus were observed: all 19 genes differed from the 

reference by ≤2 amino acids (Figure 5.3 and Supplementary File 5.7).  Apart from two 

historical pneumococci from 1939 (CC74), serotype 22A pneumococci (CC910/9483) 

were from Thailand (n=17).  The serotype 22A cps locus was also conserved: 16 of 19 

genes were identical to the serotype 22A reference.   Finally, a serotype 22F/33A hybrid 

cps locus was identified among 13 Thai pneumococci (Figure 5.3 and Supplementary File 

5.7).  
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Serogroups/types with high diversity in the cps locus  

Serogroup 6 

In Chapter 4, 974 serogroup 6 pneumococci were analysed which demonstrated a high 

level of cps locus diversity within the serogroup, and revealed that the vast majority of 

isolates that had previously been phenotypically typed as serotype 6B were in fact 

serotype 6E, which were ~7% divergent at a nucleotide level in the cps locus [253].  

Subsequent to that study, other investigators reported that the serotype 6B and 6E 

polysaccharide capsule structures were identical [129].  Consequently, in this chapter 

serotype 6E sequences will be referred to as serotype 6Bii (serotype 6B class 2), as 

originally described by Mavroidi and colleagues, whilst serotype 6B class 1 sequences 

will be annotated as serotype 6Bi [128].  In this chapter the original 974 genomes and an 

additional 208 new genomes were analysed, so that serogroup 6 cps locus diversity could 

be compared to other high prevalence serogroups, in particular serogroups 19 and 23. 

Analyses of the 1,182 serogroup 6 cps locus sequences revealed seven serotypes and nine 

different hybrid serotypes (Figure 5.4).  Serotype 6Bii pneumococci were the most 

prevalent (n=420), were collected from 1981-2014 in 16 countries (Table 5.3), and four 

major lineages were represented: CC90 (n=200); CC315 (n=104); CC4405 (n=54); and 

CC273 (n=21).  The serotype 6Bii cps locus sequence was conserved (Supplementary 

File 5.8).  Serotype 6A pneumococci (n=283) were also frequently recovered.  They were 

members of 16 different CCs but the two major lineages were CC460 (n=109) and 

CC490 (n=74).  There were five major clusters of serotype 6A cps loci and sequence 

variation occurred across the cps locus (Figure 5.4 and Supplementary File 5.8).   
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Figure 5.4.  (a) Phylogenetic trees generated based on 13 cps locus genes amongst 1,182 serogroup 6 

pneumococcal genomes (left) and constructed using the concatenated sequence of 470 full-length coding 

loci found in all 1,182 serogroup 6 genomes (right).  CC’s with ≥10 isolates were coloured as listed in the 

key.  (b)  Phylogenetic trees generated based on 13 cps locus genes amongst 1,185 serogroup 19 

pneumococcal genomes (left) and constructed using the concatenated sequence of 505 full-length coding 

loci found in all 1,185 serogroup 19 genomes (right).  CC’s with ≥5 isolates were coloured as listed in the 

key.  (c) Phylogenetic trees generated based on 17 cps locus genes amongst 874 serogroup 23 

pneumococcal genomes (left) and constructed using the concatenated sequence of 628 full-length coding 

loci found in all 874 serogroup 23 genomes (right).  The outer rings of the trees on the right indicate the 

serotype by colour as detailed in the corresponding trees on the left. 
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171 serotype 6Bi pneumococci collected from 1939-2014 in four countries were 

characterised and these were mainly of CC176 (n=103) or CC138 (n=62; Figure 5.4). The 

serotype 6Bi reference was not representative of the majority of serotype 6Bi 

pneumococci and was likely a capsular switch from serotype 6A to 6Bi.  If the 6Bi 

reference sequence was excluded from the alignment then the cps locus was generally 

conserved among serotype 6Bi pneumococci (Supplementary File 5.8).  106 serotype 6C 

pneumococci were revealed and were collected from 2001-2014 in three countries.  Eight 

CCs were represented, but four were the most common: CC395 (n=44); CC1379 (n=24); 

CC1390 (n=160); and CC315 (n=13).  Four distinct variants were observed in the cps loci 

sequence alignment and the variation occurred across the cps locus (Supplementary File 

5.8).   

Serotypes 6D and 6F were rare and serotypes 6G and 6H were not identified; however, 

hybrid serogroup 6 cps loci were common.  Combinations of serogroup 6 pneumococci 

were most often observed, although the import of cps locus sequence from other 

serotypes was also revealed (Figure 5.4 and Supplementary File 5.8).  

Serogroup 19 

1,185 pneumococci within serogroup 19 were analysed, the majority of which were 

unequivocal serotypes 19F (n=745) and 19A (n=210).  88% (n=658) of the serotype 19F 

pneumococci were recovered in 9 countries from 1995-2014 and were members of 

CC236/271/320.  Three other major serotype 19F lineages included CC81 (n=29), CC395 

(n=24) and CC177 (n=13).  Four different clusters of serotype 19F cps locus sequences 

were identified and amino acid variation occurred across the cps locus (Table 5.3; Figure 

5.4 and Supplementary File 9).     
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Serotype 19A pneumococci were recovered in 5 countries from 1939-2014 (Table 5.3).  

78% (n=164) were in CC199, a widely-distributed lineage (http://pubmlst.org/ 

spneumoniae/; Figure 5.4).  Two other major lineages were CC236/271/320 (n=17) and 

CC247 (n=11), the latter being the earliest reported vaccine escape pneumococci [168].  

Alignments of the unequivocal serotype 19A cps loci to the 19A reference sequence 

demonstrated identical sequences between the 19A reference and three historical 19A 

pneumococci from 1939, 1952 and 1968.  However, modern serotype 19A pneumococci 

differed considerably from the 19A reference across the cps locus (e.g. the nucleotide 

sequences of rmlC, rmlB and rmlD diverged from the reference sequence by up to 8%, 

15% and 1%, respectively; Supplementary File 5.9).  The cps loci of modern 19A 

pneumococci were highly similar.  Serotype 19B and 19C pneumococci were rare (n=1 

each).   

The remaining 222 serogroup 19 pneumococci revealed nine different types of hybrid cps 

loci (Figure 5.4 and Supplementary File 5.9).  Hybrids containing 19A cps locus 

sequences (n=145) were most common and 93% of these pneumococci were a 

combination of 19A/23X (novel serotype 23, see below) that resulted in serotype 23-like 

changes in rmlC, rmlB and rmlD.  Three major CCs described 82% of the 19A/23X 

hybrids: CC230 (n=76); CC199 (n=21); and CC41/1605 (n=14).   

47 pneumococci contained a hybrid cps locus containing serotypes 19F/9L (n=31), 

19F/23F (n=9) or 19F/6Bii (n=7) and six pneumococci revealed a combination 19A/19F 

cps locus that has been reported previously (Supplementary File 5.9; [357-359]).  30 

pneumococci from Thailand possessed a cps locus that was a hybrid of either 

19B/19A/19C (n=16) or 19B/19A/19F (n=14), each with divergent wzg, wzh, wzd and 

wze genes and evidence for multiple instances of recombination, while the rest of the cps 

locus of these pneumococci was similar to serotype 19B.     
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Serogroup 23 

874 pneumococci within serogroup 23 were characterised and 43% (n=375) were 

unequivocal serotype 23F pneumococci recovered in 22 countries from 1940-2014 (Table 

5.3).  The major genetic lineages were CC439 (n=160), CC81 (n=142) and CC338 

(n=20).  There were two major serotype 23F cps locus clusters (Figure 5.4) and sequence 

variation occurred across the cps locus, but was mainly concentrated in wzg, wchA, wchF, 

rmlA, rmlC, rmlB and rmlD (Supplementary File 5.10).  A variant serotype 23F (23Fii; 

n=49) cps locus was also revealed, which differed significantly at wzg and wzh from the 

serotype 23F reference.  Pneumococci with this locus were recovered in Thailand and the 

USA from 1983-2010 and were mainly of CC171 (n=30).  The serotype 23Fii variant was 

also detected as part of a hybrid cps locus with 23Fii and 19F sequences (Figure 5.4). 217 

pneumococci collected from 1997-2010 in four countries possessed this hybrid cps locus 

and two major lineages were revealed, CC802 (n=193) and CC242 (n=15).  Serotype 

19F-like sequence was identified in wzg and part of wzh but otherwise the cps locus was 

highly similar to serotype 23F. 

84 pneumococci from four countries (1945-2014) typed as serotype 23A (Table 5.3).  All 

were members of CC439 and the cps locus sequence was conserved (Figure 5.4 and 

Supplementary File 5.10).  There were also 44 pneumococci from three countries (2008-

2011) with a hybrid serotype 23A/23F cps locus and 80% of these pneumococci were in 

CC338.  The cps locus changes were mainly in wzg, although rmlA and rmlD also 

included some variable amino acids that matched serotype 23B sequence.   

There were 76 serotype 23B pneumococci collected from 1941-2014 (Table 5.3). All 

were members of CC439 except one pneumococcus from 1941 and the cps loci were 

highly conserved (Figure 5.4 and Supplementary File 5.10).  In addition, 29 pneumococci 
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possessed some serotype 23B sequence, but the nucleotide sequences of eight genes, 

wchX through rmlD, differed by 14% (rmlB) to 22% (rmlD) from the serotype 23B 

reference (Supplementary File 5.10).  Unusually, rmlD was inverted, which suggested a 

genome rearrangement (Supplementary File 5.10).  A search of all available cps locus 

reference sequences failed to identify the possible source of this sequence.  This putative 

novel serotype 23X was present in 29 pneumococci collected from 1996-2014 in five 

countries.  15 pneumococci were from a Thai lineage and the others were mainly in 

CC338 (n=7) and CC439 (n=5).  

Serotype 14 

Four major cps locus clusters were clearly identified among a collection of 258 serotype 

14 pneumococci collected from 1939-2013 (Figure 5.5).  58 pneumococci possessed cps 

loci that were identical or nearly identical to the serotype 14 reference sequence and all 

but two were in CC124.  49 pneumococci, predominantly of CC15, possessed cps loci 

with a documented frameshift in wciY that is not believed to disrupt capsule production 

[126, 360].  Pneumococci with the frameshifted wciY also possessed a divergent Lrp, a 

large repetitive protein which varies in size across the entire serotype 14 collection.  

CC124 and CC15 are among the most common serotype 14 lineages circulating 

worldwide (http://pubmlst.org/spneumoniae/). 

88 pneumococci from Thailand possessed a serotype 14 variant (14ii) cps locus with 

significant amino acid differences across seven cps locus genes and these pneumococci 

were all members of CC63, a widely-distributed lineage  
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Figure 5.5 (a) Phylogenetic trees generated based on 12 cps locus genes amongst 258 serotype 14 

pneumococcal genomes (left) and constructed using the concatenated sequence of 911 full-length coding 

loci found in all 258 serotype 14 genomes (right).  (b) Phylogenetic trees generated based on 13 cps locus 

genes amongst 385 serogroup 15 pneumococcal genomes (left) and constructed using the concatenated 

sequence of 893 full-length coding loci found in all 385 serogroup 15 genomes (right).  (c) Phylogenetic 

trees generated based on 17 cps locus genes amongst 71 serogroup 18 pneumococcal genomes (left) and 

constructed using the concatenated sequence of 1,302 full-length coding loci found in all 71 serogroup 18 

genomes (right).  The outer rings of the trees on the right indicate the serotype by colour as detailed in the 

corresponding trees on the left. 
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(pubmlst.org/spneumoniae/; Figure 5.5).  In addition, three different hybrid cps loci were 

identified, which were combinations of serotypes: 14/19F (n=60); 14/23F (n=2); and 

14/19A (n=2; Figure 5.5 and Supplementary File 5.11).  The serotype 14/19F hybrid cps 

locus was found in one South African pneumococcus from 1988 and in 59 recent 

pneumococci from Thailand (CC4133). 

Serogroup 15 

Serotype clusters within serogroup 15 pneumococci (n=385) were clearly differentiated 

(Figure 5.5).  62 serotype 15A pneumococci were recovered in 5 countries from 1939-

2014 (Table 5.3) and 84% were members of CC3058.  The cps loci of serotype 15A 

pneumococci were similar to the 15A reference sequence: relatively few amino acids 

varied across the 16 cps locus genes and the variation was predominantly among 51 

serotype 15A pneumococci from Thailand (Supplementary File 5.12).  A single example 

of serotype 15F was collected in 1963.   

The serotype 15B/C cps loci were diverse.  Only 20 pneumococci possessed a cps locus 

similar to the serotype 15B and 15C references and 80% were of CC199.  Initially typed 

as serotype 15B/C, a putative novel cps locus (15X) was found in 92 pneumococci of 

CC4209 isolated in Thailand.  Gene order was identical to that of the 15A and 15B/C cps 

loci; however, there were distinct differences in the amino acid sequences of wzg, wzh 

and wzy (polymerase), and other genes displayed evidence of recombination with 

serotype 15A (wchA, gtp1 to gtp3, sugar biosynthesis; Supplementary File 5.12).   

Finally, three large groups of hybrid cps loci were identified (Figure 5.5 and 

Supplementary File 5.12).  114 pneumococci were members of CC199 and possessed a 

hybrid cps locus combination of either 15BC/15X (n=74) or 15BC/19B (n=40).  The 

15BC/15X hybrid was also identified among pneumococci from six other genetic 
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lineages.  A hybrid combination of 15A/15BC was also revealed among 34 pneumococci 

in CC63. 

Serogroup 18 

71 pneumococci of serogroup 18 were investigated and the predominant serotype was 

18C (n=31).  Nearly all 18C pneumococci were in CC113, a widespread 18C lineage 

(http://pubmlst.org/spneumoniae/), and the serotype 18C cps locus was conserved (Figure 

5.5 and Supplementary File 5.13).  Serotypes 18A and 18F were uncommon (n=4 and 

n=1, respectively) and only found in Thailand.  One Icelandic pneumococcus had a 

serotype 18B cps locus, which differs from serotype 18C by a frameshift in wciX (acetyl 

transferase).   

