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Abstract 

Streptococcus pneumoniae (the “pneumococcus”) is a major public health problem, leading 

to significant morbidity and mortality worldwide. The global increase in antimicrobial-

resistant pneumococci is of serious concern, which necessitates investigations into novel 

antimicrobial strategies. Two promising areas of research are the exploitation of phages 

(viruses that infect bacteria) and bacteriocins (antimicrobial peptides produced by bacterial 

species to kill other bacteria). This thesis uses genomic approaches to address questions 

related to the prevalence, diversity and molecular epidemiology of bacteriocins and 

prophages (phage genomes that are integrated into bacterial chromosomes). 

The first part analysed >6,200 pneumococcal genomes and discovered 14 novel 

bacteriocin gene clusters. The molecular epidemiology of the bacteriocin clusters was 

investigated in the context of the pneumococcal population structure. The results revealed 

extraordinary bacteriocin diversity among pneumococci and the majority of bacteriocin 

clusters were also present in other streptococcal species. Genomic hotspots for the 

integration of different bacteriocin gene clusters were discovered. Bacteriocin genes were 

found to be transcriptionally active when the pneumococcus was under stress and when 

two different strains were co-cultured in broth. 

The second part describes the molecular epidemiology of satellite prophages 

(prophages that rely on the host and an additional helper phage for survival) in a large global 

and historical pneumococcal dataset. Forty-four unique satellite prophages were newly 

identified, which had persistent associations with specific widely-circulating pneumococcal 

clonal complexes over many decades. Collaborative experimental work demonstrated that 

one of these satellite prophages was associated with virulence in a murine model of infection. 

RNA sequencing revealed that satellite prophage genes were overexpressed when 

pneumococci were grown planktonically versus in in vitro biofilm experimental conditions.  

The final part analysed >1,300 genomes of 70 different Streptococcus species and 

identified nearly 800 prophages and satellite prophages. The data showed that prophages 

and satellite prophages were widely distributed among streptococci and constituted two 

distinct entities with little effective genetic exchange between them. Contrary to the current 

dogma that suggests prophages are bacterial species-specific, there was convincing evidence 

that transmission of prophages occurred between genetically different streptococcal species.  

These results broaden our understanding of bacteriocins and phages among 

streptococci and uncover many areas for future studies. 
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1. General introduction 

1.1 An overview of the Streptococcus genus 

The term streptococcus (from Greek streptos, “chain”, and kokkos, “berry”) was 

first introduced by Albert Theodor Billroth in 1877 while working with skin and 

wound infections to describe bacteria with the morphological resemblance to a 

string of beads. The genus Streptococcus belongs to the family Streptococcaceae, 

within the order Lactobacillales (lactic acid bacteria), in the phylum Firmicutes [1]. 

At the time of writing, according to the List of Prokaryotic names with Standing in 

Nomenclature (LPSN) [2], 129 species and 23 subspecies are recognised in this 

genus (September 2019; http://www.bacterio.net). Most streptococcal species 

establish commensal relationships with their respective hosts and are often 

associated with the normal flora, predominantly of the skin, mouth, intestine and 

upper respiratory tract of warm-blooded animals [1]. However, several of these 

species are opportunistic human and domestic animal pathogens and have shown 

remarkable adaptability to new host species, resistance to antibiotics and 

immunological challenges. As a result, they have caused significant morbidity and 

mortality worldwide, leading to a substantial health and economic burden [1, 3-9]. 

Members of the Streptococcus genus are non-motile, non-sporulating, low 

guanine-cytosine (GC) content, Gram-positive bacteria. They can be classified into 

alpha, beta, or gamma groups based on their haemolytic properties on red blood 

agar. Alpha-haemolysis is characterised by a greenish halo around the colonies 

due to a partial lysis of red blood cells (RBCs). Beta-haemolysis represents a 

complete breakdown of RBCs, which results in a clearing of the blood around 

colonies and thus the area appears lightened (yellow) and transparent. The beta-
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haemolytic streptococci are further divided into lettered groups by the type of 

carbohydrate present in the cell wall, a classification system known as the 

Lancefield grouping. Lastly, if a streptococcal isolate displays no haemolysis at all, 

it is considered to be gamma-haemolytic [1]. However, the use of biochemical and 

serological assays can be imprecise, as atypical haemolytic activity is sometimes 

observed and Lancefield groups do not always correlate with the species [1, 10]. 

From a medical perspective, the most important groups are the alpha and beta-

haemolytic streptococci. Notable examples include Streptococcus pneumoniae 

(also known as the ‘pneumococcus’ and which is alpha-haemolytic), a leading 

cause of bacterial pneumonia, bacteraemia, and meningitis [3]; Streptococcus 

pyogenes (beta-hemolytic group A streptococci or ‘GAS’), which ranks among the 

main causes of mortality from bacterial infections worldwide, contributing to 

sequelae such as rheumatic heart disease [5]; and Streptococcus agalactiae (beta-

hemolytic group B streptococci, or ‘GBS’), the most common cause of neonatal 

sepsis [6].  There are also other alpha and beta-haemolytic species such as 

Streptococcus suis and Streptococcus equi that rarely cause disease in humans 

but are important pathogens of domesticated animals [1, 4].  

Recent advances in molecular biology means that the conventional microbiological 

and biochemical methods for classification of streptococcal isolates have been 

mostly superseded by more sophisticated DNA-based techniques. At the moment, 

streptococci are broadly divided into distinct groups based on their 16S ribosomal 

DNA sequences, namely the “Pyogenic”, “Mitis”, “Anginosus”, “Bovis”, “Mutans” 

and “Salivarius” groups (Table 1). Nonetheless, the majority of the Streptococcus 

species currently remain ungrouped [1, 10]. 
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Table 1.1 - The Streptococcus genus main subgroups based on 16S rRNA sequence 

phylogeny [10]. 

 

Subgroups Species 

Mitis 

Streptococcus pneumoniae 

Streptococcus mitis 

Streptococcus oralis 

Streptococcus pseudopneumoniae 

Streptococcus infantis 

Streptococcus cristatus 

Streptococcus gordonii 

Streptococcus sanguinis 

Pyogenic 

Streptococcus pyogenes 

Streptococcus agalactiae 

Streptococcus dysgalactiae 

Streptococcus iniae 

Streptococcus uberis 

Streptococcus equi 

Anginosus 

Streptococcus anginosus 

Streptococcus intermedius 

Streptococcus constellatus 

Salivarius 

Streptococcus salivarius 

Streptococcus thermophilus 

Streptococcus vestibularius 

Bovis 

Streptococcus bovis 

Streptococcus gallolyticus 

Streptococcus infantarius 

Streptococcus equinus 

Mutans 

Streptococcus mutans 

Streptococcus sobrinus 

Streptococcus downeii 

Streptococcus rattus 

Streptococcus cricetus 
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Different streptococcal species can share an ecological niche and presumably 

compete with each other for resources. For instance, S. pneumoniae, S. mitis and 

S. oralis are frequently found to cohabitate in the respiratory tract of the human 

host [11]. Interestingly, the competition can also occur between different strains of 

the same streptococcal species [12, 13]. The outcome of such competition not only 

determines which bacterial isolates will establish within a particular niche, but also 

likely affects disease progression. For example, clinical studies have revealed that 

patients colonised by S. oligofermentans have a lower risk of dental caries resulting 

from S. mutans [14].  

Furthermore, bacterial gene transfer is not uncommon among Streptococcus 

strains, whereby virulence factors and other important genes can be exchanged 

between species that share an environment [15]. For instance, streptococci of the 

mitis group, such as S. mitis, S. oralis and S. infantis, are frequent exchange 

partners of S. pneumoniae. Comparative sequence analyses of these 

streptococcal species suggest that nearly 30% of the sequence variability of S. 

pneumoniae, including pathogenicity genes, could be attributed to genetic 

exchange with S. mitis [16, 17].  

Taken together, streptococci are intriguing subjects for studying bacterial 

competition, gene transfer, and the effects of viruses in bacterial fitness. The wide 

availability of affordable genome sequencing and policies around data sharing 

have led to a large number of freely-available genomes in public databases such 

as GenBank (Figure 1.1), ushering in an era of considerable excitement among 

biologists [18]. As will be shown in the subsequent chapters of this thesis, many 
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new types of experiments and analysis can now be conducted that were previously 

unfeasible.  

 

Figure 1.1 – Growth of genome sequences in GenBank from 2003 - 2019. Data collected in 

September 2019. 

 

1.2 The pneumococcus 

1.2.1 A brief history 

S. pneumoniae was isolated separately by George Sternberg and Louis Pasteur 

for the first time in 1881. Pasteur named the organism Microbe septicemique du 

salive and Sternberg termed it Micrococcus pasteuri. In 1886, Fraenkel 

demonstrated that the organism Pasteur and Sternberg has identified caused 

pulmonary disease, which led to the term pneumococcus to be identified with this 
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organism. The term pneumococcus still perseveres to this day. The bacterium 

was later renamed Diplococcus pneumoniae in 1920 as isolates from pneumonia 

appeared as pairs of cells. It was not until 1974 that the organism was given its 

current scientific name, Streptococcus pneumoniae, based on its chain-like 

growth in liquid media [19]. Since then, the studies of this clinically-important 

bacterium have resulted in many fundamental contributions to biology and 

medicine, such as the identification of polysaccharides as antigens [20], bacterial 

gene transfer [21], the discovery of DNA as the genetic material [22], and the 

therapeutic use of penicillin [23].  

1.2.2 Identification and epidemiological characterisation 

The conventional methods used to identify pneumococci in clinical microbiology 

laboratories rely on biochemical and phenotypic characteristics. The 

pneumococcus is alpha-haemolytic under aerobic conditions but exhibits beta-

haemolytic properties under anaerobic conditions [24]. Similar to other 

streptococci, the pneumococcus is facultatively anaerobic, oxidase- and catalase-

negative, Gram-positive and appears as pairs or chains under the microscope. 

Unlike most other members of the genus, S. pneumoniae is both optochin-

susceptible and soluble in bile [25, 26]; however, these assays are not strictly 

reliable as not all pneumococci are bile-soluble and optochin-resistant strains of 

pneumococci have been reported [26, 27]. 

Multilocus sequence typing (MLST) is a highly discriminatory typing strategy 

introduced by Maiden and colleagues in 1998 [28] and has since become the gold 

standard for genotyping various bacterial pathogens. MLST is used worldwide for 

microbial epidemiological surveillance, studies of bacterial population structure and 
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evolution. MLST allows the characterisation of pneumococcal isolates based on 

approximately 500 base-pair (bp) internal fragments of seven housekeeping genes 

(loci) throughout the genome. The genes used in the pneumococcal MLST scheme 

are: aroE (shikimate dehydrogenase), gdh (glucose-6-phosphate dehydrogenase), 

gki (glucose kinase), recP (transketolase), spi (signal peptidase I), xpt (xanthine 

phosphoribosyltransferase), and ddl (D-alanine-D-alanine ligase). Every unique 

sequence for each of the MLST loci is assigned an allele number, and each unique 

combination of seven allele numbers are assigned a sequence type (ST) [29].  

Related STs can be assigned to clonal complexes (CCs) according to shared 

MLST alleles using the eBURST [30] and goeBURST [31] algorithms. CCs are 

defined as groups of closely-related STs that share six alleles with at least 

another ST in the group, which have likely emerged from a recent common 

ancestor (known as the group founder). Within each CC, the group founder is 

assigned as the ST that is linked to the highest number of single-locus variants 

(SLVs, defined as STs that differ by only a single allele). Subsequently, SLVs of 

each ST that is a SLV of the group founder (i.e. double-locus variants (DLVs) of 

the group founder) are also assigned, followed by triple-locus variants (TLV) of 

the group founder, and so forth. In this way, a network of related isolates is 

established, which can be represented diagrammatically using the goeBURST 

algorithm implemented in Phyloviz software [32], where the STs are displayed as 

nodes and the SLVs are linked by edges. The node size is proportional to the 

frequency of isolates assigned to that ST. STs that cannot be assigned to any 

group are referred to as singletons [33].  

There are >100 MLST genotyping schemes and the alleles, ST designations, and 
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isolate metadata (i.e. provenance data) for each scheme are stored in the 

PubMLST online databases. Genome sequences for individual isolates may also 

be uploaded. At the time of writing, there were nearly 15,000 unique STs, over 

45,000 isolate records and nearly 14,000 genome sequences in the pneumococcal 

PubMLST database, and new data are continuously submitted by many 

laboratories around the world (September 2019; http://pubmlst.org/spneumoniae).  

1.2.3 General biology  

The pneumococcus is commonly an asymptomatic coloniser of the nasopharynx 

in healthy individuals. Although this organism is primarily a commensal, it can 

transition to a pathogenic form, and young children (<5 years), the elderly (75+ 

years), and immunocompromised persons are most at risk of pneumococcal 

disease [34]. Despite its pathogenic potential, the pneumococcus is not related to 

other overtly pathogenic Streptococcus species, but falls in the Mitis group, 

members of which are generally deemed as prototypes of commensal bacteria, 

such as S. mitis and S. oralis (Table 1) [1]. Recent investigations suggest that S. 

pneumoniae, S. mitis, and S. pseudopneumoniae descended from a 

pneumococcus-like organism that was probably pathogenic to a humanlike 

ancestor [35, 36].  

In general, pneumococci exist within the nasopharynx by adhering to the mucosa, 

and over longer periods this means of colonisation might develop into a biofilm 

(colonies embedded in a matrix composed of various polymeric substances).  A 

biofilm structure can protect the pneumococci from host defenses and other 

environmental adversities [37, 38]. The duration of the nasopharyngeal 

colonisation period may be short or long (i.e. days or weeks) and the pneumococci 
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are presumed to reside asymptomatically during the period of colonisation [12, 39]. 

Factors (largely unknown) can also trigger the pneumococci to invade through the 

epithelial surface and enter normally sterile sites like the blood or cerebrospinal 

fluid; this enables rapid, widespread dissemination of the bacteria and could lead 

to life-threatening illnesses like bacteraemia or meningitis [37, 38]. 

Once pneumococci gain access to other sites of the body and if not cleared by 

the host immune response, they can cause a variety of diseases, the most 

serious of which are life-threatening infections like pneumonia, meningitis and 

septicaemia. Otitis media, sinusitis and conjunctivitis are also common infections 

caused by pneumococcus and although not life-threatening, they are significant 

causes of morbidity worldwide [3, 25, 38, 40]. Although the genetic basis for the 

pathogenicity and virulence of the pneumococcus is not yet fully understood, the 

polysaccharide capsule has long been recognised as a major virulence factor. As 

of today, almost 100 different capsule types (serotypes) have been identified, and 

certain serotypes are more frequently associated with disease and others with 

asymptomatic carriage [41].  

Since colonisation is the initial stage of the disease process, asymptomatic 

carriage is considered an important risk factor for serious pneumococcal disease 

[42]. The pneumococcal carriage rate is particularly high in the paediatric 

population and children are the main reservoir for disease transmission. 

Pneumococcal colonisation arises very early in life and diminishes with 

increasing host age. Neonates can be colonised in the first days after birth, while 

all children harbour pneumococci at some point by the time they turn one [43-45]. 
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Pneumococcal acquisition rates were found to be to two to six times higher in 

children less than nine years compared to adults 17–39 years [46].  

Pneumococcal carriage starts to decline rapidly at the age of ten, and despite 

historical studies reporting carriage in nearly half of all adults at the beginning of 

the 20th century [47, 48], carriage in adults and elderly is now seldom detected 

[48-51]. Intriguingly, despite the low carriage rate among older adults, the 

incidence of pneumococcal disease is particularly high in this age group. The 

exact pathophysiology in this high-risk group is poorly understood; however, it is 

widely suggested that it may be related to immunosenescence, the gradual 

deterioration of the immune system caused by the aging process [52]. Notably, 

adults in close contact with infected children have higher pneumococcal 

colonisation rates, and thus an increased risk of developing pneumococcal 

infection [42].  

The pneumococcal carriage rate is disproportionately higher in low income 

countries compared to industrialised countries, particularly in Africa and Asia, 

where the highest incidence of pneumococcal disease occurs [53] (see 1.2.6). In 

the Gambia, pneumococcal carriage rates were reported to be 80% in children 

under five years of age and 20% in adults [54]. In a recent meta-analysis from 57 

studies on pneumococcal carriage in African countries, Usuf and colleagues [55] 

estimated the carriage rate to be 63% in children less than five years and 43% in 

children between the ages of five to 15. Similarly, high pneumococcal carriage 

rates have been reported in several developing countries in Asia such as Pakistan, 

the Philippines, and Bangladesh [43, 56, 57], as well as among certain indigenous 

populations [58, 59]. On the other hand, the pneumococcal carriage rate appears 
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to be lower in industrialised countries. For instance, in Sweden, only 12% of infants 

harboured pneumococci at three months, 30% at seven months of age, and 32% 

at 12–18 months [60]. Likewise, in the Netherlands, rates of pneumococcal 

carriage were reported to be 8% among infants, 31% at six months, and 44% at 

two years of age [61]. 

Pneumococcal carriage duration can vary from days to months and is strongly 

influenced by the serotype of the infecting strain [39, 62, 63]. Furthermore, co-

colonisation with several genetically different strains as well as loss and acquisition 

of strains over time are common features of the pneumococcal carriage state [64, 

65]. Nasopharyngeal competition can influence colonisation dynamics, strain 

prevalence, serotype distributions and, in turn, the potential for disease 

progression [12]. Intraspecific competition is believed to be (at least in part) 

mediated by bacteriocins, which are small antimicrobial peptides produced by 

many bacterial species to inhibit the growth of other bacteria in the same ecological 

niche. Bacteriocins are a major focus of this thesis and will be discussed in detail 

in Chapter 1.3. 

1.2.4 Interspecific competition between the pneumococcus and other 

bacterial species 

The human nasopharynx is a reservoir to a diverse range of bacterial species from 

many genera including Streptococcus, Staphylococcus, Haemophilus, Moraxella 

and Neisseria. Studies have shown that hydrogen peroxide secreted by the 

pneumococcus is able to inhibit the growth of a variety of organisms such as 

Staphylococcus aureus, Haemophilus influenzae, Neisseria meningitidis and 

Moraxella catarrhalis in in vitro settings [66, 67]. The prevalence of the 
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pneumococcus is reported to be negatively correlated with S. aureus carriage, 

which further suggests a competitive interaction between these two species [68]. 

Furthermore, to promote clearance of its competitors, the pneumococcus 

expresses a neuraminidase that can remove the sialic acid from the capsules of N. 

meningitidis and H. influenzae, which would otherwise protect these respiratory 

pathogens from the host immune system [69]. Conversely, in vivo studies suggest 

that H. influenzae can stimulate a neutrophil-mediated killing of the pneumococcus 

by the host [70]. Pneumococci and H. influenzae were found to be negatively 

correlated in children during infection; however, this correlation changes to positive 

when M. catarrhalis is also present, suggesting complex biological relationships 

within the nasopharynx that are yet to be fully elucidated [71].   

1.2.5 Global disease burden 

S. pneumoniae is a major public health problem globally, leading to approximately 

14.5 million cases of invasive pneumococcal disease (IPD) such as meningitis, 

septicaemia and pneumonia [72]. S. pneumoniae was responsible for over one 

million deaths globally in 2016, the majority of which occurred in low income 

countries, and Africa and Asia have the highest burden of mortality [53, 72]. 

Pneumococcal meningitis leads to mortality rates between 16 and 37%, and up to 

half of the children surviving pneumococcal meningitis suffer permanent sequelae 

[73, 74]. Unsurprisingly, the economic burden of pneumococcal disease is 

substantial. For example, in the United States alone, the cost of pneumococcal 

disease was estimated at nearly $3.5 billion in 2004, of which 72% accounted for 

IPD and 16% for acute otitis media and sinusitis [75, 76]. Nearly 5,800 

hospitalisations and 700,000 GP consultations in England and Wales are 
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estimated to occur annually due to pneumococcal disease [77]. According to data 

from the Office of National Statistics (ONS), approximately 50% of hospitalisations 

for pneumococcal disease in these two countries occur among individuals aged 65 

years and older [77]. Because the elderly are a major high-risk group for 

pneumococcal disease, the ageing human population, especially in developed 

countries, constitute a serious challenge that could lead to an increase in the health 

and economic burden for pneumococcal diseases in the future [78]. 

1.2.6 Vaccines 

1.2.6.1 Early vaccines  

Attempts to develop a vaccine against pneumococcus began as early as the 

1880s. George Sternberg, one of the first scientists studying the pneumococcus 

(see 1.2.1), was first to show that rabbits injected with dead pneumococci were 

protected against infection in following injections [79]. This observed protection in 

animals formed the basis for the development of vaccine in humans. In 1911, 

British physician Sir Almroth Wright and his colleagues began a series of clinical 

trials in order to test the first pneumococcal vaccine administered to humans [80]. 