Two hybrid cps loci were revealed: 18C/18F (n=28) and 18F/18B (n=5). The 18C/18F 

hybrid pneumococci (CC870) were mainly from Thailand, although three were from 

Iceland (CC102) and the USA (CC439); these pneumococci possessed variable amino 

acids at 12 cps locus genes, including four genes involved in sugar biosynthesis 

(Supplementary File 5.13). 

Serogroup 33 

115 pneumococcal genomes were analysed and this serogroup was unusual in that only 

five cps locus genes shared ≥70% sequence identity across the serotypes within serogroup 

33, even though the genes that comprised each cps locus were broadly similar (Appendix 

5.3; [15]).  Serotype clusters were clearly delineated within the tree except for serotypes 

33A and 33F, which differ only by a frameshift in wcjE (Figure 5.6).  Serotype 33F 

(n=40) pneumococci were frequently identified in three countries from 1999-2014, and  
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Figure 5.6 (a) Phylogenetic trees generated based on 5 cps locus genes amongst 115 serogroup 33 

pneumococcal genomes (left) and constructed using the concatenated sequence of 1,218 full-length coding 

loci found in all 115 serogroup 33 genomes (right).  (b)  Comparison of the putative serogroup 33X cps 

locus sequence to the serotype 33B, 33F and 10B reference sequences.  The results of pairwise BLAST 

nucleotide sequence comparisons are shown: darker red colour highlights greater sequence conservation 

between the pair of sequences.  In order to generate pair-wise comparisons between all three reference 

sequences the putative serogroup 33X cps locus sequence was included twice.  Coding loci in the putative 

serogroup 33X cps locus sequence were coloured according to the level of sequence similarity to coding 

loci from one of the reference sequences: light green for serotype 33F; grey for serotype 10B; red for 

serotype 33B; and disrupted loci were highlighted in pink.  (c) Phylogenetic trees generated based on 7 cps 

locus genes amongst 228 serogroup 35 pneumococcal genomes (left) and constructed using the 

concatenated sequence of 993 full-length coding loci found in all 228 serogroup 35 genomes (right).  The 

outer rings of the trees on the right indicate the serotype by colour as detailed in the corresponding trees on 

the left. 
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all but two were in CC100.  Three of four serotype 33A pneumococci were historical 

(1937-1946, CC62 and CC100), two serotype 33D were from 1979, and one historical 

serotype 33B from 1962 was detected.  Eleven serotype 33C pneumococci from Thailand 

were identified, all of CC3751.  Sequence alignments of serotype 33F, 33A and 33C cps 

loci revealed conserved sequences when compared to each respective reference sequence 

(Supplementary File 5.14).   

With the exception of two pneumococci from 1979, all capsular sequences extracted from 

pneumococci initially typed as serotype 33D revealed evidence of recombination with 

serotype 33B, which likely altered ≥6 cps locus genes (n=44; Figure 5.6 and 

Supplementary File 5.14).  All but one of these hybrid pneumococci were from Thailand.  

A second hybrid cps locus comprised of sequence from serotypes 33B/33C/33F was 

revealed in eight pneumococci of CC62 from the UK and Iceland.  Finally, five Thai 

pneumococci possessed a novel 33X cps locus, which consisted of a complex 

arrangement of nucleotide sequences from serotypes 33B, 33F and 10A/B cps locus 

genes (Figure 5.5).   

Serogroup 35 

228 pneumococci within serogroup 35 were analysed and four known serotypes were 

identified, in addition to several hybrid cps loci (Figure 5.6).  Two distinct clusters of 

serotype 35B (n=108) pneumococci were identified.  The pneumococci were recovered in 

five countries from 1939-2014 and 5 major and 3 minor CCs were recognised (Table 5.3; 

Figure 5.6).  81 serotype 35B cps locus sequences were conserved relative to the 35B 

reference, with the exception of some scattered variation (Supplementary File 5.15).  The 

remaining 35B cps loci possessed many variable amino acids relative to the reference 
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sequence and these were of two major groups from Iceland (n=10) and Thailand (n=17).  

22 of these were members of CC1816 and the rest were a unique Thai lineage. 

Single clusters of 35F (n=73), 35A (n=11) and 35C (n=8) were also revealed (Figure 5.6). 

Serotype 35F pneumococci were identified in five countries from 1939-2014 and three 

major lineages were detected: CC446 (n=41; Iceland, UK); CC498 (n=17; USA); and 

CC4406 (n=12; Thailand). Serotype 35A and 35C sequences were mainly identified 

among Thai pneumococci, apart from historical isolates from 1939 (35A) and 1941-1943 

(35C), and these pneumococci were members of one or one predominant CC, respectively 

(Figure 5.5).  The cps loci of each serotype were generally highly conserved 

(Supplementary File 5.15).   

Finally, three hybrid cps loci of different serotype combinations were identified in 

Thailand (35F/14/35B, n=16; 35F/27, n=5; and 35F/19A/35B, n=4).  Three additional 

hybrid combinations were identified in the USA (35B/22F, 35B/33A and 35B/19A, n=1 

each; Supplementary File 5.15).  

5.5 Discussion 

Genomics has revolutionised microbiological research: thousands of bacterial genomes 

are now in the public domain and the deluge of new data continues.  Maximising the 

utility of the vast quantities of genome sequence data from well-sampled studies is 

advancing our understanding of fundamental aspects of microbiology, epidemiology, 

population biology and microbial evolution.  Given the significance of the polysaccharide 

capsule to pneumococcal biology it is essential to understand the variation (or lack 

thereof) that occurs within and between different serotypes.  In this study the level of 

sequence diversity at the cps locus for each serogroup/type was assessed and hybrid or 

putatively novel serotypes were identified within each serogroup.   
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This study revealed serogroups/types that were largely conserved and others that were 

rather diverse.  Diversity among high prevalence serogroups like 6, 19 and 23 was 

expected, but variation among serotypes like 14 was more surprising.  To what extent the 

variation is biologically informative remains to be deciphered, but is the essential next 

step in gaining a deeper understanding of pneumococcal capsular biology.  Furthermore, 

unusual variation at the level of the cps locus and the circulating genetic lineages was 

frequently noted among the pneumococci from Thailand.  Whether this reflects an 

unusual collection of pneumococci or whether it is simply that collections of 

pneumococci from resource-poor countries differ significantly from other geographical 

regions remains to be determined.  Finally, the selection of reference strains of 

pneumococci must be made carefully, since some cps locus reference strains [15] are not 

particularly good representatives of modern circulating pneumococci.  Sequencing the 90 

cps loci some years ago was a big step forward at a time when sequencing costs were still 

very high and limited cps loci data were available, but some revisions to the selections of 

reference pneumococci would now be useful.   

Investigating serotype-specific sequence variation is crucial to the design of sequence-

based serotyping methodology.  Sequence diversity within regions targeted by PCR or 

microarray could lead to erroneous test results and subsequently, a misinformed view 

about the circulating serotypes.  Since many countries are now using PCVs, pre- and 

post-PCV introduction surveillance is essential and correctly identifying the serotypes of 

circulating pneumococci is central to surveillance.  

Understanding cps locus diversity is also fundamental to assessing PCV effectiveness.  

Longer-term effectiveness depends (at least in part) on the PCV-specific polysaccharides 

representing the circulating pneumococci in order to elicit an appropriate vaccine-

mediated antigenic response, and on a lack of subsequent capsular polysaccharide 
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changes that could lead to a reduction in the protective capacity and a potential for 

vaccine failure.  The emergence of cps locus variants appears to be part of the normal 

biological processes of pneumococci and is unlikely to be driven primarily by the 

introduction of vaccines [253, 348], but the selective pressure of vaccine use may result 

in a population-level increase in the variants that do emerge and this could impact overall 

vaccine effectiveness.   

It is known that small changes to genes within the cps locus can lead to changes in the 

polysaccharide structure, e.g. single amino acid changes in the wciP of serogroup 6 lead 

to the different serotype 6A and 6B polysaccharides [128], but equally the large genetic 

differences between serotypes 6Bi (6B) and 6Bii (6E) apparently do not confer a 

difference in the polysaccharide [129].  Future work should investigate precisely which 

sequence-based changes revealed in this work result in a biologically relevant change, 

particularly among high prevalence serotypes and those included in current PCVs.  

Equally, any future higher-valency formulations of PCVs that utilise the polysaccharide 

capsule to elicit a protective immune response will undoubtedly benefit from an 

assessment of cps locus diversity for each vaccine serotype, to assess the pre-PCV 

introduction capsular diversity and the potential for reduced vaccine effectiveness.  

This study also revealed many hybrid cps loci and putatively novel serotypes.  The hybrid 

cps loci are unsurprising, given the genome-wide level of recombination that occurs 

among pneumococci, including at the cps locus.  Confirmation of putatively novel 

serotypes requires a biochemical assessment of the polysaccharide capsule to confirm 

novelty, which is not a trivial task.  One might take the view that rare serotype variants 

are not important enough to warrant complicated and costly biochemical exploration; 

however, putatively novel serotypes that are common in a population arguably are worth 

further assessment.     
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This work provides a major advance in our understanding of pneumococcal serotypes and 

sequence diversity at the cps locus.  Genomic analyses of a very large and diverse dataset 

have allowed for a fine-scale investigation of pneumococcal cps diversity and the data are 

publicly available in order that they might be used to maximal effect within the research 

community.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 163 

5.6 Appendixes  

Appendix 5.1. PMEN clones included in this study 

Reference Other name Serotype ST Accession 

number 

Year Reference(s) 

PMEN1
 

Spain
23F

-1 23F 81 ATCC 700669; 

ENA 

1984 [18, 361, 

362]  

PMEN2 Spain
6B

-2 6Bii 90 ATCC 700670; 

ENA 

1998 [363] 

PMEN3 Spain
9V

-3 9V 156 ATCC 700671; 

ENA 

1993 [361, 364] 

PMEN4 Tennessee
23F

-4 23F 37 ATCC 51916; 

ENA 

1991 [365, 366]  

PMEN5 Spain
14

-5 14 18 ATCC 700902; 

ENA 

1990 [333] 

PMEN6 Hungary
19A

-6 19A 268 ATCC 700673; 

ENA 

1989 [363, 367] 

 

PMEN8 S.Africa
6B

-8 6Bii 185 ATCC 700675 1990 [334] 

PMEN12 Finland
6B

-12 6Bii 238 ATCC 700903 1987 [335] 

PMEN13 S.Africa
19A

-13 19A 41 ATCC 700904; 

ENA 

1988 [334] 

PMEN14 Taiwan
19F

-14 19F 236 ATCC 700905; 

ENA 

1997 [368] 

PMEN15 Taiwan
23F

-15 23F 242 ATCC 700906; 

ENA 

1997 [368] 

PMEN17 Maryland
6B

-17 6Bii 384 ATCC BAA-342; 

ENA 

1997 [336] 

PMEN18 Tennessee
14

-18 14 67 ATCC BAA-340; 

ENA 

1997 [336] 

PMEN22 Greece
6B

-22 6Bii 273 ATCC BAA-658; 

ENA 

1996 [369, 370]  

PMEN27 Sweden
1
-27 1 217 PJ351/1; ENA 1992 [371, 372]  

PMEN28 Sweden
1
-28 1 306 PJ755/1; ENA 1997 [372, 373]  

PMEN29 USA
1
-29 1 615 NCTC7465; ENA 1948 [372] 

PMEN35 Netherlands
14

-35 14 124 M269-14; ENA 1980 [374] 

PMEN36 Netherlands
18C

-36 18C 113 M241-18C; ENA 1980 [374] 

PMEN39 Netherlands
7F

-39 7F 191 M248-7F; ENA 1984 [374] 

PMEN40 Sweden
1
-40 1 304 PJ537-1; ENA Unknown [375] 
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Appendix 5.2. cps reference sequences included in the study 

Reference Other name ST
a
 Accession 

number 

Year Country of 

isolation 

Reference 

1 519/43 5316 CR931632 1943 Denmark [15] 

3 524/62 7211  CR931634 1962 Denmark [15] 

6A 34351 Rodriques 7188 CR931638 1952 USA [15] 

6B 2616/39 7199 CR931639 1939 Denmark [15] 

6C CHPA388 -- EF538714 1999-

2002 

USA [257] 

6D MNZ21 282 HM171374 2008 South Korea [337] 

6E HK02-14 90 Multiple 2008 Hong Kong [259] 

6F MNZ21135 

PS6657 

-- KC832411 1992-

2012 

Germany [110] 

6G MNZ1135 

PS16864 

-- KC832410 1992-

2012 

Germany [110] 

7A 2040/37 191 CR931640 1937 Denmark [15] 

7B Johnson 7180 CR931641 1952 USA [15] 

7C Sutcliff 7171 CR931642 1971 USA [15] 

7F 554/62 191 CR931643 1962 Denmark [15] 

9A Wilder 312 CR931645 1962 USA [15] 

9L T9233/128/68 7240 CR931646 1968 Denmark [15] 

9N 533/62 71 CR931647 1962 Denmark [15] 

9V 980/68 123 CR931648 1968 Denmark [12] 

11A 1813/39 7214 CR931653 1939 Denmark [12] 

11B 8087/40 7165 CR931654 1940 Denmark [12] 

11C Eddy nr. 53 7201 CR931655 1957 USA [12] 

11D 70/86 62 CR931656 1986 Denmark [12] 

11F 34356 7212 CR931657 1952 Denmark [12] 

14 34359 124 CR931662 1952 USA [12] 

15A 389/39 7166 CR931663 1939 Denmark [12] 