The vaccine consisted of dead pneumococci (a whole-cell vaccine; WCV) and was 

administered to several thousand gold miners in South Africa, a specific population 

of individuals who suffered from a high burden of morbidity and mortality caused 

by pneumococcal pneumonia. The vaccine led to a reduction in the cases of 

pneumococcal diseases during the four months following vaccine administration, 

but protection was lost over time [80]. Development and evaluation of WCVs 

continued sporadically without major success; the serotype-specificity of 

pneumococcus was realised in 1940s and shortly thereafter WCVs were replaced 
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by serotype-specific polysaccharide vaccines [81]. 

1.2.6.2 Polysaccharide vaccines 

Pneumococcal polysaccharide vaccines (PPVs) are composed of purified 

preparations of pneumococcal capsular polysaccharide. The first successful PPV 

was tested on American airmen during the Second World War, where it was found 

to reduce the incidence of vaccine-type pneumococcal pneumonia by 85% [82]. 

The success of this trial led to the development of two hexavalent vaccines that 

were made commercially available in the United States in 1946: one for adults 

(serotypes 1, 2, 3, 5, 7 and 8), and one for children (serotypes 1, 4, 6, 14, 18 and 

19). After the introduction of penicillin in the early 20th century, the mortality caused 

by the pneumococcus fell significantly, which led to a temporary loss of interest in 

developing pneumococcal vaccines and consequently, these vaccines were 

withdrawn in 1954 [81, 83].  

Interest in vaccines re-emerged following the rise of antibiotic-resistant 

pneumococci in 1960s (see 1.2.8.1). A 14-valent PPV was licensed for use in 

the United States in 1977. This vaccine was expanded to a 23-valent PPV (PPV-

23) in 1983 that contained 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 is still in use 

[84, 85]. However, despite the introduction of PPV-23, the incidence of disease 

amongst children remained mostly unchanged [86-88]. This is because children 

under five are not able to produce an anamestic immune response to the plain 

polysaccharides contained in the vaccine [89, 90]. As a result, PPV-23 is 

currently only recommended in the elderly and those who are at higher risk of 

complications from pneumococcal disease, such as immunocompromised 
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adults [91]. Since PPV-23 was shown to be ineffective in protecting the 

paediatric population, the main reservoir for pneumococcal disease 

transmission, this led to the development of conjugate vaccines which are 

capable of eliciting a protective immune response in children [81]. 

1.2.6.3 Conjugate vaccines 

Pneumococcal conjugate vaccines (PCVs) are composed of purified 

pneumococcal capsular polysaccharide covalently linked to a carrier protein, which 

enhances the recipient’s immune response to the vaccine. The idea of a conjugate 

vaccine initially emerged due to experiments in rabbits in 1927, when the protective 

immune response to the pneumococcal serotype 3 polysaccharide was found to 

be enhanced by attaching the polysaccharide antigen to a horse serum globulin 

[92, 93]. The first use of this technology for vaccines in humans was for the 

capsulated H. influenzae type b (Hib) in the 1990s, which proved to be highly 

effective in significantly reducing Hib carriage and disease in infants [94]. The 

outstanding success of the Hib vaccine provoked interests in developing an 

equivalent conjugate vaccine for the pneumococcus.  

The first PCV, named Prevnar (US) or Prevenar (Europe), was a 7-valent vaccine 

licenced for use in infants in the United States in 2000 [95]. Since one limitation of 

conjugate vaccine technology is the number of serotypes that can be incorporated 

in the vaccine formulation, PCVs have tended to include serotypes that are 

associated with IPD and/or are highly resistant to antimicrobials. PCV7 contained 

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

which were attached to the inactivated diphtheria toxin CRM197, a highly 

immunogenic but non-toxic carrier protein. This combination proved to be capable 
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of eliciting a protective immune response in children <5 years of age [95]. Since 

then, two additional PCVs have been licenced, which have now replaced PCV7: 

PCV10 (PCV7 serotypes, plus 1, 5 and 7F) and PCV13 (PCV7 serotypes, plus 1, 

3, 5, 6A, 7F and 19A) [81]. These two vaccines were developed simultaneously by 

two pharmaceutical companies: PCV10 was developed by GlaxoSmithKline and 

introduced in November 2009, while PCV13 was developed by Wyeth 

Pharmaceuticals (now acquired by Pfizer) and introduced in May 2010. As of April 

2019, PCV10 or PCV13 are in use in national immunisation programmes in 142 

countries and have successfully reduced the burden of morbidity and mortality 

caused by the pneumococcus [96, 97].  

1.2.6.4 Impact of vaccination on the pneumococcal population 

Although pneumococcal vaccines are safe and highly effective in reducing the 

incidence of pneumococcal disease, vaccine use has led to a change in the 

serotype distribution among pneumococcal populations [98-103]. As a result, there 

has been an increased prevalence of colonisation by non-vaccine pneumococcal 

serotypes, many of which are now responsible for causing severe illness. The 

emergence and spread of non-vaccine serotypes can be attributed to two 

phenomena: serotype replacement and capsular switching.  

Serotype replacement reflects an expansion of non-vaccine serotypes due to the 

removal from the population of vaccine serotypes that compete with them. By 

targeting a small subset of serotypes, PCVs may create a vacant ecological niche 

that will be filled by pneumococcal serotypes not covered by the vaccine. Serotype 

replacement could arise by either an increase in the prevalence of previously rare 

non-vaccine serotypes present in the population or the emergence and spread of 
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non-vaccine serotypes previously absent from the population that were unable to 

compete with the vaccine serotypes [98,101,102]. 

The other phenomenon, capsular switching, occurs via the horizontal transfer of 

capsular genes among colonising strains by the processes of transformation and 

recombination. Through this process, a strain of S. pneumoniae may acquire 

capsular genes that lead to the expression of a serotypically different capsule [98-

103]. The switching of capsular genes from a vaccine serotype to a non-vaccine 

serotype allows for the evasion of vaccine-induced immunity and provides an 

opportunity for the emergence of vaccine escape genetic lineages [103]. 

Capsular switching events are a regular occurrence among pneumococcal 

populations. Wyres et al. [103] investigated 426 pneumococcal isolates recovered 

from 1937 through 2007 and identified 36 independent capsular switching events, 

which in some cases extended to the nearby penicillin-binding protein (PBP) genes 

(which when altered confer penicillin resistance, see 1.2.8.2). Such 

recombinational events not only enable vaccine escape but also facilitate the 

spread of antimicrobial resistance determinants among pneumococci, which is a 

major concern worldwide. 

1.2.7 Antimicrobials and resistance 

Several families of antimicrobials can be used against pneumococcal infections. 

The most commonly used are beta-lactams and macrolides, followed by 

fluoroquinolones [104]. However, with the widespread availability and overuse of 

antimicrobials, antimicrobial resistant pneumococci have become prevalent and 

rates of resistance are increasing at an alarming pace, which will be discussed in 

the subsequent sections. 
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1.2.7.1 A brief historical perspective 

During the pre-antibiotic era, mortality associated with bacteraemic pneumococcal 

infections was nearly 80% [105]. After the introduction of sulphonamides and 

penicillin in the early 20th century, the mortality caused by this pathogen fell 

significantly [106]. For the next few decades, the pneumococcus was considered 

to be entirely susceptible to antimicrobials, which led to temporary loss of interest 

in this organism as a pathogen during the middle of the 20th century [107].  

The first reports of penicillin non-susceptible pneumococci emerged in 1967 [108] 

and by the turn of the century, antimicrobial resistance among pneumococci had 

become a global health concern. Penicillin non-susceptible pneumococci spread 

rapidly to many countries around the world, including to Australia, Papua New 

Guinea, Spain, South Africa, Taiwan and the United States [19, 109-113]. Of 

particular concern was the emergence of multidrug-resistant pneumococci, which 

are strains resistant to penicillin plus at least two additional classes of 

antimicrobials. The first multidrug-resistant pneumococcal strain appeared in 

South Africa in 1977, which was found to be resistant to penicillin, tetracycline, 

erythromycin, clindamycin, trimethoprim-sulfamethoxazole, and chloramphenicol 

[114]. Over the next few years, multiresistant pneumococci were observed in the 

United Kingdom, United States, and continental Europe [19, 110, 115, 116].  

The Pneumococcal Molecular Epidemiology Network (PMEN) was established in 

1997 when it became clear that highly similar genetic lineages of resistant 

pneumococci were circulating in more than one country, thus the aim of PMEN 

was to identify, characterise and name major antimicrobial-resistant lineages of 

pneumococci. Later it was realised that antimicrobial-susceptible lineages also 
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circulated widely and these were also included in the PMEN collection [117].  

PMEN currently recognises 43 antimicrobial-susceptible and -resistant globally-

distributed lineages (July 2019; http://pneumogen.net/pmen).  

In the most recent report on global antimicrobial resistance, released by the World 

Health Organization (WHO) in 2017, the pneumococcus was considered as one of 

the twelve bacteria for which new antibiotics are urgently needed [118]. The rates 

of resistance vary widely between different type of antimicrobials and geographic 

area, which will be discussed in the following sections. What follows is a brief 

introduction to their mode of action and mechanisms and the extent of resistance 

in different geographical regions.  

1.2.7.2 Beta-lactams 

Beta-lactam antimicrobials include the penicillins and cephalosporins and have a 

beta-lactam ring as their core chemical structure. The mechanism of action is to 

inhibit cell wall synthesis by binding to penicillin-binding proteins (PBPs) [119]. 

There are six PBPs in pneumococci, three of which (PBP2X, PBP1A and PBP2B) 

are the most important with respect to the development of resistance. Beta-lactam 

resistance is the result of genetic modifications in the binding site of these 

enzymes, which reduces their affinity for beta-lactam antibiotics [120, 121]. The 

genes that encode altered PBPs may be acquired by recombination events with 

other pneumococci or with related streptococcal species, such as S. mitis and S. 

oralis [122, 123]. Alterations in other genes, such as those in the murMN operon 

[124], ciaRH operon [125] and the clpL locus [126], have also been shown to be 

important for the acquisition of high-level beta-lactam non-susceptibility in the 

pneumococcus.  
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Beta-lactam non-susceptibility rates vary widely between different geographical 

regions. The European Antimicrobial Resistance Surveillance Network (EARS-

Net) is a European wide network of national surveillance systems, monitoring 

antimicrobial resistance in important pathogens. The EARS-Net collects 

antimicrobial resistance data from invasive pneumococcal isolates obtained from 

both children and adults. A 2017 surveillance study by the EARS-Net reported that 

the rates of penicillin non-susceptibility ranged from 0.2% in Belgium to 45% in 

Greece [127]. 

The SENTRY program in the United States is a network of hospitals tracking 

antimicrobial susceptibility of pathogens. Nearly 19,000 pneumococcal isolates 

were recovered from individuals of all ages in medical centres across the country 

from 1998 to 2011. Nearly three-fourths of all samples were isolated from carriage 

and the remaining isolates were from invasive disease. The results of this 

surveillance study indicated an increase in the rate of penicillin non-susceptibility 

from 3% in 1998 to 15% in 2011 [128].  

The Canadian Bacterial Surveillance Network performed a surveillance study 

whereby a total of 26,081 pneumococcal isolates were recovered from people of 

all age groups in 119 medical laboratories across Canada from 1998 to 2009 [146]. 

Of the recovered samples, 10,127 (39%) were isolated from blood or other sterile 

sites, 10,500 (41%) were recovered from nonsterile respiratory sites, and the 

remaining 5,454 (20%) were either from an unknown source or recovered from 

other sites such as eye or ear swabs. During this time period, the rate of penicillin 

non-susceptibility increased from 6% in 1998 to 8.3% in 2009. 
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Penicillin non-susceptibility is also common in Asia [129, 130]. The Asian Network 

for Surveillance of Resistant Pathogens (ANSORP) performed a surveillance study 

whereby 685 clinical pneumococcal isolates were recovered from patients of all 

ages with pneumococcal disease from 14 centres in 11 Asian countries from 2000 

to 2001. Nearly 50% of all tested isolates were non-susceptible to penicillin, with 

non-susceptibility rates ranging from 8% in Vellore, India to 92% in Ho Chi Minh 

City, Vietnam [130]. 

Multi-centre studies of pneumococcal antimicrobial susceptibilities in Africa are 

scarce, albeit penicillin non-susceptible pneumococci have been reported to be 

prevalent and on the rise in several African countries. Emgard and colleagues 

investigated pneumococci isolated at six different health facilities in northern 

Tanzania between 2013 to 2015 from carriage in children less than 2 years of 

age. During this period, penicillin non-susceptibility in the recovered isolates 

increased significantly from 31% in 2013, to 47% in 2014 and 53% in 2015 [131]. 

Annual surveys were conducted in Kenya during 2009 and 2010 among children 

aged <5 years, whereby 657 pneumococci were isolated from carriage and tested 

for antibiotic susceptibility. The authors reported nonsusceptibility to penicillin in 

nearly 82% of the isolates [132]. Ginsburg et al [133] conducted a meta-analysis 

of 74 smaller studies from 1978 to 2011 that provided data on nearly 42,000 

invasive and carriage pneumococcal isolates recovered from individuals of all 

ages in 29 African countries. The results of the meta-analyses indicated that 

~19% of pneumococcal isolates were not susceptible to penicillin [133]. 

Penicillin non-susceptibility is also a concern in Latin America. Pneumococci 

isolated between 1997 to 2001 from patients of all ages with disease residing in 
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seven different Latin American countries were investigated. The authors reported 

high rates of penicillin non-susceptibility that ranged from 22% in Brazil to 67% in 

Mexico [134]. 

1.2.7.3 Macrolides 

Macrolides are broad-spectrum antibiotics that exert their antibacterial action by 

binding to the bacterial 50S ribosomal subunit, inhibiting the initiation of 

messenger RNA (mRNA) binding and thereby halting protein synthesis in 

bacteria [135]. Macrolides are a good alternative to beta-lactams due to their 

relatively low toxicity and good tolerability; however, the widespread emergence 

of macrolide-resistant pneumococci is problematic in some parts of the world. 

Macrolide resistance in pneumococcus is mediated by two major mechanisms. 

One involves acquisition of ermB (erythromycin-resistance methylase), which 

blocks the binding of the macrolide to the ribosome by post-transcriptional 

modification of the ribosomal RNA. The other mechanism involves acquisition of 

a macrolide efflux system, encoded by mefE or mefA (macrolide efflux), which 

pumps out the antibiotic from inside the bacterial cell to maintain a concentration 

below that required for binding to ribosomes [136]. 

Macrolide resistance among pneumococci is geographically variable but 

surveillance studies have revealed an increase in resistance rates worldwide. 

The results of the 14-year longitudinal surveillance study by the SENTRY 

program in the United States (described in 1.2.8.2) indicated a striking 

increase in the rates of macrolide non-susceptibility, from 18% in 1998 to 45% 

in 2011 [128]. A 2017 surveillance study by the EARS-Net reported that the 

rates of macrolide non-susceptibility in Europe ranged from 4% in Denmark to 
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37% in Malta [127]. For most European countries, macrolide non-susceptibility 

was more frequent than penicillin non-susceptibility; however, non-

susceptibility to both penicillin and erythromycin was also fairly common, with 

several countries such as Cyprus, Malta, and Romania reporting this 

phenotype for over 20% of the tested isolates [127]. According to ANSORP, in 

Asian countries, the rates of macrolide resistance have increased from 46% in 

1996-1997 to 73% in 2008-2009, with a particularly high prevalence in China 

(96%) and Taiwan (85%) [129].  

1.2.7.4 Fluoroquinolones 

Fluoroquinolones are a family of broad-spectrum antimicrobials that have been in 

clinical use for treatment of various infections since the late 1980s [137]. 

Ciprofloxacin, introduced in 1987, was the first member of the fluoroquinolone 

class of antimicrobial to be widely available. The 1990s saw the release of many 

other subsequent fluoroquinolones, such as ofloxacin (1991), enoxacin (1992), 

lomefloxacin (1992), levofloxacin (1997), sparfloxacin (1997) and moxifloxacin 

(1999). Despite their potency, broad spectrum of activity and oral bioavailability, 

many newer fluoroquinolones were swiftly withdrawn from worldwide markets due 

to severe adverse effects in patients. Notwithstanding rare side effects, due to their 

effectiveness, several fluoroquinolones are still in use today, with ciprofloxacin, 

levofloxacin and moxifloxacin being the most commonly prescribed [137, 138]. 

Fluoroquinolones exert their antimicrobial action by targeting and inhibiting GyrA 

and ParC proteins of the DNA gyrase and topoisomerase IV, respectively, both 

of which are essential enzymes required for bacterial DNA replication. Resistance 

to fluoroquinolones in pneumococcus is predominantly achieved by mutations in 
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the gyrA and parC genes [137, 139]. Resistance can occur rapidly during the 

course of therapy, and there are numerous documented reports of 

fluoroquinolone treatment failures due to pneumococcal isolates with the so-

called “first step” and “second step” mutations [140, 141]. Resistance typically 

arises in two stages: a first-step mutation in a primary target, which decreases 

the binding affinity to that target and thus reduces fluoroquinolone activity, 

followed by a second-step mutation in a secondary target, which causes a further 

reduction in the fluoroquinolone activity. To avoid therapeutic failure, the 

detection of strains with first-step mutations is important, as these strains have a 

higher likelihood of subsequent mutations that could lead to the strains becoming 

highly resistant [140-142].  

As would be expected from the selection pressure imposed by the use of broad-

spectrum antimicrobials (see 1.2.9), the level of fluoroquinolone consumption is 

linked to the rates of resistance [129, 143, 144]. In an attempt to maintain their 

effectiveness, the use of fluoroquinolones is currently generally reserved for 

severe or resistant infections [129]. As a consequence, the prevalence of 

fluoroquinolone-resistance pneumococci has remained relatively low, albeit with 

notable geographical variation.   

Data from the SENTRY surveillance program in the United States (described in 

1.2.8.2) reported the rate of nonsusceptibility to levofloxacin to be 0.2% in 1998 

and 1% in 2011 [128]. A 2012 surveillance study was conducted in Spain using 

3,621 pneumococcal isolates recovered from both children and adults from 

hospitals nationwide; nearly two-thirds of all samples were isolated from invasive 

disease, and the remaining isolates were from carriage. The findings from the study 
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indicated the rates of non-susceptibility to ciprofloxacin to be 2%, identical to rates 

reported previously in 2002 and 2006 [145]. Similarly, the longitudinal surveillance 

study by the Canadian Bacterial Surveillance Network (see 1.2.8.2) indicated that 

the rates of ciprofloxacin non-susceptibility across Canada have remained 

unchanged between 1998 and 2009 at less than 2% [146]. In contrast, higher levels 

have been documented in Asian countries. For instance, a surveillance study from 

Hong Kong that investigated antimicrobial susceptibility for pneumococci isolated 

from invasive disease between 2001 and 2007, indicated that 11% were not 

susceptible to levofloxacin [147]. The ANSORP investigated nearly 2,000 

pneumococcal isolates recovered from patients of all ages with pneumococcal 

disease in 11 Asian countries from 2008 to 2009.  Nearly 13% of all tested isolated 

were non-susceptible to ciprofloxacin, with isolates from China showing the highest 

non-susceptibility rates at 26% [148]. 

1.2.8 Need for novel antimicrobial strategies 

Antimicrobial resistance in pneumococcus is of serious concern, which 

necessitates investigations into novel antimicrobial strategies. Many of the 

currently available antimicrobials for treating pneumococcal infections are broad 

spectrum, which affect a wide range of bacteria and thus exert selection 

pressure for the development of antimicrobial-resistant bacteria. Using broad-

spectrum antibiotics can also have a detrimental impact on the commensal 

human microbiota, since they act indiscriminately on both the target and non-

target organisms [149-151]. 

The human microbiota harbours a complex and diverse community of numerous 

different bacterial species, some of which provide a variety of beneficial effects to 
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the host [152]. Disturbances in this population are increasingly correlated with 

various conditions and disorders, such as immune dysregulation and inflammation. 

Studies have shown that some populations of bacteria do not recover after 

treatment with broad-spectrum antibiotics. The suspected link between the use of 

broad-spectrum antibiotics and an increased risk of developing atopic and 

autoimmune disorders is alarming [149-151]. Consequently, there is an urgent 

need for the development of narrow-spectrum substitutes. Two promising areas of 

research are the exploitation of bacteriophages (phages: viruses that infect 

bacteria) and bacteriocins [153, 154]. Bacteriocins and bacteriophages are the 

main focus of this thesis and will be discussed in detail in subsequent chapters.  

1.3 Bacteriocins 

1.3.1 General characteristics 

Bacteriocins are ribosomally-synthesised antimicrobial peptides produced by 

many bacterial species to inhibit the growth of closely-related bacterial strains in 

the same ecological niche. Bacteriocin production is a common attribute among 

many bacteria that reside in polymicrobial communities [155]. These peptides can 

have a very broad or narrow spectrum of antimicrobial activity; some bacteriocins 

exhibit interspecies activity, while others are only active against other strains of the 

same species. Most bacteriocins are extremely potent and exert their killing activity 

at nanomolar concentrations [156]. 