15B 7904/39 1 CR931664 1939 Denmark [12] 

15C 553/62 7172 CR931665 1972 Denmark [12] 

15F 688/63 7177 CR931666 1963 Denmark [12] 

18A 8609/43 241 CR931671 1952 Denmark [12] 

18B 1033/41 4706 CR931672 1941 Denmark [12] 

18C 4593/40 4706 CR931673 1940 Denmark [12] 

18F Gethens 7182 CR931674 1961 USA [12] 

19A nr. 141/68 7226 CR931675 1968 Denmark [12] 

19B nr. 4594 199 CR931676 1971 Germany [12] 

19C 7588/39 3785 CR931677 1939 Denmark [12] 

19F 485/61 425 CR931678 1961 Denmark [12] 

22A 3405/39 7181 CR931681 1939 Denmark [12] 

22F 1772/40 7219 CR931682 1940 Denmark [12] 

23A 1196/45 439 CR931683 1945 Denmark [12] 

23B 1039/41 7168 CR931684 1941 Denmark [12] 

23F Dr Melchior 515 CR931685 1996 Denmark [12] 

33A Biehl 1012 CR931698 1946 USA [12] 

33B E294 2864 CR931699 1962 Denmark [12] 

33C 7098/41 2865 CR931700 1941 Denmark [12] 

33D CSF/79 2863 CR931701 1979 India [12] 

33F 3084/37 7192 CR931702 1937 Denmark [12] 

35A 1936/39 7242 CR931704 1939 Denmark [12] 

35B 4356/39 7234 CR931705 1939 Denmark [12] 

35C 7765/43 5989 CR931706 1943 Denmark [12] 

35F 361/39 7164 CR931707 1939 Denmark [12] 
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Appendix 5.3. Serogroup cps loci included in the study 

Serogroup/type Genes 

1 aliB, wzg, wzh, wzd, wze, wchB, wchC, wchD, wzy, wzx, gla, ugd, rmlA, 

rmlC, rmlB 

3 wzd, ugd, wchE, galU  

6 wzg, wzh, wzd, wze, wchA,wciO, wciP, wzy, wzx, rmlA, rmlC, rmlB, rmlD 

7 wzg, wzh, wzd, wze, wchA, wchF, rmlA, rmlC, rmlB, rmlD 

9 wzg, wzh, wzd, wze, wchA, wchO, wcjA, mnaA, wzy, wcjB, wzx, ugd 

11 wzg, wzh, wzd, wze, wchA, wchI, wchK, wcwT, wcwU, wzx 

14 wzg, wzh, wzd, wze, wchA, wchJ, wchK, wzy, wchL, wchM, wchN, wzx 

15 wzg, wzh, wzd, wze, wchA, wchJ, wchL, wchM, wchN, wchX, gtp1, gtp2, 

gtp3 

18 wzg, wzh, wzd, wze, wchA, wchF, wciU, wciV, wciW, wzx, wzy, wciY, gct, 

rmlA, rmlC, rmlB, rmlD 

19 wzg, wzh, wzd, wze, wchA, wchO, wchP, wchQ, mnaA, rmlA, rmlC, rmlB, 

rmlD 

22 wzg, wzh, wzd, wze, wchA, wchF, ugd, wcwV, whaB, wzy, wcwX, wzx, rmlA, 

rmlC, rmlB, rmlD 

23 wzg, wzh, wzd, wze, wchA, wchF, wchV, wchW, wzx, wchX, gtp1, gtp2, gtp3, 

rmlA, rmlC, rmlB, rmlD 

33 wzg, wzh, wzd, wze, wzx 

35 wzg, wzh, wzd, wze, wciB, wzx, wciG 
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5.7 Supplementary information (see attached USB drive) 

Supplementary File 5.1. Study datasets 

Supplementary File 5.2. Serotype 1 

Supplementary File 5.3. Serotype 3 

Supplementary File 5.4. Serotype 7 

Supplementary File 5.5. Serotype 9 

Supplementary File 5.6. Serotype 11 

Supplementary File 5.7. Serotype 22 

Supplementary File 5.8. Serotype 6 

Supplementary File 5.9. Serotype 19 

Supplementary File 5.10. Serotype 23 

Supplementary File 5.11. Serotype 14 

Supplementary File 5.12. Serotype 15 

Supplementary File 5.13. Serotype 18 

Supplementary File 5.14. Serotype 33 

Supplementary File 5.15. Serotype 35 
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6.  A comparison of the estimated core genomes of pneumococcal 

carriage datasets reveals differences between pneumococcal populations 

from different regions 

Genomes for the three published pneumococcal datasets (UK, USA and Thailand), as 

well as the 1,000 non-pneumococcal Streptococcus species, were obtained from the 

rMLST database (see Chapters 4 and 5).  Genomes from the VICE study were 

downloaded from the Brueggemann BIGSdb database (see Chapter 4).   

6.1 Abstract 

The availability of large well-characterised pneumococcal carriage datasets from different 

geographical locations allows for the comparison of estimated core genomes calculated 

using the Bayesian Decision model described in Chapter 3.  The expectation and 

hypothesis tested was that the estimated core genomes of carriage pneumococci from 

each of these four geographical locations would be broadly similar in terms of the total 

number and the composition of the core genes.  The aim of this study was to calculate the 

estimated core genome for each of four pneumococcal carriage datasets and, investigate 

the differences and similarities observed in the core genomes between datasets.  A dataset 

of 3,121 genomes was assembled from three published studies and the VICE study.  The 

estimated core genome was calculated for each dataset and the four estimates were 

compared by clustering the nucleotide sequences for each gene in each core genome.  A 

putative function was assigned to each gene and the core genes common to all four 

datasets (the shared core genome) were used to construct a phylogenetic tree depicting 

the relationships between all the genomes included in the study.  The pan-genome (core 

plus accessory genes) from each dataset was combined together and clustered to examine 

how each of the pan-genomes varied between the datasets.  The analyses revealed a very 
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small shared core genome and showed that the core and accessory genomes of the 

Thailand dataset differed significantly from the other, more similar datasets.  

Examination of the genes unique to the Thailand dataset revealed 14 large genomic 

regions that included transposons and bacteriophages.  Taken together these findings 

showed that the Thailand dataset had a much higher level of diversity than the other 

dataset, which were very similar to each other.  This work suggested that there is 

significant genome-wide heterogeneity amongst pneumococcal populations and this has 

important implications for making broader conclusions about pneumococcal biology 

based on a single dataset. 

6.2 Introduction 

In Chapter 3, a Bayesian decision model method was described for estimating the core 

genome for datasets comprised of draft bacterial genomes.  The analyses included the 

calculation of estimated core genomes for two different pneumococcal datasets including 

a published dataset of carriage genomes from Boston, Massachusetts (USA) [99].  Since 

that study was undertaken, two additional datasets of pneumococci recovered from 

healthy children in Southampton (UK), and the Maela refugee camp (Thailand) were 

sequenced and published [100, 247].  The genomes from the ongoing VICE study were 

also completed since the development of the Bayesian decision model.  Thus, there were 

four pneumococcal carriage datasets for which estimated core genomes could be 

calculated, allowing for the comparison of distinct pneumococcal populations from four 

different geographical locations. 

The pneumococci in the four carriage datasets included in this study were all collected 

from children under the age of seven, but in addition, the Thailand dataset also included 

pneumococci collected from the mothers of the children being sampled.  The number of 



 169 

children under the age of five in each of the four study locations varied from ~5,000 in 

the Maela refugee camp (located on the Thailand-Myanmar border) to ~40,000 in Boston.  

Southampton, and Reykjavik and the surrounding areas, where the majority of the 

pneumococci included in the VICE study were collected, had similar populations of 

20,000 to 25,000 children under the age of five.   

The hypothesis was that the estimated core genomes of carriage pneumococci from each 

of these four geographical locations would be broadly similar in terms of the total number 

and the composition of the core genes.  Therefore the aims of this study were to:  i) 

estimate the core genome for each of four carriage datasets; ii) compare the four sets of 

core genes; iii) identify and characterise the genes common to all four core genomes (the 

shared core genome); and iv) compare the genes that comprise the pan-genome of each 

dataset.  

6.3 Methods 

Datasets selected for analyses 

The datasets analysed in this study are described in Table 6.1.  Due to the large size of the 

Thailand dataset (n = 3,085; [100]), R (https://www.R-project.org/) was used to randomly 

sample 1000 genomes to include in this analyses.   Metadata for the published genomes 

were manually extracted from the original publications.  Complete lists of the 

pneumococcal genome data included in this study, with accession numbers and available 

metadata are listed in Supplementary File 1. 

 

 

 



 170 

Table 6.1. Summary of study datasets. 

Dataset 

No. of 

genomes 

Years of 

isolation 

No. of 

STs 

No. of 

CCs 

Serotypes 

Source of 

data 

Iceland 987 2009-2014 99 48 31 

[236], VICE 

study 

USA 616 2001-2007 139 63 31 [99] 

UK 518 2006-2011 128 45 43 [247] 

Thailand 1000 2007-2010 211 115 61 [100] 

Non-pneumococcal 

Streptococcus species 

1000 Unknown N/A N/A N/A 

rMLST 

database 

 

Sequence types (STs), clonal complexes (CCs) and serotypes 

Multilocus sequence type (MLST) data were automatically extracted from each genome 

using BIGSdb [20] and STs were clustered into clonal complexes (CCs) using Phyloviz 

[332].  Serotypes for each of the pneumococci included in the study were assigned based 

on the genome sequence, using seqSerotyper.R. 

Core genome analyses 

Prokka [262] was used to predict coding sequences (CDS) in each genome and add 

annotation using a bespoke pneumococcal sequence database compiled for this study, 

which was based upon the available gene annotation data from all pneumococcal 

genomes in GenBank [271].  The resulting annotation files in gff format were then input 

into Roary and clustered using sequence identity thresholds of 70% and 90% [264].  Core 

genome thresholds were calculated for each dataset using the Bayesian core genome 
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method described in Chapter 3 (Table 6.2). Putative paralogues were removed from the 

analysis and the resulting core genes were extracted and aligned using MAFFT [376].  A 

custom script was used to construct a Venn diagram showing the distribution of core 

genes amongst the four datasets.   

Example sequences of each core gene were extracted to create a set of core genes for each 

dataset.  The four sets of core genes were then compared against each other and clustered 

in cd-hit using a similarity threshold of 90% [265].  Cluster of Orthologous Groups 

(COG) functional groups were assigned to each gene in the four core gene datasets using 

eggnog-mapper.py [377].    

Sequence alignments for genes in the shared core genome were concatenated to create a 

core gene alignment that was then used to create a phylogenetic tree using FastTreeMP 

[267].  The tree was reconstructed to account for recombination using ClonalFrameML 

[268] and hierBAPS [378] was run on the core gene alignment to construct sequence 

clusters that were depicted on the final phylogenetic tree using iTOL [270].  

Pneumococcal essential genes 

In order to assess how many genes in the shared core genome were potentially essential 

to cell growth and survival, the names of genes previously identified as being essential in 

pneumococcus using Tn-seq were obtained from the original publication [379].  This data 

was used to extract the relevant amino acid sequences from the TIGR4 genome and cd-hit 

was used to compare the set of essential genes against the amino acid sequences of the 

genes in the shared core genome using a sequence identity threshold of 70%. 
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Pan-genome analyses 

Nucleotide sequences for the genes in the pan-genome of each dataset were combined 

and clustered in cd-hit using a similarity threshold of 70% and an alignment threshold of 

90%.   The distribution of the shared and unique genes in the pan-genomes of each study 

dataset was represented by a Venn diagram that was constructed using a custom script.   

1,000 genomes from 65 non-pneumococcal Streptococcal species were also selected for 

comparative analyses (Table 6.1; Supplementary File 6.5).  Genome Comparator [20] was 

used to extract the rMLST gene sequences from the 1,000 Streptococcal and 3,121 

pneumococcal genomes; these sequences were aligned using MAFFT and concatenated to 

create an alignment that was used to build a phylogeny using FastTreeMP.  

ClonalFrameML was used to reconstruct the tree and the final tree was annotated using 

iTOL. 

Since the analyses revealed that the Thailand dataset appeared to be unusual (see below), 

gene names and genomic positions for the genes unique to the Thailand pan-genome were 

extracted and manually inspected to identify large genomic regions (>25 Kb) unique to 

this dataset.  Nucleotide sequences for each of these large genome regions were extracted 

using Artemis [380] and compared against both GenBank [271] and the set of 1,000 non-

pneumococcal genomes in rMLST to find homologous regions.  Regions putatively 

identified as transposons were annotated using the CONJscan module of the 

mobile.pasteur.fr website.   EasyFig [381] was used to create comparison diagrams 

between the extracted large regions and the homologous regions identified in either 

Genbank or rMLST. 
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6.4 Results 

Description of the datasets used in the analyses 

The Icelandic VICE dataset consisted of 987 genomes for pneumococci of 31 serotypes 

and 48 CCs (99 STs) collected between 2009 and 2014.  PCV10 was introduced into 

Iceland in April 2010 and thus the dataset is comprised of pneumococci from both the 

pre- and post-vaccine period.  The pneumococci were recovered from nasopharyngeal 

swabs taken from children 1-6 years old attending day-care centres in Reykjavik and the 

surrounding areas.   

PCV7 was introduced in the United States in 2000.  616 pneumococci were collected and 

sequenced from nasopharyngeal swabs taken from children under the age of seven 

attending primary care facilities in Boston, Massachusetts and the surrounding area 

between 2001 and 2007.  31 serotypes were identified and MLST data revealed 63CCs 

(139 STs). 