Bacteriocin toxins are initially synthesised as inactive pre-peptides, with an N-

terminal leader sequence and a C-terminal pro-peptide part. During the transport of 

the bacteriocin to the outside of the producing cells, the leader sequence is 

proteolytically removed, which in turn converts the inactive pro-peptide into its active 
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form [157]. Bacteriocin systems generally utilise dedicated ABC transporters that 

can export the bacteriocin without altering or destroying the peptide. The bacteriocin 

producer strain also harbours a dedicated immunity system that confers protection 

from its own toxin. The mode of action of immunity proteins is not understood, but 

they may protect the producing cell via scavenging bacteriocins or by serving as an 

antagonistic receptor to prevent the bacteriocins from binding to the membrane 

[157]. Bacteriocin systems are commonly encoded within “bacteriocin clusters”, 

whereby genes involved in toxin production, immunity, modification and transport 

are situated adjacent to each other in the bacterial genome [157]. The expression of 

genes in the bacteriocin cluster is often part of bacterial quorum-sensing 

mechanisms and may also be induced by other stress factors such as heat, nutrient 

limitations and exposure to other antibiotics [158, 159]. 

Bacteriocin production has been associated with more efficient colonisation of a 

host by the producer strain, owing to the ability of these toxins to remove 

competitors, and therefore, one promising approach for treatment and prevention 

of pathogenic bacterial species is the application of commensal bacteriocin-

producing species as probiotics in order to outcompete the pathogenic ones [160]. 

Furthermore, bacteriocins such as nisin have been commercialised and are used 

globally as food preservatives [153]. Understanding the relevance of bacteriocins 

on the structure of the bacterial population is crucial in the context of 

understanding and predicting the emergence and spread of genetic lineages, as 

well as in assessing vaccine impact, specifically in the context of vaccine-induced 

changes in the overall population structure after vaccine implementation.  



 
 

45 

1.3.2 Bacteriocin classification 

The nomenclature of bacteriocins is complex and has caused considerable 

confusion over the years. Several classification approaches are currently in 

place and the debates about these various schemes are ongoing [161].  

The first classification scheme started shortly after the discovery of colicins as the 

first bacteriocins and several key properties, including the route of entry into the 

target cells and structural features, were used to define colicins. However, 

identification of subsequent new colicin-like bacteriocins revealed significant 

dissimilarities among these compounds and consequently, the colicin-based 

classification system became obsolete [162]. Later attempts involved dividing 

bacteriocins into eight types (I-VIII) according to various characteristics such as 

heat tolerance, host range, trypsin sensitivity and cross reactivity [163]. This 

scheme was also later abandoned and replaced by that proposed by Klaenhammer 

[164], who classified bacteriocins into four classes on the basis of their structure, 

molecular weight and thermal stability. This scheme is still in use, although another 

classification scheme by Cotter and co-workers was later defined and widely 

adopted, resulting in continued confusion within the field.  

The classification scheme proposed by Cotter and colleagues broadly divides 

bacteriocins into two different categories; the class I “lantibiotics” (containing 

lanthionine) and the class II “non-lanthionine-containing bacteriocins”, both of 

which are further divided into different subclasses [161, 165]. However, the 

increasing number of newly-discovered bacteriocins has revealed the 

heterogeneity of these compounds and various bacteriocin families have recently 

emerged that are too dissimilar for classification under any of the bacteriocin 
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classification schema mentioned above [157]. 

At the moment, the most recent and widely adopted classification is arguably the 

one proposed by Arnison and colleagues [157], which expands on previous 

classification schema to encompass the majority of the bacteriocins identified to 

date. Accordingly, bacteriocins are classified into over a dozen distinct families 

based on the enzymes involved in their production and structural features [157]. 

Several common bacteriocin families as defined by Arnison et al, particularly those 

relevant to this thesis, are described below and what follows is a brief introduction 

to their general characteristics, structural features and modes of action. 

1.3.3 Lantibiotics 

Lantibiotics are the most extensively studied family of bacteriocins and are produced 

by bacteria from diverse environments. To date, nearly 100 lantibiotics have been 

discovered, the majority of which are secreted by Gram-positive bacteria [166]. This 

group of bacteriocins has gained considerable interest during the last decades due 

to their potent antimicrobial activity and low probability of developing resistance 

[166]. One of the best-known examples is nisin, which has been in use as a food 

preservative for over half a century in more than 80 countries [157, 167]. 

The name 'lantibiotic', short for 'lanthionine-containing antibiotic', is derived from their 

content of unusual amino acids, such as lanthionine (Lan) and methyllanthionine 

(MeLan). The Lan and MeLan residues result from extensive post-translational 

modifications by lanthionine synthetases, involving dehydration and cyclisation in 

the peptide backbone [157, 168].  

Based on the differences between the biosynthetic enzymes that introduce the Lan 
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and MeLan residues, lantibiotics are categorised into four different classes (I to IV). 

For class I lantibiotics (which include nisin) the dehydration and cyclisation are 

carried out by two separate biosynthetic enzymes, a dehydratase (LanB) and a 

cyclase (LanC). For the remaining classes of lantibiotics, dehydration and 

cyclisation are carried out by a single bifunctional lanthionine synthetase. These 

modification enzymes, named LanM (class II), LanKC (class III) or LanL (class IV), 

differ in their conserved domains and sequence homology among each lantibiotic 

cluster. Other genes required for the production of a functioning lantibiotic peptide 

are generally designated as follow: pre-peptide (lanA), protease (lanP), transporter 

(lanT), immunity (lanE, lanF, lanG, lanH and lanI), receptor histidine kinase (lanK) 

and transcriptional response regulator (lanR) [157, 168]. 

Although various modes of action have been described for lantibiotics, the majority 

seem to exert their antimicrobial affect by attacking the bacterial membrane. For 

instance, lantibiotics, such as nisin, mersacidin, and epidermin effectively bind to 

lipid II found in the membrane of the target bacteria. Lipid II is an essential 

precursor of bacterial cell wall biosynthesis and the binding of the lantibiotic to this 

molecule results in the inhibition of peptidoglycan synthesis. This binding may also 

lead to the formation of pores in the target membrane, resulting in the release of 

small cytoplasmic compounds and eventually cell death [157, 168, 169].  

Another known mode of action of lantibiotics is inhibition of the outgrowth of 

germinated bacterial endospores. Members of several bacterial genera, including 

but not limited to the genus Bacillus and Clostridium form metabolically dormant 

endospores, typically as a response to cellular nutrient starvation. The endospore 

structure provides protection during adverse environmental conditions such as 
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starvation, heat, UV radiation and chemical or oxidative stress. The endospore will 

remain dormant until a variety of environmental stimuli (generally indicative of the 

return of more favourable conditions), trigger germination, allowing outgrowth into 

a replicative, metabolically active vegetative form [170]. Nisin has been shown to 

prevent the outgrowth of many Clostridium and Bacillus species. Although a clear 

molecular basis of lantibiotic inhibition of spore outgrowth remains to be elucidated, 

it is thought to involve either covalent binding to a sensitive cellular target or 

disruption of membrane integrity [170, 171]. 

1.3.4 Head-to-tail cyclised peptides 

Head-to-tail cyclised peptides are a relatively large family of bacteriocins that 

contain a peptide bond between N- and C-termini that results in a circular molecule 

[172]. The precise mechanism of cyclisation and the enzymes involved in the post-

translational modification of these bacteriocins remain largely unknown.  

The first circular bacteriocin, Enterocin AS-48, was first reported in 1986 [173], but 

its circular structure only became known in 1994 [174]. Since then a number of 

additional circular bacteriocins have been discovered from various bacterial 

species, particularly Gram-positive bacteria of the phylum Firmicutes [172, 175]. 

Circular bacteriocins are generally broad-spectrum antimicrobials, mainly active 

against other Firmicutes. Antimicrobial activity against other Gram-positive phyla 

has also been reported, including against common food-borne pathogens such as 

Clostridium and Listeria species [172]. The antimicrobial action of circular 

bacteriocins is thought to be through pore formation in the lipid membrane of target 

cells, which results in leakage of ions and water and ultimately cell death [172]. 

The bacteriocin cluster is generally composed of five to seven genes, which are 
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often designated alphabetically by order of occurrence in the cluster. These include 

genes encoding a pre-peptide, an immunity protein, which is often hydrophobic, 

and ABC transporters and membrane proteins, which are involved in exporting the 

bacteriocin outside the producer cell [157, 172]. 

1.3.5 Sactipeptides 

Sactipeptides are a newly discovered family of bacteriocins that possess a 

characteristic thioether bridge (sactionine linkage) that is added post-translationally 

and is absolutely required for their antimicrobial activity [157, 176, 177]. The first 

sactipeptide, subtilosin A, was isolated from Bacillus subtilis in 1985 [178]. 

Subtilosin A shows a narrow spectrum of activity against several human 

pathogens, such as Gardnerella vaginalis, Listeria monocytogenes, and S. 

agalactiae [179]. Since the discovery of subtilosin A, a number of additional 

members of this bacteriocin family have been identified, which show antimicrobial 

activities against closely related Gram-positive bacteria relative to the producer 

organisms [157, 180]. The narrow-spectrum activity of these bacteriocins has 

attracted interest for their use as a therapeutic tool to treat and control 

gastrointestinal infections without damaging the normal gut microbiota [180].  

One of the most well-characterised sactipeptides is thuricin CD, which was first 

isolated from Bacillus thuringiensis in 2010 [181]. Thuricin CD demonstrates high 

potency against Clostridium difficile, with an activity at least equivalent to 

commonly used antimicrobials. Unlike commonly used broad-spectrum 

antimicrobials in C. difficile treatment, thuricin CD has been shown to specifically 

inhibit the growth of this pathogen without having any substantial impact on other 

members of the microbiota [181]. 
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The exact mechanisms responsible for the antimicrobial activity of sactipeptides 

are not yet entirely clear; however, due to their high potency and narrow spectrum 

activity, it is widely speculated that sactipeptides require binding to a specific 

receptor in the outer membrane of the target cell [176]. Subtilosin A has been found 

to be partially buried in lipid bilayers, possibly exerting its antimicrobial activity by 

penetrating the outer membrane of the cell [176]. 

1.3.6 Lassopeptides 

Lassopeptides are a family of bacteriocins that are characterised by short peptides 

of 16 to 21 amino acids containing a slipknot-like structural motif that resembles a 

lasso rope, hence the name. The knotted structure of these biomolecules confers 

resistance against thermal, chemical and proteolytic degradation and is key to their 

intrinsic antibacterial property. Due to their stability in harsh conditions, lasso 

peptides are considered attractive candidates for drug discovery [182].  

The first lasso peptide, anantin, was isolated from a strain of Streptomyces 

coerulescens in 1991 [183]. Since then, over 40 new lasso peptides have been 

discovered, most of which have shown narrow spectrum antimicrobial activity 

against strains closely related to or in competition with the producer organism in its 

ecological niche [182, 184]. However, some lasso peptides, such as propeptin and 

aborycin, are known to display inhibitory activity against both Gram-positive and 

Gram-negative bacteria [185, 186].  

Antimicrobial activity of lassopeptides appears to be mediated by inhibiting 

transcription via binding to essential molecular machines of the sensitive cells, 

such as bacterial RNA polymerase and chaperones [187].  It remains an open 

question whether other modes of actions, such as stimulating the production of 
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superoxide and interfering with the glucose uptake system, are also involved in the 

antimicrobial actions of these compounds [187, 188]. 

1.3.7 Lactococcin 972-like peptides 

Lactococcin 972-like peptides are a family of bacteriocins originally discovered in 

Lactococcus lactis IPLA 972 in 1996 [189]. Since then, additional lactococcin 972-

like bacteriocins have been discovered from a variety of different bacterial species 

belonging to Firmicutes and Actinobacteria phyla [190].  

Lactococcin 972-like bacteriocins do not appear to exhibit pore formation activities, 

rather, they are the only family of non-lantibiotic bacteriocins described thus far 

that specifically inhibit septum formation by binding to lipid II, although the exact 

mechanism has not been elucidated. Since their mode of action is through blocking 

the formation of septum, they are only effective against growing bacteria and have 

little to no effect on non-dividing cells [189, 191, 192]. Given the recent discovery 

of this family of bacteriocins, only a few studies have assessed their spectrum of 

antibacterial activity, which so far suggests a narrow range of bacterial targets. 

Lactococcin 972 and garvicin, both isolated from Lactococcus species, were found 

to be active only against other closely related lactococci [192, 193].  

Compared to other bacteriocin gene clusters, the genetic structure of lactococcin 

972-like bacteriocins is relatively simple as they often contain only three genes, 

which are designated as A, B, and C, encoding a bacteriocin pre-peptide, an 

immunity protein and an ABC transporter, respectively [190].   

1.3.8 Bacteriocin discovery 

The traditional approach to identifying new bacteriocins involves culture-based 
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isolation of potential bacteriocin-producing organisms from diverse environments, 

followed by screening for antimicrobial activity. Generally, these methods rely on 

detecting the ability of one bacterial strain (producer) to inhibit the growth of 

another (indicator). Antimicrobial activity can be assessed using various 

techniques, among which the well-diffusion technique is the most common. This 

method involves the inoculation of molten agar with susceptible indicator bacteria 

that is poured into a Petri plate and allowed to set. Wells are cut into the agar and 

are filled with either cell-free supernatant from the producer (potentially harbouring 

a bacteriocin peptide) or purified peptide. After incubation under optimum growth 

conditions, the wells exhibiting clear zones of inhibition will suggest that the strain 

tested produces bacteriocins [194]. Additional characterisation methods, often 

involving traditional purification methods combined with mass spectrum analysis, 

are required in order to assess the exact nature of the detected compound and to 

confirm its novelty [195, 196].  

With the advances in genome sequencing, the identification of new bacteriocins is 

changing from traditional culture-based screening towards in silico mining of 

bacterial genome sequences. The rapidly increasing number of available whole 

genome sequences provides the ability to perform searches for bacteriocin genes. 

To facilitate these efforts, a number of dedicated bacteriocin data repositories have 

been developed such as BACTIBASE and BAGEL [197, 198]. These repositories 

contain manually curated bacteriocin sequences to facilitate the detection of novel 

bacteriocin peptides using standard sequence homology algorithms such as the 

basic local alignment search tool (BLAST) [199]. Such an approach has previously 

been successfully employed to identify many novel bacteriocins such as 

lichenicidin and sakacins [200, 201]. At the time of writing, there are >200 unique 
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bacteriocin peptide sequences deposited in Bactibase (September 2019), and this 

number is continually increasing.  

However, finding novel bacteriocins by focusing on precursor peptide discovery is 

challenging and not always fruitful. This is because many bacteriocin peptide 

genes are very small and exhibit significant sequence diversity, and thus are often 

missed by homology searches. To circumvent this issue, conserved bacteriocin-

associated genes such as those encoding for bacteriocin self-immunity and 

transporters can also be used as guides to identify new bacteriocin gene clusters. 

antiSMASH (antibiotics and Secondary Metabolite Analysis Shell) is a fully 

automated pipeline that combines direct screening for the precursor peptides along 

with indirect screening for other bacteriocin-related genes in order to extensively 

scan the genomes [202].  

During the past decade, various genome mining projects have resulted in the 

discovery of novel bacteriocins [157, 190, 200, 201, 203]. As a result, bacteriocins 

are now known to be significantly more prevalent in various phyla than previously 

realised. For instance, using a combination of antiSMASH, BAGEL and 

BACTIBASE databases, Letzel and coworkers scanned >200 anaerobe genomes 

from 18 distinct phyla and found that 25% of the genomes contain a bacteriocin 

cluster. In their study, 81 bacteriocin clusters were detected, 43 of which were 

newly-discovered [190]. Overall, genome mining has proven to be an incredibly 

useful tool for the identification of novel bacteriocin gene clusters. 
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1.4 Bacteriophages 

1.4.1 General characteristics 

Bacteriophages (phages) are viruses that infect and replicate within bacteria. They 

are proposed to be the most abundant biological entities on the planet, with the 

estimated global number of about 1031 phage particles (196). Upon entering a 

target bacterial cell, phages act as intracellular parasites by hijacking the host 

machinery to manufacture new phages, which typically results in the death of the 

infected cell. In this way, these natural predators of bacteria play an immense role 

in the turnover of the bacterial ecosystem [204, 205]. 

Initially discovered independently by Frederick Twort in 1915 and Felix d'Herelle 

in 1917, phages were immediately recognised as a great tool for eliminating 

bacterial pathogens [206]. Prior to the antibiotic revolution, they were conceived 

as a “magic bullet”; a drug that can specifically attack its target without damaging 

human cells. As a result, their initial discovery was followed by research on 

phages as a cure for human illnesses; however, the majority of these experiments 

were carried out without a clear understanding of the viral nature of phages and 

their bactericidal mode of action, and thus, success was unpredictable and 

infrequent [206]. The viral nature of phages, disputed for a time, with sceptics 

arguing that phages were enzymes rather than viruses, was definitely recognised 

after visualisation of phages by electron microscopy in 1940 [206]. 

After the introduction of antibiotics in the 1940s, the initial enthusiasm towards the 

phage approach quickly faded in most Western countries, but its use continued in 

several countries such as Russia and Poland, where they are still used to this day 

[206]. In the West, phages were continued to be studied as model organisms in 
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molecular biology, which resulted in many fundamental contributions to the field, 

such as the elucidation of the triplet nature of the genetic code [207] and the 

discovery of messenger RNA [208]. Moreover, phages have been a valuable 

source of numerous enzymes used routinely in bacterial genetics experiments and 

biotechnology [209]. In recent years, interest in phage-based therapeutics for 

bacterial infections has re-emerged due to the increase in prevalence of antibiotic-

resistant bacteria [154, 206] (see 1.2.8).  

1.4.2 Lytic vs. lysogenic phages 

Phage infection starts with the adsorption of the phage to the host bacterium. This 

is mediated by the phage tail proteins that recognise and bind to specific receptors 

located on the host cell surface. Subsequently, the phage genome is injected into 

the host cell and replication of the phage particle can begin [206].  

Phages are typically divided into two main types according to their replication 

strategies: lytic and lysogenic. Lytic phages enter a bacterial cell and immediately 

start producing new virus particles that burst out of the bacterial cell. The escape 

from the infected cell is facilitated by the expression of the phage-encoded 

hydrolysing enzymes such as lysin, which permeabilise ("make holes in") the 

bacterial cell membrane. The newly-released phage particles then go on to infect 

other susceptible host cells [206].  

Alternatively, lysogenic phages do not necessarily start multiplying immediately 

after host entry and may instead integrate their genomes into the host genome to 

be activated at a later time. The integration of the phage genome is mediated by 

the activity of a phage-encoded integrase and generally occurs at a unique 

attachment site in the bacterial genome [210]. Once a phage is integrated into the 
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host bacterial genome, it is termed a prophage and the genes encoding the 

prophage can be carried over to the bacterial daughter cells after cell division. The 

prophage genes can remain dormant within the host cell for many generations until 

the cell experiences some type of stress, which may result in activation of prophage 

and initiation of the lytic cycle [211, 212].  

1.4.3 Impact of lysogeny on host cell 

Unlike lytic phages, lysogenic phages often maintain a long-term relationship with 

their host. In this context, since prophages, like other obligate intercellular 

parasites, rely solely on their host for survival, they often express genes that 

enhance the fitness of the host bacteria. Prophages can have a variety of profound 

phenotypic effects on the bacterial host, for example by encoding toxins that 

increase bacterial virulence [213], promoting the binding of bacteria to human 

platelets [214] or cells [215], helping the host bacteria to overcome immune 

defences [216], or enhancing the survival of intracellular bacteria by protecting 

them from oxidative stress [217]. Prophage integration can also modulate bacterial 

gene expression through gene disruption or genome rearrangements [218].  

1.4.4 Constant arms race between bacteria and phages 

Phages outnumber bacteria by an estimated factor of ten to one, exerting a 

constant challenge to bacterial populations [205]. As with all predator-prey 

relationships, phages and bacteria are inseparably tangled in a constant arms 

race, whereby the bacterial hosts evolve a broad range of defence mechanisms to 

protect themselves and phages co-evolve counterstrategies to bypass these 

defences [219]. To name a few, bacteria may lose or alter the target receptor of 

phages in order prevent virus cell entry, and phages bypass this defence by 
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mutations in their receptor-recognition sites or by using different receptors in order 

to attach to the cell. Bacteria can also use extracellular polysaccharides as a 

means to hinder phage attachment to the cell surface. In response, many phages 

have evolved degradative enzymes which allow them to overcome this physical 

barrier. Most bacteria also harbour restriction endonuclease enzymes that can 

recognise and degrade phage DNA in the cytoplasm; however, phages are shown 

to be able to evade these enzymes by corrupting recognition sequences in their 

genomes [219]. These coevolution dynamics are further complicated by satellite 

prophages, which are prophages that are parasites of other phages [220].  