Pneumococci in the UK dataset (n = 518) were isolated from nasopharyngeal swabs from 

children or children of siblings ≤4 years old attending the Southampton General Hospital 

outpatient department between  2006 and 2011 and sequenced.   PCV7 was introduced in 

the UK in 2006 and was superseded by PCV13 in April 2010; thus the UK dataset 

contains genomes from both pre-and post PCV-7 and pre- and post-PCV13 introduction.  

43 serotypes and 45 CCs (128 STs) were identified. 

Nasopharyngeal swabs were collected from a cohort of over 500 infants and 242 of their 

mothers between 2007 and 2010 in Maela, a refugee community close to the border of 

Thailand and Myanmar as part of a pre-vaccine longitudinal carriage study.   3,085 

pneumococci were randomly selected for sequencing.  From this dataset, 1,000 genomes 
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were randomly sampled for inclusion in this study.  Characterisation of the 1,000 

genomes revealed 115 CCs (211 STs) and 61 serotypes. 

Estimated core genomes for each dataset 

The number of genes in the pan-genomes of the UK, USA and Iceland datasets were very 

similar varying from 7,277 in the UK dataset to 7,425 in the USA dataset (Table 6.2).  

The Thailand dataset was unusual as there were approximately twice as many genes (n = 

15,751) in the pan-genome as there were in each of the other three datasets.  The 

percentage of genomes within each dataset that possessed each core gene ranged from 

≥99.70% to ≥99.90%, consistent with the values calculated for other bacterial datasets in  

Table 6.2 Results of the estimated core genome analyses. 

Dataset Pan-genome (n) 

% of genomes that 

possess core gene 

Putative paralogues 

removed (n) 

Estimated core 

genes (n) 

Iceland 7,301 ≥99.85 8 1,059 

USA 7,425 ≥99.80 7 1,029 

UK 7,277 ≥99.70 6 1,052 

Thailand 15,751 ≥99.90 5 394 

 

Chapter 3.  The number of putative paralogues identified in the initial Roary analyses was 

minimal and varied from five in the Thailand dataset to eight in the Iceland dataset; these 

genes were removed from further analyses.  As well as having a much larger pan-

genome, the estimated core genome for the Thailand dataset was much smaller (n =394) 
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than the core genomes calculated for the USA (n =1,029), UK (n = 1,052), and Iceland (n 

= 1,059) datasets.  The large pan-genome and smaller estimated core genome of the 

Thailand dataset was unexpected and suggestive of a greater level of diversity in this 

dataset compared to the others. 

 

Figure 6.1 Cluster of Orthologous Groups (COG) functional categories for each set of estimated core 

genes. 

Despite the differences observed in the number of genes in the estimated core genomes of 

the four datasets, the distribution of COG functional categories across the estimated core 

genomes for the four datasets was broadly similar (Figure 6.1).  In each case the largest 

proportion of estimated core genes belonged to the function unknown category (21.7% - 

24.1%) followed by the translation, ribosomal structure and biogenesis (11.9% - 15.7%), 

amino acid transport and metabolism (7.1% - 8.6%) and transcription (6.7% - 7.9%) 

categories (Supplementary File 6.3).  
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Figure 6.2 a) Venn diagram showing the comparison of the genes in the estimated core genomes calculated 

for each of the four datasets; b) COG functional categories for the shared core genome (n = 303) and the 

estimated core genes shared by the UK, USA and Iceland datasets only (n = 461). 

a) 

b) 
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Comparison of core genomes 

The comparison of the genes in each of the four estimated core genomes revealed 303 

genes that were common to all four datasets (defined as the “shared core genome”; Figure 

2a).  A further 461 genes were common to the UK, USA and Iceland datasets but were 

not present in the Thailand dataset i.e. not part of the shared core genome, but these genes 

would have formed part of a core genome calculated using just the datasets from the UK, 

Iceland and USA.  The number of core genes unique to a given dataset varied from 7 

(Thailand) to 74 (UK) and the largest number of core genes shared by two datasets was 

92 (Iceland and USA).   

The five most prevalent COG functional categories amongst the shared core genes were 

hypothetical proteins of unknown function (24.4%), translation, ribosomal structure and 

biogenesis (17.8%), transcription (8.3%), inorganic ion transport and metabolism (7.6%) 

and DNA replication, recombination and repair (6.3%; Figure 6.2b and Supplementary 

File 6.2). 

Examination of the 461 genes that were common to the UK, USA and Iceland datasets 

but not present in the Thailand dataset revealed that the distribution of COG functional 

categories resembled that of the shared core genome.  There was a higher proportion of 

genes belonging to the translation, ribosomal structure and biogenesis category in the 

shared core genome (16.8%) compared to the set of 461 genes (11.7%) whilst the 

proportion of carbohydrate transport and metabolism genes (8.2% vs 4.6%) and amino 

acid transport and metabolism genes (8.0% vs 4.6%) was higher in the set of 461 genes 

(Figure 6.2b).   
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Shared core genome phylogeny 

A sequence alignment of the 303 shared core genes and Bayesian population clustering 

was used to generate a phylogenetic tree of the genomes included in this study (Figure 

6.3). This revealed 19 monophyletic sequence clusters (SCs) which corresponded to 

clades in the phylogenetic tree.  These SCs ranged in size from 36 (SC17) to 263 (SC1) 

genomes.  The population clustering also identified a twentieth group of genomes (not 

annotated on the phylogenetic tree) which made up a polyphyletic cluster of the 

remaining low-frequency genotypes (n=1,177).  All of the monophyletic SCs were 

concordant with clonal complex (Figure 6.3).  Nine of the 19 SCs contained no genomes 

from Thailand (SC1, SC2, SC3, SC4, SC6, SC8, SC10, SC11, SC13 and SC18; Figure 

6.4) while three consisted solely of Thai genomes (SC14, SC15 and SC16) and; SC4 

(CC558
35B

) was only found amongst genomes from the USA.   

 

Figure 6.4 Distribution of the SCs amongst the four datasets 
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Examination of the serotype data for the three SCs unique to Thailand revealed that each 

cluster described pneumococci with either a novel or hybrid serotype (see Chapter 5): 

SC14 (CC15) genomes were either NT or hybrid serotype 14/19F; SC15 (CC4209) 

genomes had a putative novel serotype 15X capsule; and genomes from SC16 (CC802) 

were hybrid serotype 19F/23F.  The most prevalent cluster, SC1 (n=263) was concordant 

with CC199 (PMEN37), a widely-distributed global lineage 

(http://pubmlst.org/spneumoniae/).  Two other PMEN lineages, PMEN31 (SC10) and 

PMEN42 (SC18), were also amongst the sequence clusters not found in the Thailand 

dataset.  49.3% of the 1,177 genomes that did not form SCs were from Thailand and 

26.6% were from Iceland.   

 

 

 

Figure 6.5 Venn diagram showing the comparison of the 303 genes in the shared core genome with 

397 essential genes identified in TIGR4. 

Pneumococcal essential genes 

A previously published essentiality study used Tn-seq to identify essential pneumococcal 

genes [379].  In order to identify which of the shared genes were putatively essential, a 

comparison was made between the 303 shared core genes and 397 genes identified as 



 181 

possibly or likely essential in the Tn-seq (Figure 6.5).  Only 127 of the 397 genes 

identified as essential in TIGR4 were present amongst the shared core genome suggesting 

that the number of genes shared by all four datasets that could be considered essential for 

the survival of the pneumococcus is very small and that, potentially, the estimate for 

TIGR4 is inflated.  A large proportion of the 127 genes were involved in basic cell 

functions such as DNA replication, ribosomal proteins, RNA transcription and central 

carbon metabolism (Supplementary File 6.2).  

Comparison of the pan-genomes 

The much larger number of genes in the Thailand pan-genome, and thus accessory 

genome, as well as the very small estimated core genome calculated for this dataset 

suggested that the Thailand dataset was unusual as compared to the other three datasets.  

The first attempt to understand the unusual nature of the Thailand dataset was to re-

estimate the pan-genome using a lower blast identity threshold of 70%, which should 

have accounted for larger nucleotide differences between the same gene in a population 

(it has previously been shown that genes such as pbp2x may differ by as much as 25% at 

a nucleotide sequence identity level [382, 383].   However, there were no significant 

differences in the size of the pan-genomes calculated for any of the four datasets when 

using either threshold (Figure 6.6a) and in particular, the Thailand pan-genome was still 

twice the size of the other datasets.  The pan-genome of the UK, USA and Iceland 

datasets began to plateau at approximately 7,000 genes whilst the Thailand pan-genome 

continued to increase sharply as more genomes were added and did not plateau even 

when the number of genes in the pan-genome approached 16,000.  All four pan-genomes 

were open, i.e. the pan-genome continued to increase as more genomes were added to the 

analysis, a previously reported observation in pneumococcal pan-genome analyses [233].   



 182 

 

 

 

Figure 6.6 a) Results of Roary pan-genome analyses at 70% and 90% sequence identity for all four 

datasets; b) Venn diagram showing the comparison of the genes in each pan-genome of each dataset. 

a) 

b) 
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A gene-specific comparison of the pan-genomes of the four datasets was then performed.  

Clustering based on the nucleotide sequences of 37,754 genes from the four pan-genomes 

showed that there were 10,836 gene clusters (hereinafter referred to as genes) present 

amongst the four pan-genomes using thresholds of 70% identity and 90% alignment. 

3,119 of these genes were shared by all four datasets (Figure 6.6b) and included the  

genes found in the shared core genome as well as the genes shared amongst the accessory 

genome of each dataset.  The number of genes unique to each dataset differed, with 

smaller numbers observed in the UK (n = 587), USA (n = 682) and Iceland (n = 754) 

datasets compared to 3,668 unique genes in the Thailand dataset. 

Like the pattern seen in the distribution of COG functional categories for the estimated 

core genomes, the distribution of COG functional categories across the four sets of genes 

unique to each dataset was similar with the most prevalent categories being function 

unknown (42.1% - 48.6%), DNA replication, recombination and repair (11.6 – 14.7%), 

cell envelope biogenesis, outer membrane (6.3% - 10.9%), carbohydrate transport and 

metabolism (4.8% - 6.7%) and defence mechanisms (4.6% - 6.0%; Figure 6.7 and 

Supplementary File 6.4).  

The finding that the Thailand dataset had many more unique genes when compared to the 

other datasets confirmed the unexpected diversity observed in this dataset.  As it was 

strange that a dataset collected in a closed refugee camp with a population of ~50,000 

people showed so much diversity other possible explanations for this diversity were 

explored.  These included the quality of the genome sequences in the Thailand dataset, an 

error in the sampling strategy when choosing 1,000 genomes out of the total dataset of 

3,085 sequences and the inclusion of other non-pneumococcal Streptococcal genomes in 

the dataset. 
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Genome quality and sampling strategy of the Thailand dataset 

All of the genomes for the Thailand dataset were downloaded from the ENA and 

assembled using Velvet.  Genome sequences were uploaded to the rMLST database only 

if they passed the initial quality control steps, which considered total genome length and 

 

Figure 6.7 COG functional categories for the set of genes unique to the pan-genome of each dataset. 

contig number and a scan of rMLST loci to assign the likely species of the genomes.  80 

of the 3,085 genomes in the original dataset failed quality control and were discarded 

leaving 3,005 genomes to analyse.  An examination of the sequence assembly metrics for 

the 1,000 genomes included in the study described in this chapter revealed one genome 

that was poorly assembled (~1,600 contigs as compared to an average of 222 contigs for 

the other genomes in the dataset).  To test whether or not this genome significantly 

skewed the Roary pan-genome analyses, it was replaced by another genome of the same 

ST, serotype and rMLST type, and the analyses were re-run.  The results were not  
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Figure 6.8 Phylogeny of 4,121 pneumococcal and non-pneumococcal Streptococcus genomes based on the 

concatenated sequences of 53 rMLST genes. 

significantly affected: the core-genome increased by 4 genes and the pan-genome 

decreased by 64 genes (data not shown).   

In order to check whether the sampling strategy used was appropriate, a further 1,000 

genomes from the remaining ~2000 genomes were sampled in the same manner.  The 
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number of STs and serotypes for this sample were nearly identical to the original sample 

dataset (data not shown) suggesting that the observed epidemiological diversity was 

similar to that of the other Thailand genomes not included here.  Thus, the differences 

observed between the Thailand dataset and the other datasets could not be explained by 

poor quality sequence data or by a biased sampling strategy. 

Calculation of the Thailand pan-genome after NT genomes were excluded 

One possible explanation for the large pan-genome and small core genome of the 

Thailand dataset was the inclusion of a much higher proportion of NT genomes when 

compared to the other datasets (512/3,085 (16.6%) genomes in the original publication 

[ref] were NT whilst the proportion of NT pneumococci in the other three datasets varied 

between 1.3% and 6.6%).  To investigate the possible contribution of excess NT genomes 

to the much larger Thailand pan-genome, the NT genomes were excluded from the 

original dataset and a random sample of 1,000 genomes was selected from the remaining 

~2,500 genomes.  Roary was then run on this dataset and a core genome was calculated.  

This analysis showed that excluding the NT genomes had relatively little effect on the 

size of the Thailand pan- and core genomes, as the size of pan-genome decreased from 

15,751 to 14,537 genes and the size of the core genome increased from 394 to 441 genes. 

Comparison of pneumococcal genomes to other Streptococcal genomes 

Another possible explanation for the differences observed in both the size of the Thailand 

pan-genome and the much greater number of unique genes in the Thailand dataset was 

that the Thailand dataset contained genomes from non-pneumococcal Streptococcus 

species.  To investigate this possibility, a phylogenetic tree was constructed based on the 

53 rMLST loci sequences [250] extracted from the 3,121 pneumococcal genomes that 

comprised the four study datasets and those of a dataset of 1,000 genomes spanning 65 
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different Streptococcus species.  All 3,121 pneumococcal genomes clustered together 

separately from the other Streptococcus species, demonstrating that the observed 

differences among the Thailand dataset were unlikely to be explained by the inclusion of 

non-pneumococcal genomes (Figure 6.8). 

Characterisation of genes unique to the Thailand pan-genome 

Based on the above findings, the inclusion of genomes from other Streptococcus species 

in the Thailand dataset was not responsible for the differences between this dataset and 

the other three datasets in the study.  However, the size of the Thailand accessory genome 

was suggestive of the possibility that there were significant regions in at least a 

proportion of the Thailand genomes that may be non-pneumococcal in origin.  To further 

explore this possibility, the 3,668 genes unique to the Thailand pan-genome were 

manually inspected using the gene identifier numbers assigned by Prokka and the gene 

frequency information provided by the Roary output.  Briefly, the list of genes was sorted 

based on the gene identifier; runs of successive gene identifier numbers were indicative 

of larger genomic regions that were not found in the genomes from the other three 

datasets.  This analysis revealed that there were 14 regions that were >25 Kb in length, 

the largest of which was ~66 Kb.  The number of genomes that these 14 large regions 

were found in varied from one to 46.  The nucleotide sequences of the regions were 

extracted and compared to GenBank and the dataset of 1,000 non-pneumococcal 

Streptococcus genomes in an attempt to find a possible match so as to better characterise 

these regions (Table 6.3).   

Four different examples of Tn1549-like integrative and conjugative elements (ICEs), 

three of which also included Tn916 with Tet(M) which mediates tetracycline resistance, 

were found in 21 genomes (Figure 6.9).  The nearest matches to these variable Tn1549-



 188 

like regions were predominately from other Streptococci but the best match to the 

Tn1549 region found in SMRU1170 was from Filofactor alocis ATCC35896, a gram-

positive anaerobe commonly implicated in periodontal disease [384].  Tn916 was also 

found on its own in one genome and most closely matched a version of the ICE from 

Staphylococcus aureus 2395 USA500.  Another type of ICE, TnGBS2, which uses a 

DDE transposase instead of a phage-like integrase for mobility and is commonly found in 

other Streptococcal species such as S. mitis and S. oralis but previously thought to be 

uncommon in pneumococcus [385], was found in a single genome, SMRU148.   

No significant matches were identified in either Genbank or the set of 1,000 

Streptococcal genomes for four different bacteriophage sequences and an unknown 

transposon fragment.  Another focus of the Brueggemann group is the identification and 

characterization of pneumococcal bacteriophages.  The four bacteriophage sequences 

identified amongst the Thailand dataset were compared to a database of 67 pneumococcal 

bacteriophage sequences assembled from a collection of 482 pneumococcal genomes, 

336 of which were described in Chapter 3.  This comparison failed to reveal any closely 

related sequences, likely reflecting the diversity observed amongst pneumococcal 

bacteriophages [386].  The bacteriophage regions varied in size from ~29 Kb to ~39Kb 

although only the two sequences from SMRU1351 and SMRU392 were full-length 

bacteriophage sequences.  46 genomes from multiple lineages possessed a region 

approximately 30 Kb in size that contained a number of genes involved in carbohydrate 

metabolism, including PTS lactose and ascorbate transporters as well as genes that 

constituted the pentose and glucuronate interconversion pathway.  This pathway is an 

alternative to glycolysis for the metabolism of glucose [82].  Searching for this region in 

Genbank revealed a hit to S. pneumoniae 70585 (ST289
5
), a disease causing 

pneumococcus from Bangladesh. 
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Table 6.3. Large genomic regions unique to the Thailand dataset.  The best overall significant 

matches are highlighted in bold. 

Representative 

genome 

Genomes 

(n) 

Length of 

region 

(bp) 

Genbank 

best match (% 

identity) 

rMLST 

best match (% identity) 
Fragment type 

SMRU1398 7 66142 
S. agalactiae 

ILRI112 (98.0) 

S. dysgalactiae 66090 

(96.4) 

Tn1549 and Tn916 

with Tet(M) 

SMRU1170 2 
59943 (1 

gap) 

Filofactor alocis 

ATCC35896 (99.0) 

S. dysgalactiae 65857 

(89.8) 

Tn1549 and Tn916 

with Tet(M) 

SMRU1457 10 51873 No significant match 
S. dysgalactiae 65857 

(97.4) 

Tn1549 and Tn916 

with Tet(M) 

SMRU2268 2 41961 
S. anginosus C238 

(93.0) 

S. constellatus 63991 

(90.7) 
Tn1549 no Tn916 

SMRU1351 11 39520 No significant match No significant match Bacteriophage 

SMRU2725 19 38392 No significant match No significant match 
Unknown transposon 

fragment 

SMRU392 1 34256 No significant match No significant match Bacteriophage 

SMRU158 1 
32902 (2 

gaps) 

Streptococcus sp. 

VT162 (94.0) 
S. oralis 63998 (95.6) 

Unknown transposon 

fragment 

SMRU1017 2 32098 No significant match No significant match 
Partial bacteriophage 

sequence 

SMRU128 46 30967 
S. pneumoniae 

70585 (99.0) 
S. suis 66662 (87.6) 

Pentose and 

glucoronate 

interconversion 

region 

SMRU148 1 30628 No significant match 
S. oralis ATCC42996 

(94.9) 
TnGBS2 

SMRU1266 1 28998 No significant match No significant match 
Partial bacteriophage 

sequence 

SMRU1770 3 
26625 (3 

gaps) 

Streptococcus sp. 

VT162 (85.0) 

S. pseudopneumoniae 

110329 (98.5) 

Unknown transposon 

fragment 

SMRU602 1 25230 

Staphylococcus 

aureus 2395 USA500 

(99.8) 

S. dysgalactiae 66058 

(99.0) 
Tn916 with Tet(M) 
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Figure 6.9 ICEs identified amongst the Thailand genomes. A-C) Tn1549-like ICEs with Tn916; 

D)Tn1549-like ICE without Tn916; E) Tn916; and F) TnGBS2 
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6.5 Discussion 

This study began by utilising our Bayesian decision core genome model to estimate the 

core genomes for four pneumococcal carriage datasets.  Comparing and contrasting these 

estimated core genomes revealed differences between each of the datasets and in 

particular the Thailand dataset. This study also revealed a very small shared core genome 

amongst the four datasets. 

The expectation at the beginning of this study and the resulting hypothesis that was tested 

was that the estimated core genomes of pneumococcal populations from around the world 

would be broadly similar.  The results of this study have shown that this not the case with 

one dataset in particular, from Thailand, showing considerable differences to the other 

three datasets included in the analyses.  Whilst there was some variation in the size of the 

datasets included in this study (518 to 1000), the Thailand dataset was unusual as it had 

an unexpectedly small estimated core genome (n=394) even when compared to the 

estimated core genome of the Iceland dataset (n=1,059) which had an almost identical 

number of genomes (1000 vs 987).   

The simplest explanation for this observed difference would be that the diversity of the 

pneumococci circulating in the Maela refugee camp is much greater than that in either 

large cities (Boston and Southampton) or what is effectively a national dataset from 

Iceland.  There is certainly evidence from the epidemiological data from Thailand that 

shows that there are approximately twice as many STs and serotypes as there are in 

Iceland, which on this basis could be considered the least diverse of the four datasets.  

However, the explanation that there is simply a greater level of diversity amongst the 

pneumococci in Maela, a small refugee camp of only 50,000 inhabitants, where the 

movement of people in and out of the camp is restricted, seems at odds with what might 



 192 

be expected.   The expectation would be, that with very little flow of people in and out of 

the camp, there would be a similar bottleneck in the flow of pneumococci into the camp 

and thus the same lineages would have begun to prevail over time leading to a decrease in 

diversity as these lineages began to outcompete the others.  The majority of 

epidemiological studies that have been conducted in developed or resource-rich countries 

have shown that the serotypes and sequence types (STs) that circulate in both carriage 

and disease are broadly similar across different populations [30, 242, 387, 388].  The fact 

that nine of the 19 SCs identified in this study were only found in the three Western 

datasets is consistent with the previous findings.  It is possible that these lineages were 

simply not included by chance either during the initial collection of samples using 

nasopharyngeal swabs or else because of the sampling methodology used in this study to 

choose 1,000 genomes out of the original set of ~3000 genomes but this seems unlikely 

given the number of lineages concerned.  More recent epidemiological studies that have 

examined the pneumococci circulating in less well characterised regions such as Kenya 

and Nepal revealed that, whilst the most common serotypes tend to be the same as those 

in the developed world, the diversity of circulating genetic lineages, based on the number 

of novel sequence types, may well be greater [57, 389].  However, given that these two 

studies were based solely on MLST analysis, it is impossible to draw any conclusions 

about the pan-genomes of these populations.   

Interestingly, all of the SCs unique to Thailand had putative novel or hybrid serotypes 

previously identified in Chapter 5.  Whilst some of these hybrid serotypes were found in 

genomes outside of Thailand, the analyses in Chapter 5 showed that almost all the 

putative novel and hybrid serotypes identified in the 14 serotypes and/or serogroups 

included in that analysis were from the Thailand dataset.   This would suggest, that as 

well as there being more diversity amongst the Thailand pneumococci, there are almost 
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certainly lineages of pneumococci present in this population with novel genomic regions 

such as the capsular locus and the large regions described above that haven’t been 

identified before in any other large genome datasets. 

The difference between the Thailand dataset and the other three was further highlighted 

when the pan-genomes of the datasets were compared.  The large number of genes unique 

to the Thailand pan-genome was of interest as there were approximately five times as 

many unique genes as there were in the other datasets.  The focus of this part of the study 

was to find possible explanations for why the Thailand dataset was so different.  

Examination of the genes unique to the pan-genome of the Thailand dataset revealed 

large genomic regions that were obvious first choices for interrogation.  The large regions 

that were identified were predominately from other Streptococci but in two cases the best 

match to these ICEs were from unrelated species (Staphylococcus aureus and Filofactor 

alocis);  however, it is very likely that there are other genomic regions of interest to be 

found in the list of ~3,700 genes unique to the Thailand pan-genome so a more in-depth 

study of these regions as well as any other large regions identified in the pan-genomes of 

the other three datasets should be undertaken in the future.  

This study has shown very clearly that population level datasets differ and may not be 

representative of the global pneumococcal population.  Whilst there were definite 

similarities between the three datasets from the developed world, the Thailand dataset 

was clearly distinct. Considering the sampling strategy used to select genomes from 

Thailand for inclusion in this study and the possibility that non-pneumococcal 

Streptococcus species were included in the dataset could not explain the observed 

differences, suggesting that the differences were in fact real.  Taken together, these 

findings suggest that the global pneumococcal population may be less homogenous than 

expected and that the current understanding of the level of diversity amongst 
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pneumococci has failed to take into account how much the pneumococcal populations 

found in regions that have tended to be underrepresented in studies before now may 

differ.  Therefore, care should be taken when inferring broader conclusions about the 

pneumococcus based on the findings of studies on pneumococci collected in a relatively 

small geographical area as it is clear that not all pneumococcal populations are the same.  

The availability of large numbers of genomes means that meta-analyses of large datasets 

can now be undertaken in order to better understand the diversity of the entire global 

pneumococcal population. More studies like this one will need to be performed, 

incorporating genomes from less well-studied regions around the world, to better 

understand the true diversity of the pneumococcal genome.   
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6.6 Supplementary information (see attached USB drive) 

Supplementary File 6.1. Datasets included in the study 

Supplementary File 6.2. List of core genes for each dataset 

Supplementary File 6.3. List of shared core genes 

Supplementary File 6.4. Genes unique to each dataset’s pan-genome 

Supplementary File 6.5. Other Streptococcal genomes included in the analyses  
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 7. A genome wide association study identified gene variants 

significantly associated with invasive disease in pneumococcus. 

John Lees (Wellcome Trust Sanger Institute), the lead author of SEER, provided advice 

regarding the analyses performed in this chapter and helped resolve errors that occurred 

during the running of the SEER program.  The genome sequences from the VICE study, 

Maela and Massachusetts were described in earlier chapters. My co-supervisor, Dr Danny 

Wilson, provided advice and guidance for the analyses conducted in this chapter. 

7.1 Abstract 

The exact mechanisms behind the ability of pneumococci to infect sterile sites outside of 

their ecological niche, the human nasopharynx, are not well understood.  It may be 

possible to use a genome wide association study (GWAS) approach to identify putative 

virulence factors among pneumococci.  Applying GWAS to bacterial genome datasets is 

a new approach and the first studies adapted programs designed for human GWAS.  

Programs specifically designed for performing bacterial GWAS have recently become 

available and one of these programs, SEER, was used to analyse the VICE study genomes 

to identify genes significantly associated with disease phenotypes (invasive disease, otitis 

media and pneumonia).  The first step of the analysis was to validate SEER by identifying 

genes associated with penicillin non-susceptibility in the VICE study genomes.  The 

results of this analysis were assessed in the context of the well-documented prior 

knowledge of the mechanisms behind pneumococcal penicillin non-susceptibility.   

Subsequently, three separate SEER analyses were performed to identify k-mers 

significantly associated with invasive disease, otitis media and pneumonia respectively. 

No k-mers were significantly associated with otitis media and pneumonia; however, 89 

genes were identified as being significantly associated with invasive disease.  The genes 
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with the most significant p-values were a cysteine desulfurase (nifS) and a tRNA 4-

thiouridine(8) synthase (thiI).  Other genes that were previously identified as being 

associated with pneumococcal virulence were also found among the list of candidate loci 

associated with invasive disease.  The GWAS approach provides a powerful tool for 

identifying potential genes associated with invasive disease and these findings may be 

used to design appropriate experimental studies to confirm the associations. 

7.2 Introduction 

Genome-wide association studies (GWAS) were developed to test large numbers of 

genetic variants, such as single nucleotide polymorphisms (SNPs), k-mers (regular sized 

genome fragments) or indels for statistically significant associations with a given 

phenotype.   The technique was originally developed to search for variants associated 

with disease in human genomes and has been used successfully for a number of years.  