1.4.5 Satellite prophages 

The term “satellite” has been in use since the 1960s to describe a virus that is not 

capable of multiplying in cells without the assistance of another virus (referred to 

as ‘helper’) and is not necessary for the infection cycle of the helper virus [221]. 

Satellite prophages are a type of prophage that lacks all the necessary genetic 

information for replication on its own, and thus depends on hijacking the 

machinery of a helper phage for its survival and spread [222-224]. Essentially 

they might be considered as ‘parasites of parasites’ [225]. Satellite prophages 

have been discovered through different circumstances in various organisms and 

thus there are different terms used to describe this particular type of mobile genetic 

element (MGE) in the literature: staphylococcal pathogenicity islands (SaPIs) 

[226]; phage-related chromosomal islands (PRCIs) [223]; phage-inducible 

chromosomal islands (PICIs) [224] and phage-like Streptococcus pyogenes 

chromosomal islands (SpyCIs) [227]. For simplicity, the generic term satellite 
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prophages will continue be used throughout this thesis to refer to this class of MGE, 

of which SaPIs, PRCIs, PICIs or SpyCIs are thus a subset. 

Similar to other prophages, satellite prophages reside at specific locations in the 

host chromosome. They remain quiescent until activated by a certain stimulus, 

which might be superinfection by a new phage or the induction of another resident 

prophage in the host genome [228]. Upon activation, they interfere with helper 

phage replication and divert both the bacterial host and helper virus machinery to 

the production of satellite prophage particles, and in this way, they promote the 

survival of the bacterial population [222-224]. For instance, many encode genes 

that remodel the helper virus capsid to better accommodate the smaller satellite 

prophage genome and exclude the larger helper virus genome [229, 230]. 

Although the specific cell confronting superinfection might eventually be killed, 

this death is advantageous at the bacterial population level, as the neighbouring 

cells are less likely to undergo lysis due to fewer infectious phage particles in the 

surrounding environment.  

Satellite prophages are known to be vectors for the spreading of toxin genes and 

other virulence factors. One of the best-known examples is the Staphylococcus 

aureus pathogenicity island 1 (SaPI1), which was discovered because it carries 

the gene encoding toxic shock syndrome toxin-1 (tst), the causative agent of toxic 

shock syndrome [222]. A small number of satellite prophages have been 

discovered in streptococcal species [231], however, whether they contribute to the 

virulence of the host organism was unknown.  
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1.4.6 Prophage discovery 

Traditionally, the most commonly used approach to identifying prophages was to 

induce the phage via exposure of the host cell to DNA damaging agents or other 

stressful conditions in order to release phage particles, followed by assessing the 

presence of phage particles using various experimental methods [232]. The most 

traditional and widely used method to assess the presence of phage is the plaque 

assay, originally developed by one of the discoverers of phages, Felix d'Herelle, in 

1917. The plaque assay is performed by growing a thin layer of host cells onto a 

culture dish and observing plaques (clear zones formed on the bacterial lawn due to 

the lysis of bacterial cells). Serial dilutions of the samples are often prepared to 

create plaques derived from individual phage clones. Subsequently, the phage from 

each plaque may be isolated and further analysed using DNA isolation, sequencing 

and electron microscopy [232].  

Prophages can also be detected using DNA probe-based detection of conserved 

prophage-associated genes with molecular biological techniques such as 

polymerase chain reaction (PCR). Primers specific to target genes known to be 

carried by prophages can be designed and used to confirm the presence of the 

prophage within the bacterial genome [232, 233]. However, the major disadvantage 

of these techniques is that they rely on the use of primers complementary to the 

prophage sequences, and thus previously unidentified prophages may be 

overlooked [232].  

While experimental work still plays an important role in phage research, the 

explosion of whole genome sequence data has drastically expedited the 

identification and genetic analysis of prophages. Owing to the decrease in the cost 
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of sequencing whole bacterial genomes (226) the identification of novel prophages 

is shifting from traditional culture-based screening towards in silico mining of 

bacterial genome sequences. A handful of in silico prophage detection tools are 

currently available, among which Prophinder [234] and PHAST [235] are the most 

well-known. These tools scan bacterial host genomes using a database of 

previously known phage genomes in order to identify prophages. As a result, their 

performance is directly dependent on the extensiveness of their database and 

hampered by the fact that different phages have little sequence similarity and very 

diverse genome sizes. Such tools are particularly inadequate when applied to less 

well characterised bacterial species or when aiming to identify a recently 

discovered type of viruses, such as streptococcal satellite prophages (see Chapter 

4). Consequently, in order to ensure a thorough discovery of previously unidentified 

prophages, prophage predictions need to undergo lengthy manual (human) 

curation and inspection [212, 236-238].  

One manual computational approach that has resulted in the discovery of many 

previously unidentified prophages [212] involves generating a list containing the 

location and the annotation of each open reading frame (ORF) in the host genome, 

which is then manually reviewed for clusters of bacteriophage-related genes. The 

content, order and orientation of the ORFs within the putative prophage genome 

(and its flanking ORFs) are then carefully evaluated using a variety of different 

software. However, this process is slow and not scalable. Taken together, there is 

currently a need for the development of new in silico screening tools that can 

rapidly and effectively identify prophages in large genome studies.  
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1.5 Aim and outline of this thesis  

This thesis will investigate a number of questions related to the prevalence, 

diversity and molecular epidemiology of bacteriocins and prophages. In the present 

chapter, the literature review and studies relevant to this thesis have been 

discussed. The chapter that follows moves on to describes the methods more 

generally used throughout this thesis.  

In Chapter 3, a genome mining approach was employed to discover potential novel 

bacteriocin systems in a large and diverse set of historical and modern 

pneumococcal genomes. Fourteen novel bacteriocin clusters were discovered 

among pneumococci, tripling the number of known bacteriocins in this species. The 

molecular epidemiology of the identified bacteriocin clusters was conducted in the 

context of the pneumococcal population structure. Furthermore, RNA sequencing 

transcriptome analyses were used to investigate whether the identified bacteriocin 

clusters were transcriptionally active. This chapter also explores whether 

pneumococcal bacteriocin clusters are also present in other streptococcal species. 

Chapter 4 presents the identification of 44 unique and novel satellite prophages 

among the pneumococcal genomes. The prevalence, diversity, genetic stability and 

molecular epidemiology of the pneumococcal satellite prophages were investigated 

using a large and diverse set of historical and modern pneumococcal genomes 

isolated between 1937 and 2008. This chapter also uses existing RNA sequencing 

datasets to investigate the expression of prophage genes following mitomycin C 

induction, as well as in planktonic growth and biofilm conditions. Satellite prophage 

genomes were screened for the presence of virulence genes, which led to the 

discovery of a gene that is associated with virulence in a murine infection model.   
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Chapter 5 attempts to perform genus-wide analyses of the genomic diversity and 

population structure of streptococcal prophages using >1,300 genomes from 70 

different Streptococcus species. With this aim, Chapter 5 outlines the development 

of a new bioinformatics software called PhageMiner, which can streamline the 

manual curation process for prophage discovery. Using the tool, nearly 800 full-

length and satellite prophages were identified, the majority of which were newly 

discovered. This chapter also aimed to estimate the average prophage gene content 

within various streptococcal species and provides convincing evidence that cross-

species transmission of prophages is not uncommon. The location of prophage 

insertion sites and the flanking genes upstream and downstream of each prophage 

were also investigated within streptococcal genomes. The final chapter, Chapter 6, 

summarises the main findings of this thesis and identifies areas for further research. 
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2. General Methods 

 

This chapter describes the methods more generally used within this thesis. 

Methods specific to a particular Results chapter are given within the chapter itself. 

2.1 BIGSdb 

BIGSdb (Bacterial Isolate Genome Sequence Database) is a software platform 

used to store and analyse sequence data for bacterial isolates [239]. The BIGSdb 

software can store sequence data ranging from single sequence reads of a few 

base pairs to whole genomes, and each isolate entry can be linked to its associated 

metadata, such as serotype, country of isolation, date of isolation, among many 

other fields. Furthermore, various individual modules exist within the BIGSdb 

infrastructure that facilitate downstream analyses of sequence data. For example, 

the Gene Presence module allows a set of sequences to be defined as references, 

which can then be used to scan bacterial isolates for the absence or presence of 

certain genes, such as those found within a given bacteriocin gene cluster. Other 

modules within BIGSdb that were used throughout this thesis include third party 

tools such as BLAST (see 2.4) and iTOL (see 2.6), which are described below. All 

genomes used in this thesis were stored in a private BIGSdb, referred to as the 

Brueggemann BIGSdb.  

2.2 Genome collection 

All genomes used in this thesis were previously sequenced and assembled by 

others and not by me. Most genomes were already submitted to the Brueggemann 

BIGSdb by various former members of the Brueggemann group over many years 
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after being newly sequenced or retrieved from other published databases. Those 

not already present in the Brueggemann BIGSdb were retrieved from the ribosomal 

MLST database (https://pubmlst.org/rmlst) and uploaded to the Brueggemann 

BIGSdb database. The specific genome datasets used for particular analyses are 

detailed in the relevant Results chapters.  

2.3 RNA sequencing datasets 

Four RNA sequencing datasets were used in this thesis: three were generated by 

our research group and were not yet analysed, the other was generated by 

Blanchette et al [240]. Raw RNA sequencing data from Blanchette et al was 

downloaded from the publicly available database Gene Expression Omnibus 

(GEO) repository (http://www.ncbi.nlm.nih.gov/geo) using the accession number 

GSE85196.  

The datasets from our group were generated by culturing pneumococci in 10 ml 

tubes of brain-heart infusion (BHI) broth for 6 hours. An aliquot of 0.5 ml broth was 

removed and the absorbance at OD600 was measured at each time point from 0 to 

6 hours to measure increased bacterial growth. In one experiment, BHI broth were 

inoculated with pneumococcal reference strain PMEN3 and incubated at 37°C + 

5% CO2. Mitomycin C (Sigma-Aldrich) was added to the broth culture tubes to a 

final concentration of 2 μ g/ml after 3 hours of incubation (OD600 ≥ 0.5) to facilitate 

phage induction. In the second experiment, BHI broth were inoculated with 

pneumococcal strain 2/2 and incubated at 40°C + 5% CO2 to stress the bacterial 

cells by growth at high temperature. Controls for both experiments were the 

pneumococci incubated at standard conditions (37°C + 5% CO2). In the third 

experiment, pneumococcal reference strains PMEN3 and PMEN6 were cultured in 
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the same BHI broth aliquot and incubated at 37°C + 5% CO2, and the experimental 

controls were generated by growing each reference strain individually in the BHI 

broth. RNA extractions were performed on samples from all the three experiments 

from five time points (2, 3, 4, 5 and 6 hours of incubation). A 0.5 ml aliquot was 

used to measure the absorbance and the RNA was stabilised in the remaining 9.5 

ml of broth culture by the addition of 19 ml of RNAprotect Bacteria Reagent 

(Qiagen). RNA was immediately extracted from the samples using the Promega 

Maxwell® 16 Instrument and LEV simplyRNA Cells purification kit, following the 

manufacturer’s protocol. Extracted RNA samples were sent to the Oxford 

Genomics Centre where library preps were made using RNA-Seq Ribozero kits 

(Illumina, Inc) and sequencing was performed on the MiSeq (Illumina, Inc). 

Methods used for calculating differential gene expression levels between the 

control and experimental conditions varied for each specific analysis and are 

detailed in the relevant Results chapters. 

2.4 BLAST 

BLAST (Basic Local Alignment Search Tool) [199] is one of the most widely used 

bioinformatics tools. It performs similarity searches for nucleotide or amino acid 

sequences against a library of sequences and quantifies the sequence similarity 

shared by the results (referred to as a “subject”) and the query sequence. 

Different versions of BLAST exist for comparison of different kinds of sequences, 

such as BLASTN for nucleotide queries, BLASTP for protein queries, and 

TBLASTX, which translates nucleotide queries in all six frames for comparison to 

other protein queries or databases.  
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The BLAST output includes E-value, query coverage, identity value and total score. 

E-value denotes the expected number of chance alignments; the smaller the E-

value, the less likely the alignment was by chance. Query coverage refers to the 

percent of the query length that is included in the aligned segments. Identity value 

is the percentage of perfect matches between subject and query. The total score 

is the sum of scores of all aligned sequences. 

2.5 Gene prediction and annotation  

All whole genome bacterial sequences used in this thesis were annotated using 

the automated pipelines Prokka (Rapid Prokaryotic Genome Annotation) and 

RAST (Rapid Annotation using Subsystem Technology). Any specific genes of 

interest were further investigated manually using CD-Search (Conserved Domain 

Search) and STRING (Search Tool for the Retrieval of Interacting proteins). 

Further details regarding these tools are provided below. 

2.5.1 RAST 

The RAST server is a free, publicly-available, fully-automated software pipeline for 

annotating bacterial and archaeal genomes. Inputs are uploaded to the RAST 

server (http://rast.nmpdr.org) in the form of a set of contigs in FASTA format, where 

protein-encoding genes are predicted and annotated via a web interface. The 

RAST pipeline works by projecting gene annotations onto newly submitted 

genomes using evidence from different sources such as ORF prediction via 

Glimmer [241], homology searches for conserved protein families (FIGfams) [242], 

and a BLAST search versus a large and rapidly growing protein database [243]. 

Annotation data in the RAST server database is manually curated by skilled human 
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curators and organised into subsystems (sets of logically related functional roles), 

which provides a consistent and accurate pipeline for initial annotation of bacterial 

genomes [243]. 

2.5.2 Prokka 

Similar to the RAST server described above, Prokka is a tool designed for rapid 

annotation of prokaryotic genomes and it works by assigning gene annotations 

derived from a protein sequence database [244]. Annotation was performed using 

Prokka version v1.10 with default parameters ('Prokka Kingdom Bacteria' as 

primary reference database). The primary reason for the use of Prokka in addition 

to RAST was because Prokka will generate a number of output files in a format 

specifically required as inputs by other bioinformatics software used in downstream 

analyses, such as GFF (General Feature Format), a plain text file used to describe 

gene structure. 

2.5.3 CD-Search 

CD-Search [245] is a tool used in protein annotation. CD-Search identifies the 

conserved structural and functional domains present in a protein sequence by 

searching a comprehensive collection of domain models stored in Conserved 

Domain Database (CDD) [246] curated by the National Center for Biotechnology 

Information (NCBI). A protein or nucleotide query sequence can be submitted in 

the form of a protein or nucleotide using the NCBI’s online interface 

(https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). The results of CD-Search 

are displayed as an annotation of protein domains on the input sequence. Strong 
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associations between a query sequence and conserved domains are reported as 

hits.  

2.5.4 STRING 

STRING [247] is a large, publicly-available, protein-protein interaction database 

containing both known and predicted interactions based on experimental data and 

mining of databases and literature. Protein sequences for any genes of interest 

can be submitted to the STRING database to perform searches for any previously 

reported relationship to other genes.  STRING produce a score to estimate the 

accuracy of any identified association, which ranges from 0 to 1 (1 indicates the 

highest degree of confidence that an interaction is non-random). STRING can be 

accessed at http://string-db.org. 

2.6 Visualisation of phylogenetic trees 

All phylogenetic trees in this thesis were annotated using the online tool iTOL 

(Interactive Tree of Life) [248], which was used to overlay relevant metadata on or 

near the tree branches, such as the presence or absence of a particular bacteriocin 

cluster or prophage in any given tree cluster or sets of isolates. The iTOL tool is 

available as a plugin within BIGSdb (see 2.1) or can be reached at 

http://itol.embl.de. 

2.7 Estimation of prophage content among bacterial genomes 

I developed a Python script named PhageContentCalculator, which calculates 

the prophage content as the percentage of prophage genes within a given 

bacterial genome. This script first uses Prodigal software in the Prokka annotation 

[244] suite (version 1.10) to predict ORFs in three separate groups of sequences: 
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(i) full-length prophage genomes, (ii) satellite prophage genomes and (iii) a single 

bacterial genome of interest for which the phage content is to be calculated. Next, 

the script uses Roary [249] set at a 70% similarity threshold to extract, combine 

and cluster individual ORF nucleotide sequences from all three groups. Any 

ORFs in the bacterial genome that were also present in at least one prophage 

genome were deemed to be phage-related and this information was used by the 

script to output the total percentage of phage-related ORFs in the given bacterial 

genome. The PhageContentCalculator script is available in GitHub 

(https://github.com/RezaRezaeiJavan/PhageContentCalculator). 
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3. Genome sequencing reveals a large and diverse repertoire of 

antimicrobial peptides 

 

Most of the results described in this chapter were presented as an oral presentation 

at the 13th European Meeting on the Molecular Biology of the Pneumococcus 

(EuroPneumo 2017), in Stockholm, Sweden in June 2017. Part of the results were 

also presented at the 11th International Symposium on Pneumococci and 

Pneumococcal Diseases (ISPPD 2018), in Melbourne, Australia in April 2018. 

This chapter was published as:  

Reza Rezaei Javan, Andries J. van Tonder, James P. King, Caroline L. Harrold, 

and Angela B. Brueggemann. 2018. Genome Sequencing Reveals a Large and 

Diverse Repertoire of Antimicrobial Peptides. Frontiers in Microbiology. doi: 

10.3389/fmicb.2018.02012 

The bacterial genomes used in this chapter were all previously sequenced and 

assembled by others and not by me. These genomes were submitted to the 

Brueggemann BIGSdb database by various former members of the Brueggemann 

group over many years after being newly sequenced or retrieved from other 

published databases. I downloaded these genomes and their associated metadata 

from the Brueggemann BIGSdb database. Dr Keith Jolley and Prof Martin Maiden 

in the Department of Zoology, University of Oxford had developed the BIGSdb 

infrastructure, which allowed these data to be easily accessible.  

Before I joined the Brueggemann group, the molecular epidemiology of one of the 

previously known lantibiotic clusters (herein, called streptolancidin G) had been 
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partially characterised by Dr James King, a medical student undertaking his final 

year honours project in the Brueggemann group, and Dr Andries van Tonder, a 

DPhil student under the supervision of Prof Brueggemann at that time.  

I developed the genome mining pipeline for the identification of bacteriocins and 

discovered all the 14 novel bacteriocin clusters reported in this study. 

Subsequently, I developed a Python script for calculating the prevalence, 

molecular epidemiology and co-occurrence patterns of all the bacteriocin clusters 

among pneumococci. I classified all pneumococcal bacteriocins according to a 

logical nomenclature format and performed further detailed genomic 

characterisation on these bacteriocins. My supervisor, Prof Angela Brueggemann, 

provided advice throughout this process. 

The RNA sequencing experiments were conducted in the Brueggemann laboratory 

by Dr Andries van Tonder, Caroline Harrold and Prof Angela Brueggemann. 

Extracted RNA samples were sent to the High-Throughput Genomics Group at the 

Wellcome Trust Centre for Human Genetics for sequencing. I used the raw reads 

generated from these experiments and assembled them to the reference genomes. 

Subsequently, I performed the differential expression analyses, which involved the 

development of a novel computational approach for the competition experiment 

analyses.  

3.1 Abstract 

Competition among bacterial members of the same ecological niche is mediated 

by bacteriocins: antimicrobial peptides produced by bacterial species to kill other 

bacteria. Bacteriocins are also promising candidates for novel antimicrobials. Here, 

14 novel bacteriocin gene clusters were discovered by screening >6,200 
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pneumococcal genomes. The molecular epidemiology of the bacteriocin clusters 

was investigated using a large global and historical pneumococcal dataset dating 

from 1916. This work revealed extraordinary bacteriocin diversity among 

pneumococci and the majority of bacteriocin clusters were also present in other 

streptococcal species. Genomic hotspots for the integration of different bacteriocin 

gene clusters were discovered. Bacteriocin genes were found to be 

transcriptionally active when the pneumococcus was under stress and when two 

different strains were co-cultured in broth. The findings from this chapter reveal 

much more diversity among bacterial defense mechanisms than previously 

appreciated, which fundamentally change our view of bacteriocins and 

nasopharyngeal competition among pneumococci. 

3.2 Introduction and aims 

The preferential niche of the pneumococcus is the nasopharynx, a polymicrobial 

environment where competitive interactions shape the microbial community [12]. 

While the genetic basis for the pathogenicity and virulence of the pneumococcus is 

not yet fully understood, it is known that certain pneumococcal lineages and serotypes 

are predominately associated with disease whilst others with asymptomatic 

nasopharyngeal carriage [41]. Therefore, understanding the factors that affect the 

makeup of the bacterial population is crucial, as it is indirectly related to pathogenicity. 

The pneumococcus is known to possess bacteriocins that mediate intra- and 

interspecies competition within the human nasopharynx. To date, seven bacteriocin 

clusters have been identified in this organism, which are briefly reviewed below.  

The most well-characterised pneumococcal bacteriocin system is the blp 

(bacteriocin-like peptide) cluster. Early work by two research groups carefully 
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described the genetics and experimental activity of the blp cluster in 

pneumococcus [250, 251], and the Brueggemann group later showed that the blp 

bacteriocin system is ubiquitous among pneumococci and genetically highly 

diverse [175]. The number of bacteriocin peptides present within the bacteriocin 

gene cluster varies among different strains of the pneumococcus [13, 175, 251-

253]. For instance, some pneumococci were found to possess up to six bacteriocin 

genes and eight putative immunity genes in their blp cluster, whereas other 

pneumococci contained only one of each [175]. The production of blp bacteriocins 

is thought to result in more efficient colonisation of the host due to the ability of 

these toxins to eliminate competitors;  a strain harbouring the blp cluster has a 

competitive advantage in a mouse colonisation model [13] and in vitro experiments 

have demonstrated that blp bacteriocins are able to inhibit not only other 

pneumococci lacking the associated immunity genes but also closely related 

streptococci, such as S. pyogenes, S. mitis, and S. oralis [13, 251, 254].  

Another well characterised bacteriocin system in the pneumococcus is the cib 

(competence-induced bacteriocin) cluster, which encodes two peptide 

bacteriocins, CibAB, and the corresponding bacteriocin self-immunity protein CibC. 

CibAB bacteriocin peptides are implicated in competence-mediated fratricide, 

which results in lysis of noncompetent cells [255]. The prevalence of the cib 

bacteriocin cluster among the pneumococcal population is currently unknown. 

A novel circular bacteriocin named pneumocyclicin was recently discovered in 

silico by the Brueggemann group [175]. This bacteriocin is similar in genetic 

organisation to other well-known members of the head-to-tail cyclised bacteriocin 

family (see 1.3.4), such as uberolysin from Streptococcus uberis and circularin A 
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from Clostridium beijerinckii. Bogaardt et al. [175] investigated 336 diverse 

pneumococcal isolates belonging to more than 50 distinct clonal complexes and 

demonstrated that the pneumocyclicin cluster was present in nearly one-third of 

the pneumococcal genomes and was particularly prevalent among major 

pneumococcal clonal complexes [175].  

Recently, the presence of four lantibiotic bacteriocin clusters (see 1.3.3 for a review 

on lantibiotics) has been reported in this bacterium, however, their prevalence and 

diversity remain poorly understood. These include pneumolancidin and three other 

lantibiotic gene clusters that have not been named, highlighting the need for a unified 

nomenclature for the pneumococcal bacteriocin clusters. Pneumolancidin has been 

shown to inhibit a wide range of Gram-positive bacteria, including pneumococci that 

do not harbour the pneumolancidin bacteriocin cluster and thus lack the genes 

required for immunity to this bacteriocin, as well as isolates of L. monocytogenes, S. 

pyogenes, S. agalactiae, and L. lactis [256].  

As for the remaining three unnamed lantibiotic clusters, one was found to be under 

the control of a quorum sensing system known as TprA/PhrA, which induces their 

expression in the presence of galactose and represses them when under high 

glucose growth conditions [257]. Intriguingly, galactose is found in abundance in the 

nasopharynx, whereas glucose is scarce (although abundant in the blood), 

suggesting that the TprA/PhrA system may mediate the expression of this lantibiotic 

cluster to aid in competition for limited nutrient resources during nasopharynx 

colonisation [257]. Details regarding the antimicrobial activity of the lantibiotic cluster 

controlled by TprA/PhrA is currently scare, however, experiments suggest that the 

bacteriocins produced by this system are active against Micrococcus flavus, a 
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bacterium that colonises humans [258].  

The second unnamed lantibiotic gene cluster was identified computationally within 

an integrative and conjugative element (ICE) present in the pandemic pneumococcal 

strain ATCC700669 [259]. It has been suggested that the presence of this lantibiotic 

cluster may have been a contributing factor to the success of this strain, although no 

antimicrobial activity has so far been reported from this lantibiotic cluster [259].  

A recent genome mining effort (see 1.3.8 for more details on bacteriocin discovery) 

has identified a third unnamed lantibiotic cluster within the genome of 

pneumococcal strain SP23-BS72 [200]; however, the toxin genes encoded within 

this lantibiotic cluster in this particular strain were found to be frameshifted, which 

is predicted to result in the loss of antimicrobial activity [200]. Whether a functional 

version of this lantibiotic cluster is present among other strains of the 

pneumococcus is yet to be investigated.  

At the moment, excluding the blp and pneumocyclicin bacteriocins, details 

regarding the prevalence, genetic composition and molecular epidemiology of the 

remaining pneumococcal bacteriocin clusters in the context of the pneumococcal 

population are mostly unknown. Importantly, it remains an open question whether 

other bacteriocin clusters are also present among pneumococci and are still 

awaiting discovery. Therefore, the main aims of this chapter were to: a) employ a 

genome mining approach to discover potential novel bacteriocin clusters in a large 

and diverse set of historical and modern pneumococcal genomes isolated between 

1937 and 2008; b) determine the prevalence, genetic composition and molecular 

epidemiology of all known bacteriocins with respect to global population structure 

of pneumococci; c) study the genetic stability of each bacteriocin cluster over time; 
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d) explore co-occurrence patterns between different bacteriocins; e) characterise 

bacteriocin cluster insertion sites; f) explore whether pneumococcal bacteriocin 

clusters are also present in other streptococcal species; and g) investigate the 

expression of pneumococcal bacteriocin genes under various stress conditions.  

3.3 Methods 

3.3.1 Genome mining for the discovery of novel bacteriocin clusters 

A large dataset of assembled pneumococcal genomes (n=6,244) was compiled 

from previously published studies [212, 260-266] (Supplementary File 3.1). 

Genomes were scanned for the presence of bacteriocin gene clusters using a 

number of different bioinformatics tools and databases, such as antiSMASH [202] 

(to identify putative gene clusters that encode microbial secondary metabolites), 

bactibase [197] and Bagel [198] (to screen our genome sequences for homology 

to known bacteriocin genes from a diverse range of bacterial species) and 

InterProScan (to assess the putative function of encoded proteins and identify 

protein domains and key sites) [267] (data collected in March 2016) (Figure 3.1). 

Predicted bacteriocin-associated genes from the outputs were analysed manually 

and potential bacteriocin gene clusters were further scrutinised using extensive 

BLAST searches. An in-house pipeline was generated to automate part of the 

analysis workflow. Notably, no single tool or sequence alignment was capable of 

identifying all the bacteriocins, but rather a combination of tools was necessary to 

confidently identify each bacteriocin gene cluster. 



 
 

77 

 

Figure 3.1 - Outline of the pipeline for discovery of novel bacteriocins. No single tool was capable of identifying all the bacteriocins, but rather a combination 
of tools and substantial manual effort and inspection of sequences were necessary to confidently identify each bacteriocin gene cluster.  
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3.3.2 Investigation of the predicted bacteriocin genes  

Putative bacteriocin genes were annotated based on homology searches to other 

known bacteriocin genes, combined with structure-based searches. The structural 

and functional domains in protein sequences were predicted by CD-Search [245] 

using the NCBI Conserved Domain Database [246]. The protein sequences of 

genes   of interest were   submitted to the STRING database [247] to perform 

searches for any previously reported relationship to other genes (see general 

methods). Multiple sequence alignments were generated in Geneious version 9.1 

(Biomatters Ltd) using the ClustalW algorithm [268] with default parameters (Gap 

open cost=15, Gap extend cost=6.66), and the output was used to calculate 

percentage identity matrices. Gene organisation diagrams were produced using 

Geneious and further edited in Inkscape (http://inkscape.org). 

 

3.3.3 Classification and nomenclature of the identified bacteriocin clusters  

Based on their predicted biosynthetic machinery and structural features, 

bacteriocin clusters were classified according to Arnison et al. [157] and associated 

genes were named following the standard nomenclature for bacteriocins (Table 

3.1). Since most bacteriocin clusters were not exclusive to S. pneumoniae, but 

were also present in other closely-related streptococci (see below), the prefix 

“strepto-” was used to name the bacteriocin clusters followed by an abbreviation of 

the bacteriocin family: “streptococcins” for those belonging to the lactococcin 972-

like family, “streptolancidins” for lanthipeptides, “streptocyclicins” for the head-to-

tail cyclised peptides, “streptosactins” for the sactipeptides, and “streptolassins” for 

the lassopeptide family of bacteriocins. In cases where more than one bacteriocin 

cluster from the same family were present, they were named alphabetically in the 

chronological order that they were discovered in the analyses. 

http://inkscape.org/
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Table 3.1 (part 1). Classification and nomenclature of bacteriocin clusters found among 

pneumococci. 

 

Bacteriocin Family Gene Synonym(s) Predicted function 

Streptococcin A Lactococcin 972 

scaA - Precursor peptide 

scaB - Immunity 

scaC - Transport 

Streptococcin B Lactococcin 972 

scbA - Precursor peptide 

scbB - Immunity 

scbC - Transport 

Streptococcin C Lactococcin 972 

sccA - Precursor peptide 

sccB - Immunity 

sccC - Transport 

Streptococcin D Lactococcin 972 

scdA - Precursor peptide 

scdB - Immunity 

scdC - Transport 

Streptococcin E Lactococcin 972 

sceA - Precursor peptide 

sceB - Immunity 

sceC - Transport 

Streptolancidin A 
Lanthipeptide 

class: II 

slaA1 pldA1, SrnA Precursor peptide 

slaA2 pldA2, SrnA Precursor peptide 

slaA3 pldA3, SrnA Precursor peptide 

slaA4 pldA4 Precursor peptide 

slaA5 - Precursor peptide 

slaF pldF, srnX 
Transporter involved in 

immunity 

slaE pldE, srnY 
Transporter involved in 

immunity 

slaK pldK, srnK Histidine kinase 

slaR pldR, srnR Response regulator 

slaM pldM, srnM 
Bifunctional modification 

enzyme 

slaT pldT, srnT Transport 

Streptolancidin B 
Lanthipeptideclass: 

II 

slbF - 
Transporter involved in 

immunity 

slbG - 
Transporter involved in 

immunity 

slbE - 
Transporter involved in 

immunity 

slbA lcpA Precursor peptide 

slbM lcpM 
Bifunctional modification 

enzyme 

slbT lcpT Transport 

Streptolancidin C 
Lanthipeptide 

class: IV 

slcA - Precursor peptide 

slcX - Unknown 

slcL - 
Bifunctional modification 

enzyme 

slcT - Transport 

Streptolancidin D 
Lanthipeptide 

class: I 

sldA - Precursor peptide 

sldB - Dehydratase 

sldC - Cyclase 

sldT - Transport 
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Table 3.1 (part 2). Classification and nomenclature of bacteriocin clusters found among 

pneumococci. 

 

Bacteriocin Family Gene Synonym(s) Predicted function 

Streptolancidin E 
Lanthipeptide 

class: II 

sleM1 LanM Bifunctional modification enzyme 

sleA1 - Precursor peptide 

sleA2 - Precursor peptide 

sleM2 LanM Bifunctional modification enzyme 

sleM3 LanM Bifunctional modification enzyme 

sleT LanT Transport 

sleX1 - Unknown 

sleF MrsF Transporter involved in immunity 

sleG MutG Transporter involved in immunity 

sleX2 - Unknown 

Streptolancidin F 
Lanthipeptide 

class: IV 

slfA - Precursor peptide 

slfL - Bifunctional modification enzyme 

Streptolancidin G 
Lanthipeptide 

class: II 

slgA1 LanA1, pneA1 Precursor peptide 

slgA2 LanA2, pneA2 Precursor peptide 

slgM LanM Bifunctional modification enzyme 

slgD LanD FAD-dependent flavoprotein 

slgP1 - Peptidase 

slgT LanT Transport 

slgP2 LanP Peptidase 

Streptolancidin H 
Lanthipeptide 

class: I 

slhP - Peptidase 

slhR - Response regulator 

slhK - Histidine kinase 

slhF - Transporter involved in immunity 

slhE - Transporter involved in immunity 

slhG - Transporter involved in immunity 

slhX1 - Unknown 

slhX2 - Unknown 

slhA - Precursor peptide 

slhB - Dehydratase 

slhT - Transport 

slhC - Cyclase 

slhI - Immunity 
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Table 3.1 (part 3). Classification and nomenclature of bacteriocin clusters found among 

pneumococci. 

 

Bacteriocin Family Gene Synonym Predicted function 

Streptolancidin I 
Lanthipeptide 

class: I 

sliP - Peptidase 

sliR - Response regulator 

sliK - Histidine kinase 

sliF - Transporter involved in immunity 

sliE - Transporter involved in immunity 

sliG - Transporter involved in immunity 

sliA - Precursor peptide 

sliB - Dehydratase 

sliT - Transport 

sliC - Cyclase 

sliI - Immunity 

Streptolancidin J 
Lanthipeptide 

class: IV 

sljA1 - Precursor peptide 

sljL - Bifunctional modification enzyme 

sljP - Peptidase 

sljT1 - Transport 

sljT2 - Transport 

sljT3 - Transport 

sljA2 - Precursor peptide 

Streptolancidin K 
Lanthipeptide 

class: IV 

slkA - Precursor peptide 

slkL - Bifunctional modification enzyme 

slkT - Transport 

Streptocyclicin 
Head-to-tail 

cyclized 
peptides 

scyA pcyA Precursor peptide 

scyB pcyB Maturation/Immunity 

scyC pcyC Maturation/Immunity 

scyD pcyD Transport 

scyE pcyE Immunity/Transport 

Streptolassin Lasso peptides 

slsA - Precursor peptide 

slsC - Cyclase 

slsB1 - Peptide chaperone 

slsB2 - Dehydratase 

slsF - Transporter involved in immunity 

slsE - Transporter involved in immunity 

slsG - Transporter involved in immunity 

slsR - Response regulator 

slsK - Histidine kinase 

Streptosactin Sactipeptides 

ssaA - Precursor peptide 

ssaCD - Radical-SAM protein 

ssaX1 - Unknown 

ssaX2 - Unknown 

ssaP - Peptidase 

ssaX3 - Unknown 
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3.3.4 Investigation of the molecular epidemiology of the bacteriocin clusters  

A global representative dataset (n=571) was compiled by selecting a large and 

diverse collection of pneumococcal genomes recovered between 1916 and 2009 

from individuals of all ages living in 39 different countries (Supplementary File 

3.2). A private BIGSdb database [239] was used to store the genome sequences 

for the pneumococcal isolates along with their metadata (serotype, country of 

isolation, date of isolation etc.) (see general methods). The BIGSdb database 

platform was then used to construct a presence/absence matrix considering all 

the different known bacteriocin genes in all genomes in the study dataset. Using 

this matrix (79,940 genes) as an input, a Python script was developed to 

determine the prevalence, molecular epidemiology and co-occurrence patterns 

of the bacteriocins clusters.  

3.3.5 Generation of the core genome phylogenetic tree 

Genomes were annotated using the Prokka v1.10 program [244]. The 

annotation files were then input into Roary [249] and clustered using a threshold 

of 90% sequence similarity at the amino-acid level (parameter: -i 90). Genes 

present in all genomes were identified using a core genome threshold of 100% 

(parameter: -cd 100) and were aligned using Roary. FastTreeMP [269] was used 

to generate the phylogenetic tree, followed by ClonalFrameML [270] to 

reconstruct the tree adjusted for recombination. The tree was visualised using 

iTOL [248] and Inkscape. 
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3.3.6 Calculating the GC content of Streptococcus species 

In total, 1,395 assembled genomes from 70 different species of the genus 

Streptococcus were selected for this analysis (Supplementary File 3.3). 571 

genomes belonged to the pneumococcal global representative dataset described 

above. The remaining 824 genomes belonged to 69 different Streptococcus 

species, and up to 50 genomes per species were selected for analyses from the 

ribosomal MLST database (https://pubmlst.org/rmlst) [271]. When more than 50 

genomes were available, the population structure of the species was depicted 

using PHYLOViZ [272] and genomes were selected to maximise the population-

level diversity of the species from the available genomes. The average GC 

content values were calculated within the Geneious environment. 

3.3.7 Analyses of bacteriocin cluster insertion sites 

The DNA sequences of each bacteriocin gene cluster were used as queries to 

BLAST against all other genomes the dataset using the custom BLAST feature 

in Geneious. The matching region plus additional flanking regions were 

consecutively inspected manually using the query-centric view function of the 

Geneious program. Using extensive manual curation, regions of DNA with 

different bacteriocin clusters but similar flanking genes among different genomes 

were identified and further inspected using the Artemis Comparison Tool (ACT) 

[273]. Figures illustrating multiple sequence alignments of bacteriocin cluster 

insertion sites were made using Geneious, ACT and Inkscape. 
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3.3.8 RNA sequencing analyses 

3.3.8.1 Heat experiment 

An RNA sequencing dataset was previously generated from a pneumococcal 

strain 2/2 isolate growing at a higher temperature than normal (40 vs. 37°C) in 

order to elicit a stress response (see Chapter 2). Herein, the sequenced forward 

and reverse reads were paired and mapped against the annotated S. 

pneumoniae strain 2/2 genome using Bowtie2 [274] with the highest sensitivity 

option. Differences in gene expression were calculated in Geneious using the 

DESeq [275] method. Genes were considered differentially expressed if the 

adjusted P value was <0.05. The raw transcriptomic sequence data was 

deposited to the GEO database and is accessible through accession number 

GSE103778. 

3.3.8.2 Competition experiment 

An existing whole-genome RNA sequencing dataset produced from two 

genetically distinct reference strains, PMEN3 and PMEN6, was analysed in order 

to explore whether bacteriocin genes are induced in response to competition for 

space and nutrients. The dataset was previously generated by growing the 

reference strains together in the same BHI broth for 6 hours. The controls were 

generated by growing each reference strain individually in BHI broth for 6 hours. 

RNA from samples were extracted at five time points (2, 3, 4, 5 and 6 hours of 

incubation) during growth and sequenced using the procedures described in 

general methods.  
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Due to the complexity of the generated data, i.e. sequencing reads obtained from 

two strains of the same species, I developed a novel computational approach to 

perform this analysis. Firstly, a pseudo-reference genome was created using 

Bowtie2, Velvet [276] and MeDuSa [277] to separate the genes only found in 

PMEN3 and PMEN6 plus the genes shared between the two strains (Figure 3.2A). 

Next, sequencing reads from all time points were combined computationally to 

minimise variability caused by different growth rates of strains, and were 

subsequently mapped to the pseudo-reference genome using Bowtie2 with the 

highest sensitivity option (Figure 3.2B). Finally, differential expression analyses 

were performed using the DESeq method by comparing reads obtained when 

different strains were grown together versus those obtained from when two strains 

where grown individually, but the reads were combined in silico (Figure 3.2B).  

In theory, the control contained twice the amount of reads relative to the in vivo 

competition experiment as it was pooled in silico from two sets of samples 

(Figure 3.2B). Consequently, the downregulation of genes could not reliably 

assessed, but I could be more confident of the assessment of differential 

upregulation, since the levels of expression must surpass that of the in silico 

combined controls to be significant. Nevertheless, one drawback of this 

approach is that it only yields relative and not absolute values, and the fold-

change ratios for the upregulated genes between experimental and control 

samples were likely underestimated. The raw transcriptomic sequence data for 

this analysis is accessible through accession number GSE110750. 
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Figure 3.2 - A visual summary of the methodology for analysing the RNA sequencing data from the 
co-colonisation experiment. A, Steps involved in generating the pseudo-reference genome. The names 
of the tool used in each step are shown in pink. B, Schematic describing the combination of RNA sequence 
reads in order to calculate differential expression levels. 
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3.4 Results 

3.4.1 Genome mining triples the number of known bacteriocins in S. 

pneumoniae 

A large and diverse set of 571 historical and modern pneumococcal genomes 

(Supplementary File 3.2) were scanned for the presence of bacteriocin gene 

clusters, which resulted in the identification of 14 newly-discovered bacteriocin 

clusters, increasing the number of known bacteriocins in this species to 21 (Table 

3.2). Among the identified bacteriocin clusters, several belonged to three distinct 

bacteriocin families of lactococcin 972, lassopeptide and sactipeptide [157, 189, 

190], which were previously not known to be harboured by pneumococci. I 

subsequently expanded the search for bacteriocins to a much larger dataset of 

5,673 published pneumococcal genomes (Supplementary File 3.1), but no 

additional bacteriocins were found; thus, the detailed description of the 

bacteriocins in this chapter is restricted to those identified in the dataset of 571 

genomes. BLAST searches in the NCBI database of nucleotide collection revealed 

that the majority of these clusters were not exclusive to S. pneumoniae but were 

also present in other closely related streptococci (Table 3.3).  
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Table 3.2 - List of the bacteriocins identified among pneumococci.  