The technique is now being extended to the analysis of bacterial genomes and the first 

bacterial GWAS was published in 2013 [238].  The first GWAS performed on 

pneumococcal genomes identified a number of genes associated with antibiotic non-

susceptibility in two different pneumococcal genome datasets from Maela and 

Massachusetts [240].  These included genes associated with penicillin non-susceptibility 

such as those that form part of the peptidoglycan pathway (pbp2x, pbp2b, and pbp1a), as 

well as other genes associated with cell division (ftsL and gpsB) and recombination 

(recU).  The results of this study were consistent with the role of altered penicillin-

binding proteins in penicillin non-susceptibility, which has been extensively investigated 

for a number of decades [182]. 

Since performing a GWAS on bacterial genomes is a comparatively recent development, 

most studies have adapted programs developed for human GWASs to analyse the data.  
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Programs specifically designed for bacterial GWASs are now publicly available and the 

first of these is SEER (sequence element enrichment) [390].  SEER is a reference-

independent pipeline able to find bacterial sequence elements in the form of k-mers 

(whole genome sequences are broken down into “words” with a length of 31 base pairs) 

associated with a particular phenotype whilst controlling for clonal population structure 

by applying metric multi-dimensional scaling (a type of principal component analysis) to 

a random subsample of k-mers [390].  Failure to correct for population structure 

(populations are considered to be structured if they contain sub-populations that are, on 

average, more closely related to each other than they are to members of the wider 

population i.e. the distribution of alleles within the population is non-random [239, 391, 

392]) in GWASs may lead to false associations.  These false associations are due to 

genetic relatedness rather than causality, when cases (samples with the phenotype being 

tested) are more closely related to each other than to the controls (samples with the 

control phenotype) [393].  The main advantages of using k-mers as opposed to SNPs 

(generated by comparing a set of genomes to a reference and identifying variant 

nucleotides) are: 1) k-mers allow for the core and accessory genomes to be considered 

simultaneously i.e. variation can be identified in regions not present in the reference 

genome but present in other genomes in the dataset; and 2) different types of variation 

including SNPs, indels and differences in gene content can be captured by using k-mers 

[239, 390].   

The exact mechanisms behind the ability of pneumococcus to invade a sterile site such as 

blood or CSF are not well understood, although several virulence factors are known.  

These include the pneumococcal polysaccharide capsule (certain serotypes are 

significantly associated with IPD), pneumococcal surface proteins A (pspA) and C 

(pspC), and immunoglobulin A1 metalloprotease (zmpA) [394-396].  It may be possible 
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to use the GWAS approach to identify putative virulence factors among pneumococci.  

The VICE study dataset is the first population-level genome dataset to include both 

carriage and disease (invasive and non-invasive) pneumococci and includes over 1,900 

genomes, both pre- and post-vaccine.  This composition makes the VICE study collection 

of genomes a powerful dataset for looking for genetic variants associated with a 

phenotype such as invasive disease or otitis media, as it includes large numbers of both 

controls (carriage genomes) and case samples (e.g. invasive disease genomes).  

The first aim of this study was to assess the performance of SEER.  This was done by 

running SEER on the VICE study dataset to look for k-mers significantly associated with 

penicillin non-susceptibility.  As the mechanisms for penicillin non-susceptibility in 

pneumococcus are well understood and primarily involve variants of the penicillin-

binding proteins pbp2x and pbp2b [182], the SEER methodology was considered to be 

valid if it was able to successfully identify the genes previously identified as being 

implicated in penicillin non-susceptibility (significant k-mers were mapped back to a 

reference genome to identify these genes or candidate loci).  The second aim of this 

study, following the successful validation of SEER, was to use SEER to search for k-

mers, and thus candidate loci, that were significantly associated with three distinct 

phenotypes present in the VICE study dataset: 1) invasive disease; 2) otitis media; and 3) 

pneumonia. 

7.3 Methods 

Dataset used in this study 

A total of 1,916 pneumococci were sequenced in the VICE study (Table 7.1 and 

Supplementary File 7.1).  The dataset included 987 carriage genomes, 183 invasive 

disease genomes and 746 non-invasive disease genomes recovered from the lower 
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respiratory tract or middle-ear fluid.  Invasive pneumococci were isolated from blood, 

cerebrospinal fluid (CSF), pleural fluid or joint fluid.  Pneumococcal pneumonia isolates 

were those recovered from lung aspirates or sputum samples taken from patients with 

suspected pneumonia.  Pneumococci associated with otitis media were cultured from 

swabs of discharging middle ear fluid from patients with suspected infections. 

Table 7.1 Breakdown of the VICE study dataset 

Carriage/disease Source Genomes (n) 

Carriage Nasopharynx 987 

Invasive disease Blood 172 

 CSF 7 

 Joint fluid 2 

 Pleural fluid 2 

Pneumonia Lung aspirate 45 

 Sputum 238 

Otitis media Middle ear fluid 463 

Total  1916 

 

Penicillin susceptibility values for all the Icelandic isolates were calculated as detailed in 

the General Methods chapter.  Thirteen isolates were not tested for penicillin 

susceptibility and were removed from these analyses.  

Phylogenetic analyses of VICE study pneumococci 

Genes for each of the 1,916 genomes were predicted using Prokka [262] and the resulting 

output in gff format was used as input for Roary [264] which was run at a BLAST 

sequence identity threshold of 90%.  Our Bayesian core genome model (see Chapter 3) 

was applied to the Roary results.  Nucleotide sequences for each of the core genes were 
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extracted and aligned using MAFFT [376] before each of the alignments was 

concatenated to form a core gene alignment.  FastTreeMP [267] was run on this core gene 

alignment using a nucleotide general time-reversible model to create an initial 

phylogenetic tree.  ClonalFrameML [268] was then run using the initial phylogenetic tree 

and core gene alignment to reconstruct the phylogeny taking recombination into account.  

Hierarchical population clustering was performed using hierBAPS [378] and the resulting 

sequence clusters were annotated on the final phylogeny using iTOL [270].  The genomes 

were also annotated based on whether they came from carriage or disease as well as their 

penicillin susceptibility.  

K-mer extraction, counting and filtering 

DSK (disk streaming of k-mers) [397] was used to extract k-mers, 31 base pairs in length, 

from each genome in the dataset.  K-mers for each genome were combined and counted 

using the combineKmers program included with SEER; non-informative k-mers and k-

mers occurring in less than two samples were removed.  To facilitate parallel processing, 

using 8 cores, the combined k-mer file was then split into 16 pieces. 

SEER 

In order to correct for the clonal population structure of bacterial populations, a program 

included as part of the SEER pipeline (kmds) builds a distance matrix from a random 

subsample of the k-mers on which multi-dimensional scaling is performed.  This process 

was performed on all 16 files containing k-mers and a final distance matrix was created 

by reading in the 16 separate distance matrices to create the final distance matrix that was 

used as an input for SEER.  Default settings were used except that the number of 

principal components used to correct for population structure was increased from the 

default of 3 to 20: the large number of genomes in the VICE study dataset required a 
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higher number of principal components to adequately capture the underlying structure of 

the population.   

SEER also required a phenotype file containing the genome names and a binary 

phenotype represented by 0 for a control sample or 1 for a case sample.  SEER was run 

with default values: a Minor Allele Frequency (MAF) >1% to filter out low frequency k-

mers, an unadjusted p-value threshold of <10e-5 and an adjusted p-value of <10e-8.  The 

SEER results were filtered a second time using filter_SEER to exclude k-mers that were 

significant but found in less than 5% of the genomes and those k-mers not associated with 

the phenotype being tested.  

Downstream analyses 

The significant k-mers identified in each analysis needed to be mapped back to a 

reference pneumococcal genome.  Selection of the most appropriate reference genome 

was determined by mapping the filtered significant k-mers for each SEER analysis back 

to each genome in the VICE study dataset using Bowtie2 [398].  The genome to which 

the most significant k-mers mapped was used as the reference for that analysis.  The 

significant k-mers were mapped to the reference sequence using BLAT [261] with a step 

size of 2 and a minimum match size of 15 which allowed for inexact but close matches to 

the reference (small differences in k-mers compared to the reference sequence would not 

prevent them being mapped).  A script included with SEER, blast_top_hits.pl, was used 

to filter the results of the BLAT output to remove significant k-mers with low mapping 

scores.  The coding regions for each reference sequence were predicted using Prokka and 

BEDTOOLS was used to merge the filtered BLAT output file with the annotated 

reference file to identify the coding regions with the most mapped significant k-mers 

[399].  Mapping significant k-mers back to an annotated reference file identified coding 
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regions significantly associated with the phenotype being tested (defined as candidate 

loci).  Amino acid sequences for each of the candidate loci identified in this study were 

extracted and COG functional categories and KEGG pathways were assigned to these 

sequences using eggnog_mapper.pl [377]. 

A custom script was used to combine the Bowtie2 and SEER significant k-mer outputs to 

create a file of significant k-mers, their genome positions relative to the reference 

sequence and their associated p-values.  The resulting output was used to create a 

Manhattan plot showing the results of mapping the significant kmers to the reference 

sequence along with the associated p-values in R using the gwasplot function of the 

qqman library [400].  The final figures were edited and annotated using Inkscape [401]. 

Comparison of previously published candidate loci associated with penicillin non-

susceptibility to the  candidate loci identified in this study 

Amino acid sequences for candidate loci associated with penicillin non-susceptibility in 

from two datasets, Maela (n = 3,085) and Massachusetts (n = 616) were extracted [240].  

Since the previously published analyses were performed using a SNP-based 

methodology, a comparison of the results generated by the two different GWAS 

methodologies was possible.  In order to identify overlapping candidate loci between the 

three datasets, the amino acid sequences of candidate loci identified in this study were 

combined with the amino acid sequences of the candidate loci from the previous studies 

and a clustering analyses was performed using cd-hit [265] at a sequence identity 

threshold of 70%.  
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7.4 Results 

Phylogenetic analyses of VICE study pneumococci 

Our Bayesian core genome model estimated 946 core genes.  A concatenated sequence 

alignment of these 946 core genes and Bayesian population clustering was used to 

generate a phylogenetic tree of the VICE genomes included in this study (Figure 7.1).  

This revealed 19 monophyletic sequence clusters (SCs) that corresponded to clades in the 

phylogenetic tree.  These SCs ranged in size from 23 (SC2) to 295 (SC16) genomes.  The 

population clustering also identified a twentieth group of genomes (not annotated on the 

phylogenetic tree) which made up a polyphyletic cluster of the remaining low-frequency 

genotypes (n = 255).  Penicillin non-susceptibility was associated with three lineages, 

SC2, SC16 and SC19 which represented the globally-distributed MDR clones PMEN2 

(Spain
6B

-2), PMEN14 (Taiwan
19F

-14) and PMEN42 (Norway
NT

-42) respectively.  SC16 

was predominately composed of pneumococci isolated from the middle ear fluid and 

these genomes formed the majority of the case samples in the SEER analyses that looked 

for k-mers significantly associated with otitis media. 

Identification of loci associated with beta-lactam non-susceptibility 

A total of 1,903 genomes were analysed as part of the penicillin non-susceptibility SEER 

analysis: 448 case (non-susceptible) samples and 1455 control (susceptible) samples. 

After filtering, the results of the SEER analysis revealed that were 8,122 k-mers 

significantly associated with penicillin non-susceptibility (Figure 7.2).   Mapping back 

the significant k-mers to the genomes in the dataset revealed that the genome with the 

highest number of mapped significant k-mers was VICE0279 (CC230
19A

, penicillin non- 
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susceptible; 85.7% of significant k-mers mapped) so this genome was used as the 

reference.  The significant k-mers mapped back to 433 candidate loci in the reference 

genome and 51 of these candidate loci had at least one significant k-mer that was over the 

significance threshold of –log10(p) = 8 (Supplementary File 7.2).  The top five candidate 

loci amongst the list of 51 genes with mapped significant k-mers above the significance 

threshold of –log10(p) = 8 were pbp2X, a hypothetical protein, a membrane protein, ribE 

and pbp2B. 

The penicillin binding proteins, pbp2X and pbp2B form part of the peptidoglycan 

synthesis pathway (cell wall biosynthesis) and many previous studies have shown that 

amino acid alterations to these genes increase pneumococcal resistance to β-lactams such 

as penicillin [172].  Alterations to a third gene, pbp1A confer high level resistance to 

penicillin if the pneumococci already have altered pbp2B and pbp2X genes [177], but 

there were no significant k-mers associated with this gene in this study. Two other 

candidate loci adjacent to pbp2X and involved in cell division and cell wall biosynthesis, 

ftsL and mraW were also significantly associated with penicillin non-susceptibility.  

Thirteen of the candidate loci, including two of the five genes with the highest significant 

p-values were hypothetical or membrane proteins with an unknown function 

(Supplementary File 7.2).  The remainder of the candidate loci were distributed across the 

reference genome and included genes involved in recombination (recJ and recO), 

riboflavin metabolism (ribE) and DNA replication (ssb and dnaD). 
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Comparison of penicillin non-susceptibility candidate loci 

The amino acid sequences of the candidate loci identified in the VICE, Maela and 

Massachusetts datasets were extracted and compared and only four candidate loci were 

found to be shared by all three datasets: pbp2B, pbp2X, mraW and ftsL.  This suggested 

that penicillin non-susceptibility in pneumococcus may largely be due to alterations in  

 

 

Figure 7.3 Venn diagram showing the comparison of candidate loci associated with penicillin non-

susceptibility identified in this study (VICE) and previous studies (Maela and Massachusetts) 

these four genes, whereas the remainder of the candidate loci were false positives or 

“hitchhiker” genes that were in linkage disequilibrium with the common four genes.  