Bacteriocin Bacteriocin familya Synonym(s)b 
Newly 

discovered 

streptococcin A Lactococcin 972 - Yes 

streptococcin B Lactococcin 972 - Yes 

streptococcin C Lactococcin 972 - Yes 

streptococcin D Lactococcin 972 - Yes 

streptococcin E Lactococcin 972 - Yes 

streptolancidin A Lanthipeptide (class: II) pneumolancidin [256] and salivaricin E [278]  - 

streptolancidin B Lanthipeptide (class: II) lcpAMT [279] and ICESp23FST81 lantibiotic [259] - 

streptolancidin C Lanthipeptide (class: IV) - Yes 

streptolancidin D Lanthipeptide (class: I) - Yes 

streptolancidin E Lanthipeptide (class: II) SP23-BS72 lantibiotic [200]  - 

streptolancidin F Lanthipeptide (class: IV) - Yes 

streptolancidin G Lanthipeptide (class: II) phr lantibiotic [257]  - 

streptolancidin H Lanthipeptide (class: I) - Yes 

streptolancidin I Lanthipeptide (class: I) - Yes 

streptolancidin J Lanthipeptide (class: IV) - Yes 

streptolancidin K Lanthipeptide (class: IV) - Yes 

streptocyclicin Head-to-tail cyclised pneumocyclicin [175]  - 

streptolassin Lasso peptides - Yes 

streptosactin Sactipeptides - Yes 

cib Unclassified cibAB [255]  - 

blp Unclassified spi and pnc [175] - 

 

The family of each bacteriocin according to Arnison et al. [157] (a) and synonym(s) for the previously 

identified bacteriocins (b) are provided. 

 

 

 

Table 3.3 (part 1). Result of the BLAST searches of the bacteriocin clusters in the NCBI database.  

streptococcin A (IS6) 

Organism Strain 
Total 

scorea 
Query 
coverb 

E 
valuec 

Identityd Accession 

Streptococcus oralis Uo5 3760 99.00% 0 89.00% FR720602.1 

Streptococcus mitis B6 B6 3563 89.00% 0 90.00% FN568063.1 

Streptococcus spp. VT 162 3411 88.00% 0 89.00% CP007628.2 

Streptococcus pseudopneumoniae IS7493 2966 99.00% 0 84.00% CP002925.1 

       

streptococcin B (IS6) 

Organism Strain 
Total 
score 

Query 
cover 

E 
value 

Identity Accession 

Streptococcus mitis B6 
KCOM 
1350 

4963 100% 0 96.00% CP012646.1 

Streptococcus pseudopneumoniae IS7493 4290 89.00% 0 95.00% CP002925.1 
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Table 3.3 (part 2). Result of the BLAST searches of the bacteriocin clusters in the NCBI database.  

streptococcin C (IS6) 

Organism Strain 
Total 
score 

Query 
cover 

E 
value 

Identity Accession 

Streptococcus 
pseudopneumoniae 

IS7493 5234 100% 0 97.00% CP002925.1 

Streptococcus mitis  B6 4313 86.00% 0 96.00% FN568063.1 

Streptococcus mitis  KCOM 1350 4113 86.00% 0 94.00% CP012646.1 

Streptococcus spp. 
oral taxon 

431 
3241 100% 0 82.00% CP014264.1 

Streptococcus spp. VT 162 2802 86.00% 0 82.00% CP007628.2 

       

streptococcin D (IS6) 

Organism Strain 
Total 
score 

Query 
cover 

E 
value 

Identity Accession 

Streptococcus spp. A12 2495 88.00% 0 84.00% CP013651.1 

Streptococcus oligofermentans AS 1.3089 2401 87.00% 0 83.00% CP004409.1 

Streptococcus gordonii Challis 2303 88.00% 0 82.00% CP000725.1 

Streptococcus parasanguinis ATCC 15912 2274 87.00% 0 82.00% CP002843.1 

Streptococcus parasanguinis FW213 2239 87.00% 0 82.00% CP003122.1 

       

streptococcin E (IS6) 

Organism Strain 
Total 
score 

Query 
cover 

E 
value 

Identity Accession 

Streptococcus suis 6407 4713 100% 0 95.00% CP008921.1 

Streptococcus equi MGCS10565 3229 97.00% 0 86.00% CP001129.1 

Streptococcus equi H70 3182 97.00% 0 86.00% FM204884.1 

Streptococcus equi CY 3173 98.00% 0 86.00% CP006770.1 

Streptococcus equi 4047 1893 49.00% 0 87.00% FM204883.1 

 

streptolancidin A (PN1) 

Organism Strain 
Total 
score 

Query 
cover 

E 
value 

Identity Accession 

Streptococcus salivarius JH 22580 92.00% 0 97.00% KT032116.1 

Streptococcus mitis B6 10223 46.00% 0 96.00% FN568063.1 

Streptococcus oralis osk_001 3396 18.00% 0 97.00% AP018338.1 

       

streptolancidin B (USA35) 

Organism Strain 
Total 
score 

Query 
cover 

E 
value 

Identity Accession 

No significant similarity found. N/A N/A N/A N/A N/A N/A 

       

streptolancidin C (19F/5) 

Organism Strain 
Total 
score 

Query 
cover 

E 
value 

Identity Accession 

No significant similarity found. N/A N/A N/A N/A N/A N/A 
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Table 3.3 (part 3). Result of the BLAST searches of the bacteriocin clusters in the NCBI database.  

streptolancidin D (CGSP14) 

Organism Strain 
Total 
score 

Query 
cover 

E 
value 

Identity Accession 

Streptococcus dysgalactiae  ATCC 12394 4370 99.00% 0 81.00% CP002215.1 

Streptococcus dysgalactiae  167 4298 99.00% 0 81.00% AP012976.1 

Streptococcus thermophilus S9 4279 98.00% 0 81.00% CP013939.1 

Streptococcus thermophilus CS8 4274 98.00% 0 81.00% CP016439.1 

Streptococcus thermophilus CNRZ1066 4274 98.00% 0 81.00% CP000024.1 

       

streptolancidin E (Tennessee 23F/4) 

Organism Strain 
Total 
score 

Query 
cover 

E 
value 

Identity Accession 

No significant similarity found. N/A N/A N/A N/A N/A N/A 

       

streptolancidin F (45/4) 

Organism Strain 
Total 
score 

Query 
cover 

E 
value 

Identity Accession 

No significant similarity found. N/A N/A N/A N/A N/A N/A 

       

streptolancidin G (D39) 

Organism Strain 
Total 
score 

Query 
cover 

E 
value 

Identity Accession 

No significant similarity found. N/A N/A N/A N/A N/A N/A 

       

streptolancidin H (UoS3138) 

Organism Strain 
Total 
score 

Query 
cover 

E 
value 

Identity Accession 

Streptococcus mitis KCOM 1350 9850 37.00% 0 98.00% CP012646.1 

 

streptolancidin I (ERR063921) 

Organism Strain 
Total 
score 

Query 
cover 

E 
value 

Identity Accession 

Streptococcus agalactiae SG-M25 24421 100% 0 99.00% CP021867.1 

Streptococcus agalactiae C001 24408 100% 0 99.00% CP008813.1 

Streptococcus suis JS14 24393 100% 0 99.00% CP002465.1 

Streptococcus suis SC070731 24387 100% 0 99.00% CP003922.1 

Streptococcus pasteurianus ATCC 43144 23878 100% 0 99.00% AP012054.1 

Streptococcus uberis 42 16610 96.00% 0 93.00% DQ146939.1 

       

streptolancidin J (1/5) 

Organism Strain 
Total 
score 

Query 
cover 

E 
value 

Identity Accession 

No significant similarity found. N/A N/A N/A N/A N/A N/A 

 

streptolancidin K (ERR054267) 

Organism Strain 
Total 
score 

Query 
cover 

E 
value 

Identity Accession 

Streptococcus pseudopneumoniae IS7493 2250 29.00% 0 98.00% CP002925.1 
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Table 3.3 (part 4). Result of the BLAST searches of the bacteriocin clusters in the NCBI database.  

streptolancidin K (ERR054267) 

Organism Strain 
Total 
score 

Query 
cover 

E 
value 

Identity Accession 

Streptococcus pseudopneumoniae IS7493 2250 29.00% 0 98.00% CP002925.1 

       

streptosactin (VICE0913) 

Organism Strain 
Total 
score 

Query 
cover 

E 
value 

Identity Accession 

Streptococcus intermedius B196 11329 100% 0 99.00% CP003857.1 

Parvimonas micra 
KCOM 
1535 

11318 100% 0 99.00% CP009761.1 

       

Streptolassin (37/3) 

Organism Strain 
Total 
score 

Query 
cover 

E 
value 

Identity Accession 

Streptococcus mitis SVGS_061 15187 100% 0 99.00% CP014326.1 

Streptococcus suis SC19 12331 99.00% 0 93.00% CP020863.1 

Streptococcus suis SS2-1 12331 99.00% 0 93.00% CP018908.1 

Streptococcus suis ZY05719 12331 99.00% 0 93.00% CP007497.1 

Streptococcus equinus FDARGOS 12191 47.00% 0 95.00% CP020439.1 

       

Streptocyclicin (2/2) 

Organism Strain 
Total 
score 

Query 
cover 

E 
value 

Identity Accession 

Streptococcus pseudopneumoniae IS7493 5339 100% 0 99.00% CP002925.1 
 

a, The total score is the sum of scores of all aligned sequences. b, Query coverage refers to the percent 

of the query length that is included in the aligned segments. c, E-value denotes the expected number 

of chance alignments: the smaller the E-value, the less likely the resulting alignment was assembled by 

chance. d, Identity value is the percentage of perfect matches between subject and query. 

 

Further support for the interspecies exchange of bacteriocin clusters was provided 

by investigating the DNA base composition of the clusters. The average guanine-

cytosine (GC) content of pneumococcal genomes in the dataset was 39.6%, 

however, the average GC content for different bacteriocin groups ranged from: 

streptococcins, 36.3–42.4%; streptolancidins subset 1, 31.2–33.4%; streptolassin, 

31.2%; streptolancidins subset 2, 28.9–29.6%; streptocyclicin, 27.0%; and 

streptosactin, 25.5%. For comparison, the average GC content of other non-

pneumococcal Streptococcus species was calculated using 824 genomes of 69 

different Streptococcus species, and varied from 33.2 to 44.6% (Figure 3.3). 
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Figure 3.3 – GC content of pneumococcal bacteriocin clusters. A, Four examples of GC plots 
showing the percentage GC content of bacteriocin cluster genes (red), transcriptional regulator 
genes (green), and other adjacent pneumococcal genes (grey). The names of the bacteriocin 
and the genome harbouring it are provided, with the percentage GC content of each in brackets. 
The green and blue lines in each graph depicts adenine (A) thymine (T) content, respectively. B, 
Average GC content for each bacteriocin cluster type, grouped by bacteriocin type or class. The 
lanthipeptides formed two subsets based on GC content of <30 or >31%. C, Average GC content 
for genomes of non-pneumococcal streptococcal species. The number of genomes for each 
species used in the analyses are given in brackets.   
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Five streptococcins were identified among pneumococci. Despite gene synteny 

among the streptococcins (Figure 3.4), nucleotide sequence similarity was low: 

bacteriocin genes, 37–59%; immunity genes, 27–48%; and transporter genes, 

49–63% (Figure 3.5). Different streptococcins were found in different but 

consistent locations within the bacterial chromosome and one example of this is 

illustrated in Figure 3.6. Furthermore, eleven different streptolancidins, one 

streptosactin, one streptocyclicin and one streptolassin were also present among 

pneumococcal genomes (Figure 3.7). The amino acid sequences of bacteriocins 

from these clusters shared very little sequence similarity to other known 

bacteriocins (Figure 3.8).  

There was a pattern in the genes flanking the pneumococcal bacteriocin clusters: 

genes commonly present in the flanking regions were predicted to encode CAAX 

proteins (thought to be involved in self-immunity from bacteriocin toxins [201]), Rgg 

and PlcR transcriptional regulators (thought to be involved in bacterial quorum 

sensing [280]), transporters and mobile element proteins (Figure 3.4 and 3.7). 
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Figure 3.4 - A schematic representation of each streptococcin cluster and their flanking regions. The coding regions were derived from the genome of 

pneumococcal strain IS6, which contains five different streptococcin clusters.
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Figure 3.5 - A distance matrix of the nucleotide sequence identity shared between genes of 

different streptococcin clusters. The coding sequences were derived from the genome of 

pneumococcal strain IS6, which possess five different streptococcin clusters. 

 

 

 

 

Figure 3.6 - A schematic representation of the finished genome of pneumococcal strain 

G54 with the locations of the five streptococcin clusters highlighted in red.
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Figure 3.7 - Genetic composition of streptolancidin, streptocyclicin, streptosactin, and streptolassin 

bacteriocins in the pneumococcal genomes. The names of the isolates containing each bacteriocin cluster 

are given in brackets and the class of each bacteriocin cluster is given underneath the names of isolates. 
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Figure 3.8 - Predicted bacteriocin genes identified in this study aligned against similar 

bacteriocin genes in other bacterial species for comparison. 



 
 

98 

3.4.2 Bacteriocin heterogeneity within a global pneumococcal population 

dataset 

I further assessed these bacteriocins in the context of the pneumococcal 

population structure. The study dataset consisted of a diverse collection of 571 

pneumococci isolated between 1916 and 2009 from patients and healthy 

individuals of all ages residing in 39 different countries across six continents. 

Eighty-eight pneumococcal serotypes and 99 different clonal complexes were 

represented (Table 3.4 and Supplementary File 3.2). All bacteriocins detected 

more than once in the dataset were identified among pneumococci isolated over 

several decades and from a variety of different countries (Table 3.4). Some 

bacteriocins were found to be ubiquitous among all genomes in the dataset, while 

others were only detected in certain clonal complexes; however, bacteriocins found 

in more than one genome were present in pneumococci isolated over several 

decades from various countries (Table 3.4). The number of bacteriocin clusters 

present in each genome varied widely among pneumococci, ranging from 6 to 11 

(Figure 3.9). Nevertheless, certain combinations of bacteriocins were more 

commonly represented than others (Figure 3.10).  

Bacteriocin clusters lacking one or more genes compared to the largest clearly 

described cluster were deemed as partial. The percentages of partial and 

complete clusters varied between different bacteriocins (Figure 3.11). For 

instance, streptococcin E was found in nearly all pneumococci (99.8%) but was 

partial in the majority (83.5%) of cases, while streptococcin C was present in all 

genomes as a complete cluster (Table 3.4). 
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Table 3.4 – Molecular epidemiology of the bacteriocin clusters identified among a dataset of 571 pneumococci recovered since 1916 from patients 

of all ages residing in 39 different countries.  

Bacteriocin 
Genome(s) 

Year(s) of Isolation Countries (n) Clonal complexes* (n) Serotypes (n) 
Complete Partial Total 

streptococcin A 374 (65.5%) 31 (5.4%) 405 (70.9%) 1916 - 2009 36 80 76 

streptococcin B 415 (72.7%) 156 (27.3%) 571 (100%) 1916 - 2009 39 99 88 

streptococcin C 571 (100%) 0 (0.0%) 571 (100%) 1916 - 2009 39 99 88 

streptococcin D 6 (1.1%) 0 (0.0%) 6 (1.1%) 1968 - 2005 5 3 4 

streptococcin E 74 (13.0%) 496 (86.9%) 570 (99.8%) 1916 - 2009 39 98 88 

streptolancidin A 1 (0.2%) 1 (0.2%) 2 (0.4%) 1972 - 2006 2 2 2 

streptolancidin B 45 (7.9%) 48 (8.4%) 93 (16.3%) 1939 - 2006 16 11 10 

streptolancidin C 73 (12.8%) 213 (37.3%) 286 (50.1%) 1937 - 2009 27 52 52 

streptolancidin D 49 (8.6%) 0 (0.0%) 49 (8.6%) 1938 - 2006 13 13 11 

streptolancidin E 3 (0.5%) 161 (28.2%) 164 (28.7%) 1937 - 2009 25 21 38 

streptolancidin F 23 (4.0%) 0 (0.0%) 23 (4.0%) 1937 - 2006 7 4 11 

streptolancidin G 186 (32.6%) 13 (2.3%) 199 (34.9%) 1916 - 2009 25 38 46 

streptolancidin H 1 (0.2%) 0 (0.0%) 1 (0.2%) 2006-2008 1 0 1 

streptolancidin I 1 (0.2%) 0 (0.0%) 1 (0.2%) 2009 1 1 1 

streptolancidin J 140 (24.5%) 237 (41.5%) 377 (66.0%) 1916 - 2009 33 64 74 

streptolancidin K 1 (0.2%) 0 (0.0%) 1 (0.2%) 2009 1 0 1 

streptocyclicin 205 (35.9%) 4 (0.7%) 209 (36.6%) 1937 - 2009 20 46 59 

streptolassin 20 (3.5%) 0 (0.0%) 20 (3.5%) 1939 - 1996 8 7 10 

streptosactin 1 (0.2%) 0 (0.0%) 1 (0.2) 2009 1 1 1 

cib 551 (96.5%) 14 (2.5%) 557 (97.5%) 1916 - 2009 39 97 88 

blp N/A N/A 571 (100%) 1916 - 2009 39 99 88 

 
*Singletons (single genotypes with no closely related variant) were excluded from the count. 
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Figure 3.9 - The number of bacteriocins per genome among the 571 pneumococcal genomes. 

 

 

 

Figure 3.10 - Bacteriocin combinations found within a global pneumococcal dataset. Black 

and white boxes indicate the presence or absence of each bacteriocin, respectively. The 

epidemiological characteristics of the pneumococci that possessed each combination of 

bacteriocins are provided in the columns in the right side of the figure.
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Figure 3.11 - Diversity of bacteriocins within a global pneumococcal dataset. A phylogenetic 
tree of the genomes in the study dataset labelled according to the presence of different bacteriocins. 
Due to complicated genetic composition of the blp clusters [175], a similar classification between 
partial (those with missing genes) and complete clusters could not be applied. Instead, their 
presence (irrespective of being partial or complete) is depicted by green.
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Owing to their relatively simple genomic structure (being composed of only three 

genes), streptococcins were selected as models for further scrutinising the 

pattern of missing genes in partial bacteriocin clusters. A detailed investigation 

of streptococcins showed that the majority of the partial clusters do not harbour 

the gene encoding the bacteriocin pre-peptide, while the immunity and/or the 

transporter genes are still retained (Table 3.5). This observation is in 

accordance with the “cheater”- hypothesis, which suggests that some strains 

retain the immunity and transporter genes in order to protect themselves from 

neighbouring bacteria that express the bacteriocin, without bearing the cost of 

toxin production [252, 281]. 

 

Table 3.5 - The overall prevalence of the streptococcin gene clusters. 

 

 

The patterns of gene presence (column 1: A, bacteriocin; B, immunity; C, transporter) and 

frequency of those patterns (indicated by numbers) among streptococcins A–E within the study 

dataset are provided. 
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3.4.3 Genomic hotspots for the integration of different bacteriocin gene 

clusters 

I investigated the flanking regions of each bacteriocin gene cluster among 

genomes in the study dataset, which led to the identification of three specific 

locations in the pneumococcal chromosome that are putative hotspots for the 

integration of bacteriocin clusters. These loci, which I termed bacteriocin 

cluster hotspots (BCHs), consisted of regions of DNA in the genome where 

different bacteriocin clusters with identical flanking genes were detected in 

different isolates (Figure 3.12). The presence of multiple BCHs among 

pneumococcal genomes suggested a switching mechanism whereby different 

bacteriocin clusters may replace one another through genetic recombination.  

Up to three different bacteriocin clusters were found within a single BCH (Figure 

3.12). The acquisition of streptolancidin G appeared to have resulted in a partial 

streptococcin E cluster by replacement of the bacteriocin pre-peptide gene and 

part of the gene encoding the bacteriocin immunity protein (Figure 3.12A). 

Streptolancidin G was not detected in genomes that possessed a complete 

streptococcin E cluster (Figure 3.11), whereas the remnant genes of 

streptococcin E partial clusters were conserved in pneumococcal genomes 

isolated over nearly a century (Figure 3.11 and Table 3.5). 
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Figure 3.12 - Whole genome-based population analysis reveals evidence for bacteriocin switching 

among pneumococci. Bacteriocin cluster hotspots (BCHs) were defined as regions of DNA where different 

bacteriocin clusters with identical flanking genes were found among pneumococcal genomes. Linear 

comparisons of (A) BCH-1, (B) BCH-2, and (C) BCH-3 are displayed. The isolate names are shown in 

brackets. The family of each bacteriocin cluster is provided underneath the isolate name. 
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3.4.4 Transcriptome analyses demonstrate temporal dynamic changes in the 

expression of bacteriocin genes in response to heat 

An existing whole-genome RNA sequencing dataset generated from a 

pneumococcal strain 2/2 isolate growing in broth culture at a higher incubation 

temperature than normal (40 vs. 37°C) (NCBI GEO accession number 

GSE103778) was investigated in order to assess whether the bacteriocin 

clusters are transcriptionally active. A number of genes belonging to multiple 

bacteriocin clusters were found to be differentially expressed compared to the 

control over several time points (Figure 3.13), revealing that many of these 

bacteriocin genes were likely to be transcribed in response to external stress.  

The strain 2/2 harbours two partial bacteriocin clusters (streptolancidin J and 

streptococcin E). Despite lacking several genes, the remaining genes in these 

clusters were found to be upregulated in response to heat and furthermore, 

the timing of gene expression differed among bacteriocin clusters, with some 

being induced at an earlier time point than others, while several were up-

regulated concurrently (Figure 3.13). The regulatory mechanisms involved in 

modulating the expression of bacteriocin genes remain to be investigated. A 

full list of the differentially expressed genes and their sequence is provided in 

the Supplementary File 3.4. 
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Figure 3.13 - Dynamic changes in the expression of bacteriocin genes in response to 
bacterial stress. The differential expression levels for each bacteriocin clusters found in 
pneumococcal strain 2/2 when incubated at 40°C vs. 37°C are shown. Genes are represented by 
rows and differential expression levels at different time points are indicated in columns. An asterisk 
to the left of a cell indicates a statistically significant differential expression level (p < 0.05). 



 
 

107 

3.4.5 Bacteriocins are induced in response to strain competition  

I analysed an existing whole-genome RNA sequencing dataset (NCBI GEO 

accession number GSE110750) generated from two genetically distinct reference 

strains, PMEN3 and PMEN6 in order to explore whether bacteriocin genes are 

induced in response to competition for space and nutrients. Many pneumococcal 

genes were found to be significantly upregulated when the two strains were co-

cultured compared to when cultured individually including those that would be 

expected during growth (e.g. metabolic genes), as well as 29 different bacteriocin 

genes (Figure 3.14 and Supplementary File 3.5).  

 

Figure 3.14 - Evidence for the upregulation of bacteriocin genes when two reference strains, 

PMEN3 and PMEN6, were co-cultured in broth media. Only genes that were upregulated 

compared to the controls (strains cultured individually) are displayed in the figure. Genes of interest 

that were unique to each reference strain and those shared by both strains are marked in different 

colours. Two copies of blpK were found in different locations (one in the blp cluster as expected 

and one elsewhere in the genome) in both genomes and are marked here with a cross. A full list of 

the upregulated genes can be found in the Supplementary File 3.5. 
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Since the genomes of both PMEN3 and PMEN6 were already sequenced, the 

original intention was to map the RNA sequencing reads generated for each strain 

back to their corresponding genome sequence; however, many of the bacteriocin 

genes were present in similar allelic versions in both strains and therefore it was 

not possible to establish with confidence whether the gene was overexpressed in 

only one strain or whether both strains upregulated similar genes. Nevertheless, a 

number of bacteriocin genes were present in only one of the two test strains: the 

gene encoding the bacteriocin toxin of streptococcin A (scaA) and a putative 

immunity gene (pncM) from the blp bacteriocin cluster were found to be 

significantly upregulated in PMEN3; whereas PMEN6 significantly upregulated the 

gene encoding the bacteriocin toxin of streptococcin E (sceA). The list of 

significantly upregulated genes in the reference strains also included genes 

associated with prophages (Figure 3.14 and Supplementary File 3.5).  

3.5 Discussion 

A clear understanding of the role bacteriocins play in pneumococcal biology is 

central to understanding microbial interactions within the ecological niche (the 

nasopharynx). The importance of intraspecies competition to pneumococcal 

ecology is reflected in the changes in prevalence of different pneumococcal 

serotypes and genotypes in the nasopharynx over time, and understanding 

competition dynamics is important in the context of understanding vaccine impact 

[282, 283]. As discussed in the general introduction (see 1.2.7.4), pneumococcal 

vaccines are disruptive to the pneumococcal population structure and alter the 

composition of microbes competing for space and nutrients in the nasopharynx. 
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The effects of this disruption are not yet fully understood but can lead to increased 

disease in human populations [284-286].  

The findings presented in this chapter underscore the extraordinarily complexity of 

the bacteriocins possessed by S. pneumoniae. This study revealed that not only do 

pneumococci possess a substantially greater and more varied array of bacteriocins 

than previously recognised, the bacteriocins (often in a particular combination) are 

associated with specific clonal complexes. This is fundamental, as it provides the 

framework on which to investigate the mechanisms underpinning specific 

bacteriocin-pneumococcus combinations, particularly among epidemiologically 

successful clonal complexes, and the activity of specific bacteriocin and immunity 

genes. Additionally, the 14 newly-discovered bacteriocins as part of this study are 

potential candidates for further investigation as novel antimicrobials. In fact, several 

of the bacteriocins identified as part of this chapter are currently in the process of 

being synthesised and tested in collaboration with an industrial partner. This work 

also provides a unified and easily accessible nomenclature for the pneumococcal 

bacteriocin clusters and their genes. 

The number of genomes used in the population-based analyses made it possible to 

more confidently deduce the set of genes expected to be present in a complete 

bacteriocin gene cluster. This is valuable for designing future studies that assess 

their antimicrobial potential, as it reduces the risk of inadvertently choosing an isolate 

that harbours a partial cluster (missing genes necessary for bacteriocin 

biosynthesis). Furthermore, the information regarding the prevalence of bacteriocins 

is insightful in informing decisions as to which bacteriocin cluster might be the best 

candidate for drug development; for instance, if a bacteriocin is rarely found in the 
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natural population, fewer bacteria are likely to be resistant to it; additionally, a 

bacteriocin that is extremely conserved and ubiquitously present among all 

pneumococci, such as streptococcin C, is likely to play an important role in the 

biology of the pneumococcus, and therefore may serve as a potential drug target.  

Several locations in the pneumococcal chromosome were identified where 

different bacteriocin clusters were found among different isolates, suggesting a 

switching mechanism, whereby pneumococci can exchange bacteriocin clusters 

via recombination events (Figure 3.12). Recombination is well documented to 

occur at several other locations in the pneumococcal genomes. For instance, 

genetic exchange between genes at the capsular polysaccharide locus occurs 

frequently and can lead to changes in serotype, a phenomenon known as serotype 

switching [99, 100, 103]. Likewise, the DpnI, DpnII and DpnIII clusters, each 

possessing a unique restriction modification system, can replace one another at 

the dpn locus, which is implicated in providing protection against phage attack at 

the population level [287, 288].  

The current study identified multiple examples of the proposed bacteriocin cluster 

switching events that had taken place adjacent to different quorum-sensing 

transcriptional regulators TprA and Rgg. Interestingly, although the genes known 

to be under the regulation of TprA and Rgg were replaced, the quorum-sensing 

transcriptional regulators remained conserved (Figure 3.12A-B). As described 

above (see 3.2), TprA is shown to regulate the expression of its downstream 

bacteriocin genes according to the levels of galactose and glucose present in the 

environment, which is thought to facilitate nasal colonisation by helping 

pneumococci to compete for resources [257, 289]. Similarly, Rgg is known to 



 
 

111 

control the expression of its adjacent genes, and this is thought to be mediated by 

sensing amino acid levels in the cellular community [290]. An explanatory 

hypothesis might be that bacteriocin cluster switching provides a mechanism by 

which the existing intricate quorum-sensing signalling network required for 

coordinating population-level behaviours is accessible by the newly acquired 

bacteriocin cluster. This remains to be experimentally verified. 

RNA sequencing revealed that bacteriocin genes are transcriptionally active when 

pneumococci are under stress or competing with different strains during bacterial 

co-culture, which must be considered when designing laboratory experiments 

aimed at assessing the role of an individual bacteriocin. Moreover, the data from 

the co-culture experiment provides proof-of-concept that such a method can be 

utilised to investigate the differential expression of important bacterial genes when 

different strains of the same species are in competition for limited resources. It 

remains to be shown whether functional bacteriocin proteins are produced in vivo, 

and further experiments are needed to evaluate their antibacterial activities. 

Interestingly, other genes that were significantly upregulated when pneumococci 

were competing during bacterial co-culture were genes associated with unique 

prophages present in each of the PMEN strains (Figure 3.14). The extent to which 

prophages are influencing pneumococcal biology and perhaps competition 

between strains is not yet understood and needs further investigation. Having 

characterised and revealed a large and diverse repertoire of bacteriocins among 

streptococci in this chapter, the two result chapters that follow move on to 

characterise and investigate prophages of pneumococci and other members of the 

Streptococcus genus (see Chapter 4 and 5).    
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3.6 Supplementary information 

Supplementary File 3.1. List of pneumococcal genomes used for the genome 

mining of bacteriocins. 

Supplementary File 3.2. Descriptive data for the genomes included in the global 

representative dataset. 

Supplementary File 3.3. List of genomes used for calculating the GC content of 

Streptococcus species.  

Supplementary File 3.4. RNA sequencing data from the heat experiment. 

Supplementary File 3.5. RNA sequencing data from the competition experiment. 
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4. Genomic investigation and molecular epidemiology of satellite prophages in 

S. pneumoniae 

The findings described in this chapter were presented in part at two conferences: i) in 

an oral presentation at the 11th International Symposium on Pneumococci and 

Pneumococcal Diseases, in Melbourne, Australia in April 2018; and ii) in an oral 

presentation at the 14th European Meeting on the Molecular Biology of the 

Pneumococcus, in Greifswald, Germany in June 2019.  

This chapter and chapter 5 were combined into one manuscript, which has been 

accepted for publication in Nature Communications (in press). A pre-print version was 

published in bioRxiv in December 2018 as: 

Reza Rezaei Javan, Elisa Ramos-Sevillano, Asma Akter, Jeremy Brown and Angela 

B Brueggemann. 2018. Prophages and satellite prophages are widespread among 

Streptococcus species and may play a role in pneumococcal pathogenesis. bioRxiv 

[Preprint]. doi: 10.1101/203398 

All of the bacterial genomes used in this chapter were retrieved from the Brueggemann 

BIGSdb database as described in Chapter 3. A large-scale prophage study was 

published by the Brueggemann group at the start of my DPhil work and one of my 

contributions to this paper was the analysis of the RNA sequencing data. The RNA 

sequencing dataset was generated in the Brueggemann laboratory by Dr Andries van 

Tonder, Caroline Harrold and Prof Angela Brueggemann. Extracted RNA samples 

were sent for sequencing to the High-Throughput Genomics Group at the Wellcome 

Trust Centre for Human Genetics.  I used the raw RNA sequencing reads generated 

from these experiments, assembled them to the reference genomes, and performed 
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the differential expression analyses for the transcriptomic analyses that were 

presented in the published paper (data presented in Figure 4.1):  

Angela B. Brueggemann, Caroline L. Harrold, Reza Rezaei Javan, Andries J. van 

Tonder, Angus J. McDonnell and Ben A. Edwards. 2017. Pneumococcal prophages 

are diverse, but not without structure or history. Scientific Reports 7:42976. doi: 

10.1038/srep42976 

The Scientific Reports paper focused on full-length prophages and only performed 

limited analyses of the ‘partial prophages’, which were of interest but the large volume 

of data meant we focused on primarily characterising and reporting the full-length 

prophages first. The 403 partial phage sequences identified in the study were extracted 

via manual curation by Prof Angela Brueggemann and stored in a BIGSdb database, 

and I reassessed these in the work described here in this chapter.   

A second RNA sequencing dataset was investigated as part of my work on satellite 

prophages, and these transcriptomic data were generated and published by Blanchette 

et al [240]. I downloaded the raw RNA sequencing data from the GEO repository and 

reanalysed the Blanchette data as described in this chapter. 

The laboratory work that was performed to assess the role of the putative vapE 

virulence gene and the satellite prophage genome harbouring it (data presented in 

Figure 4.11B and 4.12) were part of a collaborative study with Prof Jeremy Brown and 

Dr Elisa Ramos-Sevillano at University College London. The experimental work was 

performed by Dr Elisa Ramos-Sevillano and Dr Asma Akter (a post-doc in Prof 

Brueggemann’s research group).  Dr Ramos-Sevillano and Dr Akter created the 

genetic mutants and Dr Elisa Ramos-Sevillano performed the animal experiments. 
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4.1 Abstract 

Prophages are phage genomes that are integrated into bacterial chromosomes and 

are of interest because they can be reservoirs of genes that are involved in bacterial 

pathogenesis. Satellite prophages are a recently discovered type of prophage that do 

not have the ability to replicate on their own and have a life cycle that is dependent on 

the bacterial host and an additional helper phage. Satellite prophages have a 

demonstrated role in virulence in several bacterial species, but the prevalence, 

diversity and genetic stability of satellite prophages among pneumococci are currently 

unknown, and whether or not pneumococcal satellite prophages encode any virulence 

factors has not yet been investigated. Here, I investigated 403 ‘partial prophage’ 

sequences identified as part of a recent study by the Brueggemann group with the aim 

of identifying whether any satellite prophages exist among these sequences. This work 

led to the identification of 44 unique and novel satellite prophages, and the molecular 

epidemiology of these elements was conducted in the context of the pneumococcal 

population structure. A putative virulence gene, vapE, was revealed in some of the 

satellite prophages. Collaborative experimental work demonstrated that one of these 

satellite prophages was associated with virulence in a murine model of infection. 

Furthermore, RNA sequencing data were used to investigate the expression of satellite 

prophage genes, which revealed that they were overexpressed when pneumococci 

were grown planktonically in broth versus in in vitro biofilm experimental conditions. 

Overall, the findings from this study demonstrated that satellite prophages are 

widespread among the pneumococci and suggested that they play a role in 

pneumococcal pathogenesis. 

  



 
 

116 

4.2 Introduction and aims 

In a recent study by the Brueggemann group, whole genome sequences of nearly 500 

pneumococcal isolates were used to assess prophage prevalence, diversity and 

distribution among pneumococci, which revealed that every pneumococcal genome 

contained prophage DNA [212]. Furthermore, 66 representative full-length phage 

genomes and 403 partial phage sequences were identified. While these findings reveal 

that prophages are widespread among pneumococci, to what extent pneumococcal 

prophages play a role in virulence and/or pathogenesis is not well defined.  

Previous investigators demonstrated that the presence of the MM-1 prophage in a 

pneumococcal genome enhanced adherence to pharyngeal cells in an in vitro study, 

and this was thought to confer an advantage during colonisation [291]. Another study 

identified two prophage-encoded surface proteins (PblA and PblB) in some strains of 

S. mitis, which mediated binding to human platelets and was associated with an 

increased risk of endocarditis [214]. More recently, prophages expressing PblB were 

detected within pneumococcal genomes and expression of PblB enhanced adherence 

to lung epithelial cells [292]. The presence of PblB was associated with promoting 

persistence in the nasopharynx and lungs in a murine model [292]. Our recent 

prophage study revealed that the majority (72%) of the prophages we characterised 

possessed pblA and/or pblB [212], thus to what extent these specific genes are 

associated with increased adherence or whether there are other additional contributory 

prophage genes is yet unknown. More generally, given the diversity of prophages and 

the fact that the function of the vast majority of prophage genes remains unknown, it is 

conceivable that there are additional prophage-encoded virulence genes among 

streptococci that are still awaiting discovery. 
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Previously in the Brueggemann et al paper, we reported on the gene expression levels 

after mitomycin C induction of a partial prophage sequence (IPPX439) and two full-

length prophage sequences (SP195_1 and SP195_2) in pneumococcal reference strain 

PMEN3 [212]. We revealed that the genes of the two full-length phage genomes were 

significantly upregulated an hour after the addition of mitomycin C and furthermore, that 

several genes in the partial prophage were also differentially expressed, which occurred 

nearly an hour after the induction of the two full-length prophages (Figure 4.1). The 

finding that the genes associated with the partial phage sequence were transcriptionally 

active warranted further investigation. The function and role of the partial phage 

sequences in the pneumococci genomes are currently unknown, although one 

possibility is that some of these sequences are satellite prophages.  

As discussed in the general introduction (see 1.4.5), satellite prophages are a recently 

discovered type of prophages, which do not have the ability to replicate on their own 

and have a life cycle that is dependent on a helper phage. Satellite prophages are able 

to exploit phages integrated within bacterial chromosome as helpers by manipulating 

the phage life cycle to enable their own replication and promiscuous spread throughout 

genomes. Satellite prophages have been shown to be vectors for the spreading of toxin 

genes and other virulence factors, e.g. SaPI1, which possesses the gene responsible 

for causing toxic shock syndrome [224].  

To date, a small number of satellite prophages have been discovered in streptococcal 

species [231]; however, despite their demonstrated role in virulence in other bacterial 

species, the prevalence, diversity and genetic stability of satellite prophages among 

pneumococci had not yet been evaluated. This is in part because, due to their smaller 
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Figure 4.1 – RNA sequencing 

analyses indicate evidence for 

phage gene expression. The heat 

maps display differential gene 

expression following mitomycin C 

induction of two full-length phages 

(Sp195_1 and Sp195_2) and a partial 

phage (IPPX439) integrated within the 

PMEN3 genome. Mitomycin C was 

added to bacterial cultures after three 

hours of incubation. Phage genes are 

represented by rows and differential 

expression levels at each time point 

are displayed in columns. Statistically-

significant (p<0.05) expression levels 

are indicated by an asterisk to the left 

of a cell (see 4.3.6.1 for further 

details). Figure is reproduced from 

Brueggemann et al [212]. 
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genome and apparent lack of essential genes, streptococcal satellite prophage 

sequences have historically been disregarded as “remnant” or “defective” prophages 

in a state of mutational decay [218, 227, 293, 294]. They are also often very difficult to 

distinguish from other integrative elements within genomes, and therefore, frequently 

overlooked in many studies. 

The best characterised streptococcal satellite prophage is referred to as S. pyogenes 

phage-like chromosomal island M1 (SpyCIM1), which is maintained as an episome in 

the bacterial cytosol during exponential growth. However, during stationary phase, 

SpyCIM renders the mismatch repair (MMR) system non-functional via integration in-

between mutS and mutL genes. The MRR system is responsible for the correction of 

randomly occurring mutations in the bacterial genome, and thus, its disruption leads to 

higher mutation rates, which can be beneficial in certain situations, as it allows the 

bacteria to evolve and thus adapt more quickly to external stress. Upon returning to 

exponential growth, SpyCIM1 momentarily leave the genome through precise site-

specific excision, leading to reactivation of the MMR system via genomic 

rearrangement. In this way, SpyCIM1 can serve as a genetic switch for modulating the 

rate of host spontaneous mutation according to cell growth stage [218, 227]. This 

finding emphasises the importance of investigating prophage insertion sites, as it is 

possible that other similar dynamic process of regulating a bacterial system via 

prophage excision and reintegration are in place and are yet to be discovered.  

The main aims of this chapter were to: a) investigate the 403 ‘partial prophage’ 

sequences identified as part of the recent study with the aim of identifying whether any 

satellite prophages exist among these sequences; b) analyse the prevalence, diversity 

and genetic stability of any identified satellite prophages in the context of the 
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pneumococcal population structure; c) characterise satellite prophage insertion sites 

among pneumococcal genomes; d) screen satellite prophage genomes for the 

presence of virulence genes; and e) analyse existing RNA sequencing datasets to 

investigate prophage gene expression under biofilm versus planktonic conditions. 

4.3 Methods 

4.3.1 Genome dataset 

The genome dataset was comprised of 482 pneumococcal genomes [212] 

(Supplementary File 4.1). All genomes were stored in BIGSdb database [239] and 

annotated using the RAST server [243] (http://rast.nmpdr.org). The prophage content 

for all genomes in the study dataset were calculated using the PhageContentCalculator 

script (see Chapter 2) 

4.3.2 Identification of satellite prophages among ‘partial prophage’ sequences 

Using the genome dataset described above (see 4.3.1), we had previously determined 

the prevalence, diversity and molecular epidemiology of full-length prophages [212]. 

Full-length prophage DNA sequences were defined as those that started with an 

integrase gene, ended with an amidase or lysin gene and were >28 kb in length. Many 

shorter prophage sequences (n= 403) were also identified in that study, which were 

simply classified as ‘partial prophage’ sequences and not characterised further at the 

time. These consisted of any sequence regions of between 2–25 Kb in length within 

pneumococcal genomes that contained one or more coding region annotated as 'phage'.  

To facilitate computational analysis for identifying novel satellite prophages among 

‘partial prophage’ sequences, I used CD-HIT [295] to make non-redundant sequence 

sets with a threshold of ≥90% nucleotide sequence identity. Remaining sequences 
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were manually investigated for evidence of satellite prophage using Geneious version 

11.1 (Biomatters Ltd.) and BLAST [199]. Satellite prophage sequences were defined 

as those lacking extensive nucleotide sequence homology with full-length prophages, 

as well as having a genomic organisation that is similar to previously reported satellite 

prophages among other bacterial species (Figure 4.2) [224]; sequences that started 

with an integrase gene, adjacent to two divergently oriented genes encoding lysogeny 

regulator proteins, followed by a replication module, containing genes that encode a 

primase and/or a replication initiator.  