Unusually, the majority of the candidate loci in the Massachusetts dataset (207/245) were 
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unique to that dataset and in their original publication, the authors attributed this finding 

to a higher number of non-causative SNPs or hitchhikers in the Massachusetts dataset 

when compared to the Maela dataset as well as the possibility that there was also an 

imperfect control for population structure in the Massachusetts dataset analysis [240]. 

SEER analyses 

SEER was used to search for k-mers significantly associated with three distinct 

phenotypes: invasive disease, otitis media and pneumonia in the VICE study dataset 

(Table 7.2).   The only test that identified k-mers significantly associated with the given 

phenotype was the invasive disease (carriage versus invasive disease genomes) analysis.  

No significant k-mers were identified for the pneumonia (carriage versus lung aspirate 

and sputum genomes) and otitis media (carriage versus middle ear fluid genomes) 

analyses. 

Table 7.2. Results of SEER analyses 

SEER analysis 
Control 

samples (n) 

Case samples 

(n) 

Significant 

kmers (n) 

Filtered 

significant 

kmers (n) 

% filtered 

significant 

kmers 

mapped to 

reference 

Penicillin NS
a
 

vs penicillin S
b 

1455 448 29931 8122 87.1 

Invasive vs 

carriage 

987 183 8503 5605 93.9 

Otitis media vs 

carriage 

987 463 0 0 N/A 

Pneumonia vs 

carriage 

987 282 0 0 N/A 

a) NS = Non-susceptible (Intermediate and resistant); b) S = Susceptible 
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Identification of loci significantly associated with invasive disease 

A total of 1,170 genomes (987 controls and 183 cases) were analysed to search for 

genetic variants associated with IPD.  5,605 significant k-mers were associated with 

invasive disease after filtering and VICE0274 (CC191
7F

; 93.9% of significant kmers 

mapped) was chosen as the reference genome.  The significant k-mers mapped to 370 

candidate loci and 89 of these candidate loci were above the significance threshold of –

log10(p) = 8 (Figure 7.4 and Supplementary File 7.3).  The top five candidate loci were 

nifS, thiI, two hypothetical proteins and an integral membrane protein. 

There is no published evidence for the function of the adjacent genes nifS (cysteine 

desulfurase) and thiI  (tRNA 4-thiouridine(8) synthase) in the pneumococcus.  In other 

bacterial species such as Salmonella Typhi, and Escherichia coli, ThiI acts as a 

sulfurtransferase receiving the sulfur donated by the cysteine desulfurase before 

transferring the sulfur to the target molecule or other sulfur carrier proteins [402].   ThiI is 

required for thiazole synthesis in the thiamine biosynthesis pathway [403] and is also 

involved in the tRNA thionucleoside modification, 4-thiouridine, which acts as a 

photosensor of near-UV radiation [404].  In Salmonella Typhi and E. coli, ThiI proteins 

contain three domains: a THUMP domain which binds tRNA, a PP-loop pyrophosphotase 

which is involved in the formation of the tRNA adenylated-uridine intermediate, and the 

rhodanese (Rhd) domain which provides the sulfurtransferase site Cys456 [402].  In 

Firmicutes (which include pneumococci), however, the Rhd domain is missing and the 

role of this domain is played by the upstream cysteine desulfurase.  Gene inactivation 

experiments in Bacillus subtilis showed that nifS and thiI were required for the 

biosynthesis of 4-thiouridine but not for thiamine biosynthesis [402].  Closer examination 

of the position of significant mapped k-mers relative to nifS and thiI showed that the 

significant k-mers were broadly distributed across the length of nifS whilst the majority of  
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the k-mers that mapped to thiI were at the 5’ end of the gene and in particular, the 

THUMP domain (Figure 7.5a).  This domain plays a role in RNA modification and it is 

unknown what effect alterations to the THUMP domain may have.  

A number of the candidate loci have previously been identified as having a role in 

pneumococcal virulence or pathogenesis: pspA; choline-binding proteins cbpE and cbpG; 

type I restriction modification system genes hsdM, hsdR and hsdS; glucose-1-phosphate 

uridylyltransferase galU; a branched-chain amino acid aminotransferase ilvE; and three 

conserved cps locus genes, wzg, wzd and wze.   

PspA (pneumococcal surface protein A) is a known pneumococcal virulence factor that 

has been shown to have two roles: it prevents the binding of complement component C3 

to the pneumococcal cell surface, thus inhibiting complement-mediated 

opsonophagocytosis [394], and it also binds lactoferrin which reduces the bacteriocidal 

effects of apolactoferrin [395].  cbpE (choline-binding protein E) is a receptor for human 

plasminogen (Plg)/plasmin and has been shown to facilitate the migration of 

pneumococcus through tissue barriers such as the epithelium and endothelium layers 

[405]. Variants of cbpG (choline-binding protein G) have shown to increase adherence to 

eukaryote cells and vaccination with cbpG provided a small but statistically significant 

degree of protection against colonisation and substantial protection against systemic 

infection in mice [406].   

hsdM, hsdR, hsdS are co-transcribed together as part of the SpnD39III Type 1 restriction-

modification (RM) system and genetic rearrangements within this RM system, hsdS in 

particular, have been shown to be the underlying mechanism for phase variation in 

pneumococcus [125].  The same study showed that allelic and, thus phase variants, of 

SpnD39III demonstrated differences in virulence: some alleles were more susceptible to  
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Figure 7.5 a) Zoomed-in view of the significant k-mers (grey) that mapped to nifS and thiI (in blue). The 

domains present in thiI are shown above the gene in pink; b) Pie-chart showing the COG functional 

categories of the 89 invasive disease candidate loci. 
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phagocytosis by macrophages and poor at colonisation, whilst other alleles were better 

able to colonize the murine nasopharynx but did not show any changes in virulence when 

compared to the wild-type alleles [125]. 

galU is involved in sugar metabolism but has also been shown to affect capsular 

biosynthesis as pneumococcal mutants with disruptions to this gene produced little or no 

capsule and exhibited growth defects [407, 408].  The pneumococcal capsule protects the 

cell against phagocytosis so variation in galU may have an effect on the amount of 

capsule produced and thus an effect on the success of pneumococcus at invading sites 

outside the nasopharynx.  Upon exposure to human lung epithelial cells for 0.5 hour and 

1 hour time periods, ilvE was among several genes that were upregulated and this 

suggested a role in pathogenesis [409].  The presence of the three conserved capsular 

genes that are found in all cps loci apart from serotype 3 in the list of candidate loci was 

likely due to the association between serotype and invasive disease.  In this study, certain 

lineages such as CC191
7F 

are almost exclusively found in invasive disease and lineage-

specific variation in these genes may have contributed to the significant p-values 

associated with these genes. 

The 89 invasive disease candidate loci data identified by seer were re-analysed to look for 

associations between particular serotypes and the candidate loci (Supplementary File 7.3).  

For the majority of the candidate loci, the five most commonly associated serotypes per 

locus were also among the most prevalent of the 33 different serotypes identified among 

the 183 invasive disease pneumococci (Supplementary File 7.3).  Therefore based on this 

analysis, there did not appear to be a strong relationship between the invasive disease 

candidate loci and serotype, over and above the well-recognised association between 

certain serotypes (e.g. 14, 7F, 9V) and invasive disease.   
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Further work to closely examine allelic variants for each candidate locus might reveal an 

association of certain alleles with serotype, although this analysis is not trivial as the 

allelic variants for each of the candidate loci would have to be investigated separately.  

However, the list of candidate loci associated with invasive disease might be reduced by 

reanalysing the invasive disease dataset with another GWAS program (see Discussion 

and Chapter 8). The results of this reanalysis could be compared with the original seer 

analysis to identify genes that were common to both sets of analyses.  This would 

potentially narrow the list of candidate loci associated with invasive disease, making any 

downstream analyses such as considering the association between these genes and 

particular serotypes more straightforward. 

Assigning COG functional categories to all 89 invasive disease candidate loci revealed 

that the largest category was function unknown (21.3%), followed by carbohydrate 

transport and metabolism (11.2%), defence mechanisms (11.2%), DNA replication, 

recombination and repair (10.1%), and transcription (9.0%; Figure 7.5b).  

7.5 Discussion 

This is the first time that a population-level pneumococcal genome dataset composed of 

both carriage and disease genomes, has been used for a GWAS.  The first aim of this 

chapter was to validate SEER, a new program for performing GWAS on bacterial 

genome datasets.  This was done by searching for genes or candidate loci associated with 

penicillin non-susceptibility in the VICE dataset and indeed, SEER predicted a significant 

association between penicillin non-susceptibility and genes previously demonstrated 

experimentally to confer penicillin non-susceptibility.  The results of the SEER analysis 

were compared against loci previously identified as being associated with penicillin non-

susceptibility using a different GWAS methodology. This comparison confirmed the role 
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of pbp2B, pbp2X, mraW and ftsL in penicillin non-susceptibility, but also suggested that 

there were potentially a large number of false positive associations found using both 

GWAS methodologies.  The second aim of this thesis was to use SEER to search for k-

mers significantly associated with three distinct phenotypes. Two of these analyses (k-

mers significantly associated with otitis media and pneumonia) revealed no significant k-

mers.  The third analysis, which attempted to find k-mers significantly associated with 

invasive disease, found 5,605 significant k-mers that mapped back to 89 candidate loci. 

The two candidate loci with the most significant p-values, thiI and nifS, have not been 

studied in pneumococcus.  However, as both genes are conserved across the Firmicutes, it 

is possible that they perform the same function in pneumococcus.  The reasons for the 

significant association of these two genes with invasive disease are unclear but one may 

speculate.  It has been shown that these two genes are involved in the bacterial stress 

response to UV exposure, which is generally hazardous to bacteria, and thiamine 

biosynthesis [404].  The pneumococcus has adapted to survive in its primary ecological 

niche, the human nasopharynx, by developing mechanisms to obtain essential nutrients 

such as carbohydrates and by developing mechanisms for evading the host immune 

response (the polysaccharide capsule).  It could be hypothesised that, upon entering a site 

outside the nasopharynx such as blood or CSF where the normally available nutrients are 

no longer available, a stress response is induced and alternative pathways for obtaining 

nutrients essential for survival are activated.   

There are two possible explanations for the large number of candidate loci (n = 89) 

identified in the invasive disease analysis: 1) there was insufficient control of population 

structure leading to an excess of “hitchhiker” loci i.e. false positives; and 2) there isn’t a 

single “disease” gene in pneumococcus but virulence is due to a number of different loci 
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that form a virulence profile, and in combination with the state of the host’s immune 

system at the time of infection may be the most important factor in IPD.   

SEER has been designed to specifically adjust for population structure in order to reduce 

the number of significant associations due to genetic relatedness rather than causality.  

However, large numbers of likely false positives were identified by SEER in both the 

penicillin non-susceptibility and invasive disease analyses.  These results suggested that 

there was still insufficient control for population structure despite using a high number of 

principal components (n = 20) which should have provided a greater level of control for 

population structure in both analyses.   A more stringent approach, such as increasing the 

number of principal components, may reduce the number of false positives but the most 

suitable approach would be to reanalyse the invasive disease dataset using an alternative 

GWAS methodology such as bugwas (see Chapter 8) [410].  The results could then be 

compared, as was done for the results of the penicillin susceptibility analysis, and any 

candidate loci that were common to both analyses could be considered have a much 

higher likelihood of being associated with invasive disease.  This would potentially 

reduce the number of candidates for any functional work to confirm the role of these 

candidate loci in invasive disease.  One example of this functional work would be to 

knock out these candidate loci in a systematic manner and use a murine model of 

pathogenesis to test whether or not knocking out any of the candidate loci prevents IPD.   

The second possible explanation was that certain pneumococci have a virulence profile, 

that under the right conditions in the host e.g. reduced immune efficiency, leads to 

disease.  Based on this hypothesis, host genetics and health have a much larger role to 

play than simply the presence or absence of virulence genes in the pneumococcus i.e. a 

pneumococcus with a particular virulence profile may cause disease in one child but be 

cleared from carriage with no adverse effects in another child.  From the point of view of 
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host genetics, it is likely that polymorphisms in host defence function affect the 

susceptibility to disease caused by different pneumococcal lineages [411] but this is very 

difficult to prove without at least some knowledge about the host’s genome.  In the 

future, studies which aim to sequence both the pneumococci implicated in IPD and the 

host to allow for true host-pathogen association studies may be able to begin to reveal the 

true role of host susceptibility in IPD.   

A closer examination of the available metadata for the hosts associated with the invasive 

disease pneumococci included in the analysis in this chapter showed, that at least for 

Iceland, there was a wide distribution of ages amongst the hosts with only 12 children 

under the age of 10 included along with 62 adults over the age of 65 in the 183 cases of 

invasive disease (Supplementary File 7.1).  This suggests that infection was largely 

opportunistic and there was not a hyper virulent lineage responsible for causing invasive 

disease in Iceland.  The available metadata for the VICE study is limited but it is possible 

that by examining patient records, risk factors for pneumococcal disease such as co-

infection with influenza or else some kind of immunocompromised state could be 

identified for the patients with IPD in the study. This may help the analyses by using this 

information as covariates in the GWAS which might reduce the number of possible false 

positives.  

The introduction of pneumococcal conjugate vaccines has led to a significant decrease in 

cases of IPD [154, 155] but IPD has not completely been eradicated due to the rise in IPD 

in the post-PCV era caused by non-vaccine serotypes.  This makes the development of 

alternative approaches, like protein-based vaccines, that target all pneumococci regardless 

of serotype increasingly important.  One application of the results of the invasive disease 

analysis would be to use the list of candidate loci as a starting point for identifying 

potential candidates for inclusion in protein-based pneumococcal vaccines (at least one of 
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the candidate loci, pspA, has already been used as the basis of a protein based vaccine 

[412]).  To date, the identification of potential candidates for inclusion in any protein-

based vaccine has been based on identifying predicted surface proteins based on the 

presence of signal peptides, choline-binding domains and sortase motifs [413, 414], 

signature-tagged mutagenesis [415], anti-genomics [415] or in vivo transcriptional 

analysis [416].  These studies only considered small numbers of pneumococci so the 

results of the SEER analysis, which was performed on nearly 2,000 genomes, may 

provide an improved level of resolution when considering targets for novel protein-based 

vaccines. 

Performing a GWAS on bacterial genome datasets offers a powerful means of identifying 

genes that may be associated with invasive disease and thus a suitable methodology for 

identifying targets for further investigation in the laboratory.  However, care needs to be 

taken when interpreting the results as the analyses performed in this chapter showed that 

the false positive rate is likely high.  This is not a new problem and is not unique to the 

application of GWAS to bacterial datasets; the results from many of the early association 

studies performed on human genome data were proven to be incorrect and in many cases, 

the results could not be replicated.  Any genes identified as being associated with 

invasive disease using a GWAS approach as was done in this study will need to be 

confirmed with functional work or analysis using a different methodology.  As other 

suitable datasets similar in composition to the VICE study dataset become available, we 

could increase confidence in our ability to successfully detect genes associated with 

invasive disease by comparing any lists of candidate loci from other studies to the list of 

candidate loci identified in this study. Whilst functional work and analysis using different 

methodologies may help provide increased confidence in the results, it is likely that the 
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key to truly understanding IPD will be to include an analysis of host genetics along with 

the analysis of the bacterial genomes. 
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7.6 Supplementary information (see attached USB drive) 

Supplementary File 7.1 VICE study dataset 

Supplementary File 7.2 Penicillin non-susceptibility candidate loci 

Supplementary File 7.3 Invasive disease candidate loci 
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8. Summary and future work 

8.1 Summary 

The pneumococcus is an important global pathogen responsible for a significant disease 

burden with considerable associated health and economic costs.  The introduction of 

effective pneumococcal conjugate vaccines has led to a dramatic reduction in the number 

of deaths due to invasive pneumococcal disease, as well as a significant reduction in the 

number of cases of non-invasive pneumococcal disease.  Despite this success, the rates of 

carriage of pneumococcus have not changed due to an increase in the prevalence of non-

vaccine serotypes in the pneumococcal population, showing that the pneumococcus is 

capable of adapting to vaccine-driven evolutionary pressure.  This has long term 

implications for the continued efficacy of vaccination programmes around the world 

making the continued monitoring of global pneumococcal populations after the 

introduction of effective vaccines important.   

The increasing number of pneumococcal genomes from large well-characterised genomes 

means that more detailed studies of the processes driving pneumococcal genomic 

evolution can now be conducted.  The data presented in this thesis showed how WGS can 

be used to better our understanding of key aspects of pneumococcal biology and the 

findings can be summarised into three principle areas of interest: the pneumococcal pan-

genome, cps locus diversity and the application of a GWAS approach for identifying 

genes associated with invasive pneumococcal disease.   

The pneumococcal pan-genome 

The availability of large genome datasets comprised mostly of draft genomes meant that a 

core genome method that attempted to take into account the fragmented nature of draft 
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genomes, where regions of the genome and thus genes may be missing due to issues with 

sequencing, was required.  In Chapter 3, I described a Bayesian decision model for 

estimating bacterial core genomes for datasets principally comprised of draft genomes, 

showed that it was scalable to any number of genomes and used the model to identify 

several areas of interest amongst the five bacterial datasets that were worthy of further 

study.  I then applied it to four different pneumococcal carriage datasets from around the 

world (UK, USA, Iceland and Thailand).  A comparison of the estimated core genomes 

for the four datasets revealed a shared core genome of only 303 genes and a similar 

comparison of the pan-genomes of the four datasets highlighted differences amongst the 

datasets and in particular the Thailand dataset which was significantly different from the 

other three datasets.  An examination of the genes unique to the Thailand dataset revealed 

14 large genomic regions, which included transposons and bacteriophages. Attempting to 

identify the source of these large regions revealed that many were likely to have been 

imported from other streptococci. 

cps locus diversity 

A detailed analysis of 974 serogroup 6 pneumococci in Chapter 4 revealed that nearly 

half of the genomes considered were serotype 6E (a variant of serotype 6B), identified a 

novel serotype 6C/6E hybrid from Thailand and showed that vaccine-induced serotype 

6B antibodies were able to kill serotype 6E pneumococci.  Further analyses of 5,405 

genomes from 14 serotypes/serogroups in Chapter 5 identified several putative novel and 

hybrid serotypes, based on the divergence of the nucleotide sequences of these cps loci 

from the published reference sequences.  There were also considerable differences in the 

diversity of cps loci amongst the various serotypes/serogroups considered: serogroups 

such as 9 and 11 had low cps locus diversity and serogroups like 6 and 23 had high cps 

locus diversity. 
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Using a GWAS approach to identify genes associated with invasive disease 

The application of the GWAS approach to bacterial datasets is a recent innovation and 

tools specifically designed for these analyses have begun to be made available.  One of 

these new tools, SEER, was validated by identifying genes in the VICE study dataset 

previously known to be associated with penicillin non-susceptibility in pneumococcus.  

Applying SEER to the VICE study dataset to look for genes significantly associated with 

IPD led to the identification of 89 candidate loci (see Chapter 7).   

8.2 Future work 

The pneumococcal pan-genome 

There is a desire amongst some researchers in the pneumococcal community to develop a 

core genome scheme to improve on the pneumococcal MLST and rMLST schemes as has 

been done for other bacterial species such as Neisseria meningitidis and Campylobacter 

jejuni [417].  Whilst the pneumococcal MLST scheme has proved itself to be robust even 

in the age of genomics, defining a clonal complex has become increasingly subjective as 

the networks of related sequence types have increased in both complexity and 

connectedness.  The work in Chapter 6 showed that, whilst the core genome varies 

considerably from region to region, there is still a set of 303 shared genes amongst 

pneumococci from different regions of the world that could potentially be used as the 

basis for a pneumococcal core genome scheme.  The obvious first step would be to take 

the set of 303 shared core genes identified in this study and assess the relative frequency 

of these genes amongst genomes from other parts of the world not included in this study.  

In this way the number of genes that are truly common to all pneumococci, and thus 

worthy of inclusion in a core genome scheme, could be further refined.  This 

pneumococcal core genome scheme could then be integrated into a website such as 
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pubMLST.  This would allow the pneumococcal core genome scheme to be applied to the 

~8,500 genomes already in the pubMLST database and would enable researchers from 

around the world to type their newly sequenced pneumococcal genomes using the 

scheme.  Pneumococcal lineages could be assigned based on the scheme and downstream 

analyses, such as the swift construction of informative phylogenetic trees based on the 

nucleotide sequences extracted from each genome for each of the genes included in the 

core genome scheme, could be undertaken. 

Following the analyses in Chapter 6, it is clear that there is considerable plasticity in the 

accessory genomes both between and within pneumococcal populations from different 

geographical locations.  In particular, the dataset from the Maela refugee camp had a 

large accessory genome and a very small core genome.  Explanations for these 

differences were sought by examining the genes and, in particular, the large genomic 

regions (>25 Kb) unique to the Thailand dataset.  This was merely a first step as the 

analysis only considered a relatively small proportion of the ~3,700 genes unique to the 

Thailand dataset.  The analysis could be extended to consider the other genes not present 

in large genomic regions.  In a similar fashion to the analysis conducted in Chapter 6, the 

likely origin of these genes could be sought and this may begin to provide further 

explanations for the unexpected diversity in the Thailand dataset.  Alongside this 

analysis, the genes unique to the other three datasets in the analysis in Chapter 6, which 

varied in number from 587 (UK) to 754 (Iceland), could also be explored.  For example, 

data not shown in this thesis from an earlier analysis, similar to that conducted in Chapter 

6, identified an ICE from Streptococcus intermedius in a single genome from the 

Icelandic dataset.   On this basis, and from published work that has looked at MGEs in 

the USA dataset [418], exploring the regions unique to each of the four datasets included 

in Chapter 6 would likely reveal novel bacteriophages and other MGEs. This would help 
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expand our understanding of these diverse, and to date, poorly understood regions of the 

pneumococcal genome. 

cps locus diversity 

An important finding of this thesis was the identification of a number of hybrid and 

putative novel serotypes in Chapter 5.  The question of whether or not these capsular 

variants encode novel polysaccharide capsules or induce a different immune response is 

one that needs addressing as it may have important implications for vaccine efficacy as 

well as our understanding of the overall diversity of pneumococci globally.  

The first step in answering this question would be to elucidate the biochemical structure 

of the polysaccharide capsules from pneumococci with hybrid and putatively novel 

serotypes.  Determining polysaccharide structures has traditionally been technically 

challenging and many of the early polysaccharide structures were incomplete or 

contained errors [120].  There are also difficulties related to the purity of the capsular 

polysaccharide: pure capsular polysaccharide is required for structural analyses but 

preparations of capsular polysaccharide are often contaminated with cell wall 

polysaccharide which may skew any analyses [120].  In recent years, with the 

development of analytical technologies such as nuclear magnetic resonance (NMR), mass 

spectrometry (MS) and gas-liquid chromatography, it has become much easier to deduce 

polysaccharide structures.  This means that it should now be possible to work out the 

polysaccharide capsule structures for each of the putative novel serotypes described in 

Chapter 5. 

The second step would be to assess the efficacy of vaccine-induced antibodies against the 

novel and hybrid serotypes, at least for the examples of hybrid and novel serotypes from 

serogroups included in any of the pneumococcal conjugate vaccines.  This sort of 
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analysis, in the form of opsonophagocytosis assays, was performed on serotype 6E 

pneumococci in Chapter 4 and revealed that vaccine-induced antibodies to serotype 6B 

pneumococci were able to kill serotype 6E pneumococci.  The finding that there were no 

differences in the antigenic responses generated by these two capsular loci was 

unexpected given the >5% nucleotide sequence divergence between the two, but was 

explained by the subsequent publication of the polysaccharide structure of serotype 6E 

[129], which revealed that there were no differences in the structure of the polysaccharide 

structures between serotypes 6B and 6E.  It’s likely that similar results will be observed 

for at least some of the putative novel and hybrid serotypes identified in Chapters 4 and 5 

but, given the presence of many of these capsular variants in the Thailand dataset, a 

proportion of them will be revealed to be truly novel and can be added to the already 

extensive list of known serotypes.  This will improve the routine epidemiological 

monitoring of pneumococcus that is being undertaken around the world and will help in 

the design of future vaccines and treatments.  

Using a GWAS approach to identify genes associated with invasive disease 

The GWAS approach used in Chapter 7 identified 89 genes significantly associated with 

invasive disease in pneumococcus.  The role of these candidate loci in IPD will have to 

be confirmed by further functional work such as gene knockouts and animal models of 

disease.  Both of these are expensive methodologies and, given the number of candidate 

loci to be considered, before undertaking laboratory based analyses, the results from the 

invasive disease analysis in Chapter 7 could first be confirmed using alternative 

computational methods.  These include using a different GWAS program, a non-GWAS 

computational methodology such as a random forest analysis or a combination of the two 

approaches.   The results of this second computational analysis could then be used to 
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refine the list of genes that would require experimental validation with respect to their 

association with invasive disease. 

Another GWAS program specifically designed for analysing genomes, bugwas [410], 

became available during the course of the work described in Chapter 7.  The analyses 

could be repeated using bugwas and the results from both programs could then be 

compared.  The main difference between SEER and bugwas is the choice of model when 

controlling for population structure amongst the genomes included in the analysis: 

population structure is controlled for by SEER using metric multi-dimensional scaling 

(MDS) whilst bugwas uses a linear mixed model (LMM) to control for bacterial 

population structure. 

A random forest is a machine learning technique that is beginning to be used in the 

analysis of large biological datasets.  The random forest algorithm is an ensemble method 

which combines the information of multiple binary classification trees built around a 

group of predictor variables (in the context of genome analysis, these predictors could be 

allelic variants of genes) towards a response variable, such as a particular phenotype.   

The output of a random forest analysis on a dataset of genes would be composed of both 

the classification success rates of the response variable (phenotype) and a ranking of the 

predictor variables (genes) quantifying their relative role in the classification process.  

For the example of identifying genes associated with penicillin susceptibility or invasive 

disease, genomes would be mapped back to a reference and an allele number would be 

assigned to each example of a gene based on how the nucleotide sequence of that gene 

varied from the reference sequence.  These allele numbers would then be used as the 

predictor variables and the response variable would be penicillin susceptibility or 

invasive disease.  In this way, each gene would be assigned a score based on whether or 

not they were predictive of the phenotype.  
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Using a variety of approaches such as different GWAS methodologies and a random 

forest approach will improve our confidence in the list of genes associated with invasive 

disease that were identified in Chapter 7.  This will better our understanding of the 

mechanisms behind invasive disease in pneumococcus and this list of genes will also 

have potential applications such as identifying potential candidates for inclusion in 

protein-based pneumococcal vaccines (see Chapter 7).   

It is clear that the large scale application of genomics has revolutionised bacterial 

research and this thesis has made extensive use of the large numbers of pneumococcal 

genomes that have become available in the past few years to investigate important aspects 

of pneumococcal biology.  As well as revealing important findings about the 

pneumococcal pan-genome, cps locus diversity and genes associated with IPD, this thesis 

has also shown that our understanding of the true diversity of pneumococci collected 

around the globe is still a work in progress.  Further work will be required, using genome 

sequences extracted from pneumococci collected in thus-far understudied regions of the 

world, before the biological and evolutionary processes that drive pneumococcal 

evolution are fully understood. 
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