 

 

Figure 4.2 – Genomic organisation of a subset of satellite prophages previously reported among 

various bacterial species. Genomes are aligned according to prophage convention, with the integrase 

gene at the left end. Genes are coloured according to predicted function: integrase genes are black, 

genes encoding lysogeny regulators are blue; genes involved in prophage replication are red, genes 

involved in phage interference are green; virulence genes are brown; excisionase genes are orange; 

genes encoding hypothetical proteins are white. Figure was modified from Penades et al [224]. 



 122 

For further validation, the DNA sequences of the identified pneumococcal satellite 

prophage genomes were used as queries to BLAST against all host genomes in the 

study dataset. The matching region plus additional flanking regions were consecutively 

inspected manually using the Geneious program in order to confirm the presence or 

absence of each unique pneumococcal satellite prophage in each pneumococcal 

genome. This process necessitated substantial manual effort and inspection of 

sequences, but the return was a lengthy list of previously unidentified complete satellite 

prophage genomes for investigation.   

4.3.3 Sequence analyses of prophages 

The total number of ORFs and the average GC content of each prophage were 

calculated within the Geneious environment. All multiple sequence alignments were 

performed using ClustalW [268] with default parameters (Gap open cost = 15, Gap 

extend cost = 6.66). Phylogenetic trees were constructed based upon sequence 

alignments using FastTreeMP [269]. Putative prophage genes were scrutinised 

using homology searches to other known prophage genes, combined with structure-

based searches. The structural and functional domains in protein sequences were 

predicted using the NCBI Conserved Domain Database [246]. Genes of interest 

were submitted to the STRING database [247] to perform searches for any 

previously reported relationship to other genes. Schematic diagrams of the coding 

regions of the prophages were produced in Geneious and edited using Adobe 

Illustrator (Adobe Inc.). 

4.3.4 Investigation of prophage insertion sites   

The nucleotide sequences of all identified pneumococcal satellite prophage genomes 

were used as queries to BLAST against all host genomes in the study dataset using 
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the custom BLAST feature in Geneious. The matching region plus flanking regions 

were inspected manually using the query-centric view function of the Geneious 

software in order to identify insertion sites among pneumococcal genomes. The 

satellite prophage integrases were divided into different categories using the CD-

HIT program at a threshold of 95% sequence identity. The genome diagram 

representing the satellite prophage insertion sites among pneumococcal genomes was 

created using Geneious and edited using Adobe Illustrator. 

4.3.5 Construction of a pneumococcal core genome phylogenetic tree 

The 482 genomes in the dataset were annotated using the Prokka v1.10 program 

[244] in order to generate GFF files compatible with tools used in the downstream 

analyses. The GFF files were then input into Roary [249] and clustered using a 

threshold of 90% amino acid sequence similarity (parameter: -i 90). Genes present 

in all genomes were selected using a core genome threshold of 100% (parameter: 

-cd 100) and were aligned using Roary. FastTreeMP [269] was used to create the 

phylogenetic tree, followed by ClonalFrameML [270] to reconstruct the tree adjusted 

for recombination. The tree was visualised using iTOL [248] and further edited using 

Adobe Illustrator. 

4.3.6 RNA sequencing analyses 

I analysed two RNA sequencing datasets as part of my work on satellite prophages: 

one was generated by our group (prophage induction by mitomycin C) and were not 

yet analysed, the other one (biofilm versus planktonic mode of growth) was generated 

by Blanchette et al [240].  
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4.3.6.1 Dataset 1: prophage induction with mitomycin C  

Total bacterial RNA sequencing was performed on RNA extracted from a 

pneumococcus that was subjected to mitomycin C treatment to facilitate phage induction 

(see Chapter 2). The sequenced forward and reverse reads were paired and mapped 

onto the annotated PMEN3 reference genome using Bowtie2 [33] with the highest 

sensitivity option. Differential gene expression between the control and experimental 

treatment were assessed in Geneious using the DESeq [275] method. Genes with an 

adjusted P value less than 0.05 were deemed to be differentially expressed. The full list 

of the genes and their sequences and expression levels can be found in the 

Supplementary File 4.2. Raw RNA sequencing data from this study have been deposited 

in the publicly-available GEO repository (http://www.ncbi.nlm.nih.gov/geo) and can be 

accessed using the accession number GSE89200. 

4.3.6.2 Dataset 2: biofilm versus planktonic mode of growth 

A whole-genome RNA sequencing dataset was published by Blanchette et al in 2016 

[240]. In brief, samples were collected in three biological replicates from a 

pneumococcal strain Sp6A-10 isolate (serotype 6A; ST460) growing in Todd-Hewitt 

broth either planktonically or in polystyrene six-well plates as two-day-old biofilms. 

Total RNA from each sample was extracted and sequenced using the Illumina 

HiSeq4000 sequencing platform. For use in the current study, raw RNA sequencing 

data was retrieved from the GEO repository (accession number GSE85196). Reads 

from the control planktonic (THB_PK1, THB_PK2, THB_PK3) and biofilm (THB_BF1, 

THB_BF2, THB_BF3) samples were paired and mapped onto the pneumococcal 

Sp6A-10 genome using Bowtie2 with the highest sensitivity option. Differential gene 

expression levels were computed in Geneious using the DESeq2 [296] method. 



 125 

Genes with an adjusted p value <0.001 were deemed to be differentially expressed. 

A volcano plot was generated within the Geneious environment and further edited 

using Adobe Illustrator. The full list of the genes and their sequences and expression 

levels can be found in the Supplementary File 4.3. 

4.3.7 Assessment of virulence in murine pneumococcal infection model 

4.3.7.1 Bacterial strains, media and growth conditions 

Strains, plasmids and primers used for this study are listed in Supplementary File 

4.4. S. pneumoniae strains were cultured in Columbia agar supplemented with 5% 

horse blood, or in Todd-Hewitt broth supplemented with 0.5% yeast-extract (THY) at 

37°C in 5% CO2. Mutant strains were selected by using antibiotics (150 µg/ml 

spectinomycin). Broth culture growth was monitored by measuring optical density at 

580 nm and stocks of pneumococcus were stored as single use aliquots at −70°C. 

Data for growth curve measurements were collected using 96-well plates in a Tecan 

Spark microtiter plate reader essentially as described before [297], measuring the 

optical density at 595 nm (OD595) in 30 minutes intervals. For growth in THY and 

serum, 106 CFU (colony-forming unit) of each strain was added to 200 µl of medium 

or serum and incubated at 37°C plus 5% CO2. 

4.3.7.2 Construction of pneumococcus mutant strains lacking SpnSP38 and vapE  

Pneumococcus mutant strains lacking SpnSP38 (∆SpnSP38) and vapE (∆vapE) 

were created using overlap extension polymerase chain reaction (OE-PCR) [298] in 

a serotype 6B pneumococcal strain (BHN418) using a transformation fragment in 

which vapE or the entire satellite prophage were replaced by the spectinomycin 

resistance cassette aadA9. To construct the ∆SpnSP38 mutant, two products 
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corresponding to 762 base pairs upstream (primers SpnSP_UpF and 

SpnSP_UpspecR) and 872 base pairs downstream (primers SpnSP_Downspec_F 

and SpnSP_DownR) of the satellite prophage were amplified from BHN418 genomic 

DNA by PCR carrying 3’ and 5’ linkers complementary to the 5’ and 3’ portion of the 

aacA9 gene respectively. Using primers SpnSP_Upspec_F and 

SpnSP_Downspec_R, aadA9 was amplified by PCR from pR412 plasmid [299]. 

Likewise, to create the ∆vapE mutant, a construct was generated wherein 820 base 

pairs of flanking DNA upstream (primers VapE_UpF and VapE_UpspcR) and 526 

base pairs of flanking DNA downstream (primers VapE_DownspecF and 

VapE_DownR) from the vapE gene were amplified by PCR and fused with the aadA9 

cassette by OE-PCR [298]. The resulting constructs were then transformed into the 

BHN418 strain using standard protocols [299, 300].  

4.3.7.3 Experimental models of infection 

Studies investigating pneumococcal sepsis or pneumonia were conducted using six-

week-old mice and infected as previously described elsewhere [301]. In brief, in the sepsis 

model mice were challenged with 5 × 106 CFU/ml of the wild-type BHN418 strain or the 

constructed mutants (∆SpnSP38 and ∆vapE) in a volume of 150 µl by the intraperitoneal 

route, whereas for pneumonia, mice were inoculated intranasally with 50 µl containing 107 

CFU/mouse of the wild-type strain or the mutants. Animals were killed at 24 or 28 hours 

after challenge and bacterial counts were made from samples recovered from lung and 

blood. Lungs and spleens were homogenised through a 0.2 µm filter. Results were 

presented as log10 CFU/ml of bacteria recovered from the different sites.  

For mixed infection experiments, mice were inoculated with a 50:50 mixture of wild-

type and mutant strains. The competitive index (CI) was defined as the ratio of the 
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test strain (mutant strain) compared to the control strain (wild-type strain) recovered 

from mice divided by the ratio of the test strain to the control strain in the inoculum 

[302, 303]. A CI of <1 denotes that the test strain is attenuated in virulence compared 

to the control strain and the lower the CI the more attenuated is the mutant strain. 

Statistical analyses were conducted using analysis of variance (ANOVA) for multiple 

comparisons in GraphPad Prism 7.0 (GraphPad Software, San Diego, CA). 

4.3.7.4 C3b binding to pneumococci 

Serum samples from five healthy male volunteer controls (median age 40 years) were 

obtained according to institutional guidelines and stored as single-use aliquots at -70°C 

to use as a source of complement. C3b deposition was analysed using a flow cytometry 

assay [304]. Briefly, C3b deposition was investigated by incubating 107 CFU of 

pneumococci with 10 µl of pooled human serum (diluted to 20% in phosphate-buffered 

saline; PBS) for 30 minutes at 37°C. C3b bound to the different strains was labelled 

with 50 µl of a 1/500 dilution of fluorescein isothiocyanate-conjugated polyclonal goat 

anti-human C3b antibody after two washes in PBS-Tween 20 (0.01%). The detection 

of C3b binding was performed using flow cytometry with gating based on the analysis 

of at least 10,000 bacteria. Experiments were repeated three times and the results 

were expressed as the proportion of C3b deposition on the surface of the different 

mutants compared to the C3b deposition on the 6B wild-type strain.  

4.3.7.5 Neutrophil killing assay 

Frozen aliquots of pneumococci were thawed and washed twice with PBS-Tween 20 

(0.01%) by centrifugation for 5 minutes at 13,000 revolutions per minute (rpm). 100 µl 

of the bacterial suspension, diluted to 103 CFU, was added to each well in the presence 

of 25% baby rabbit complement. After 30 minutes of incubation at 37˚C, 100 µl of 



 128 

neutrophils (105 cells) previously isolated from human blood using MACSxpress® was 

added to each well and incubated at 37˚C with shaking. Sample aliquots were taken 

at 15 and 30 minutes, spotted onto Columbia blood agar plates and incubated at 37°C 

plus 5% CO2. Bacterial colony counts were performed after overnight incubation.  

4.4 Results 

4.4.1 Identification of 44 unique pneumococcal satellite prophages  

Extensive in silico analyses of a large and diverse dataset of 482 historical and modern 

pneumococcal genomes (described in 4.3.2) led to the identification of 44 unique and 

newly-discovered putative satellite prophage genomes, which clustered into five major 

groups (Figure 4.3A and 4.4). The average GC content of the satellite prophages was 

lower than that of the pneumococcal host but varied among each group (Figure 4.5).  

Similar to previously reported satellite prophages among other bacterial species [226], 

the genomic organisation of the pneumococcal satellite prophages indicated 

conserved modular structures, with genes clustered according to function (Figure 4.3). 

Putative satellite prophage genomes started with an integrase gene, adjacent to two 

divergently oriented lysogeny-related genes (often with several intervening accessory 

genes), followed by a replication module consisting of a primase and/or a replication 

initiator gene(s). Accessory genes (i.e. genes that do not appear to be involved in the 

prophage lifecycle), such as those encoding toxin-antitoxin systems, were situated 

between the integrase and the lysogeny-related genes. In addition to this well-

conserved gene organisation, the pneumococcal satellite prophages were 

distinguished from full-length sequences by their smaller genome size (Figure 4.6), the 

lack of phage structural and lysis genes (Supplementary File 4.5) and the fact that their 

insertion sites were never occupied by full-length prophages.  
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Figure 4.3 – Pneumococcal satellite prophages demonstrate well-conserved patterns in genome 

organisation and synteny. A, A schematic representation of the novel pneumococcal satellite prophage 

genomes. B, A schematic representation of the conserved modular structures observed among different 

satellite prophage genomes. Genes are coloured based on putative function. 
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Figure 4.4 – Pneumococcal satellite prophages can be clustered into five major groups. An 

unrooted phylogenetic tree demonstrating that the 44 representative satellite prophages can be 

clustered into five major groups based upon nucleotide similarity. 
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Figure 4.5 – The average GC content of the representative pneumococcal satellite prophages. 
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Figure 4.6 – Graphical representation of pneumococcal satellite and full-length prophages by 

genome size and number of genes.  

 

Satellite prophages were consistently inserted in seven specific locations (a-f) of 

the host genome, each of which was directly associated with the nucleotide 

sequence of the integrase gene they harboured (Figure 4.7 and 4.8). The 44 

representative satellite prophage integrases were divided into seven different 

categories with ≥95% nucleotide sequence similarity within each category. Each 

integrase category was associated with insertion at a single location on the 

pneumococcal genome, aside from integrase category I, which was associated with 

five different locations (Figure 4.7). 28.3% of pneumococcal satellite prophages 

were integrated at site a, which was situated very close to the origin of replication 

(oriC) (Figure 4.8), warranting further studies to explore the intriguing possibility that 

factors other than the integrase sequence may determine the prophage insertion 
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site (will be explored in more details in Chapter 5). The majority (88%) of the 

identified satellite prophages were found to be situated in three particular insertion 

sites (a-c), suggesting that the presence of suitable region for integration in the host 

may act as a major determining factor in phage sensitivity. 

 

 

 

Figure 4.7 – The associations between representative satellite prophages, their integrase gene 

and insertion sites.  Satellite prophages were found inserted in seven specific locations (a-f) of the 

pneumococcal chromosome. The integrase sequences of the 44 representative satellite prophages 

were divided into seven different categories based upon ≥95% nucleotide similarity.
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Figure 4.8 - Insertion sites of satellite prophages within the pneumococcal genome. 

Pneumococcal satellite prophages were integrated in seven locations (a-f) within the host genome. 

Percentages and numbers in brackets refer to the proportion and number out of all 159 satellite 

prophages that were inserted in that particular location. The origin of replication of the chromosome 

(oriC) is shown in green. 
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4.4.2 Molecular epidemiology of satellite prophages within a global and 

historical pneumococcal dataset 

I further assessed the 44 representative satellite prophages in the context of the 

pneumococcal population structure. The study dataset was comprised of 482 

pneumococci isolated between 1937 and 2008, recovered from both healthy and 

diseased individuals of all ages residing in 36 different countries. Ninety-one 

serotypes and 94 different clonal complexes were represented in the dataset 

(Supplementary File 4.1).  

Satellite prophages were found to be widespread among the pneumococci in our 

dataset: 35% of the genomes contained at least one satellite prophage and 5% of the 

genomes contained two. Some satellite prophages were found to be present in up to 

six different clonal complexes, whereas others were only present in Singletons 

(genotypes with no closely related variants; Table 4.1 and Figure 4.9). The majority 

(68.2%) of satellite prophages were found within only one clonal complex or singletons 

(Table 4.1). Those satellite prophages identified in more than one genome were often 

found among pneumococci recovered over a decade or more (Table 4.1). The average 

prophage content for each of the major clonal complexes ranged from 2.2-6.5%, and 

with only one exception (CC7232), all of these are widely-circulating pneumococcal 

clonal complexes (Figure 4.10; https://pubmlst.org/spneumoniae).  
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Table 4.1 - Epidemiological characteristics of 44 representative satellite prophages identified 
among a collection of pneumococcal isolates dating from 1939 onwards. 

 
Satellite Prophage Pneumococci   

Name Cluster 

Clonal 

Complex 

(n) 

Genomes 

(n) 

Isolation 

dates 

Countries 

(n) 

Serotypes 

(n) 

Insertion 

Site 

Integrase 

Category 

SpnSP16 A 3 4 1939 - 1982 2 4 b I 

SpnSP3 A 2 3 1981 - 2004 2 2 b I 

SpnSP26 A 2 3 1985 - 2000 1 2 b I 

SpnSP35 A 2 2 1952 - 1952 1 2 b I 

SpnSP43 A 2 2 1939 - 2004 2 2 b I 

SpnSP30 A 1 5 1978 - 1978 1 1 b I 

SpnSP44 A 1 2 1939 - 1962 1 1 b I 

SpnSP7 A 1 1 1968 1 1 b I 

SpnSP25 A 1 1 1999 1 1 b I 

SpnSP19 A Singletona 2 1939 - 1952 2 2 b V 

SpnSP11 A Singleton 1 1952 1 1 b I 

SpnSP5 B 5 15 1939 - 2007 3 7 d, g I 

SpnSP29 B 1 15 1978 - 1988 1 2 b I 

SpnSP27 B 1 1 2006 1 1 b I 

SpnSP20 B Singleton 1 1954 1 1 b I 

SpnSP2 C 2 4 1984 - 2005 3 2 f VII 

SpnSP31 C 2 2 1983 - 2005 1 2 b I 

SpnSP12 C 1 1 1968 1 1 b I 

SpnSP15 C 1 1 1943 1 1 b I 

SpnSP32 C 1 1 1986 1 1 f VII 

SpnSP37 D 5 9 1939 - 1988 4 7 c II 

SpnSP38 D 4 30 1972 - 2006 6 5 c II 

SpnSP6 D 3 8 1939 - 1991 3 3 c II 

SpnSP23 D 2 11 1962 - 2008 3 4 a III 

SpnSP39 D 1 2 2005 - 2007 1 1 a III 

SpnSP18 D Singleton 2 1939 - 1952 2 2 c II 

SpnSP24 E 6 23 1939 - 2006 6 4 a III 

SpnSP33 E 2 3 1952 - 1998 1 2 a III 

SpnSP1 E 1 5 1978 - 1988 1 1 b I 

SpnSP40 E 1 3 2001 2 2 a III 

SpnSP8 E 1 1 1988 1 1 a III 

SpnSP9 E 1 1 1957 1 1 a III 

SpnSP13 E 1 1 1943 1 1 a III 

SpnSP14 E 1 1 1995 1 1 a III 

SpnSP17 E 1 1 1972 1 1 a IV 

SpnSP22 E 1 1 1971 1 1 a III 

SpnSP28 E 1 1 2003 1 1 a III 

SpnSP34 E 1 1 1990 1 1 a III 

SpnSP36 E 1 1 1963 1 1 a III 

SpnSP42 E 1 1 1994 1 1 a III 

SpnSP4 E Singleton 1 1982 1 1 e I 

SpnSP10 E Singleton 1 N/A 1 1 h I 

SpnSP21 E Singleton 1 1954 1 1 e VI 

SpnSP41 E Singleton 1 1983 1 1 a III 

 

a, Singletons are genotypes with no closely related variants. 
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Figure 4.9 - A phylogenetic tree of the genomes in the study dataset labelled according to the 
presence of different prophages.  
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Figure 4.10 – The average prophage content of the major pneumococcal clonal complexes. The 

average prophage content for each of the major pneumococcal clonal complexes is depicted as a 

percentage of the total number of genes in the host pneumococcal genome (~2 Mb). 
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4.4.3 Satellite prophages and vapE are associated with virulence 

The majority (57.5%) of satellite prophages genes in pneumococcal genomes in the 

study dataset were annotated as hypothetical, while the remaining were mostly 

predicted to be involved in replication and/or interfering with helper phage machinery 

(Table 4.2). A full list of the genes and their sequences is provided in the 

Supplementary File 4.5. 

 

 

Table 4.2 – The predicted function of genes among the 44 pneumococcal satellite prophage 

genomes identified in the study.  

 

Predicted function Number of genes Percentage 

Unknown 532 57.5% 

Transcriptional regulator 89 9.6% 

Lysogeny regulator 88 9.5% 

DNA replication 81 8.8% 

Integrase 44 4.8% 

Helper phage interference 38 4.1% 

RNA polymerase sigma-70 domain containing protein 18 1.9% 

Toxin-antitoxin system 17 1.8% 

Lipoprotein 10 1.1% 

DNA-damage inducible protein 8 0.9% 

Grand total 925 100.0% 

 

 

Investigation of the poorly characterised genes using homology searches and 

detection of conserved domains led to the identification of a gene that is a homologue 

of the ‘virulence-associated gene E’ (vapE) in S. suis. The gene encoding VapE in S. 

suis genomes has previously been described to have a role in S. suis virulence 

through an unknown mechanism [305]. 30/44 (68.2%) of the representative 

pneumococcal satellite prophages harboured vapE.  
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To examine whether the vapE homologue in the pneumococcal satellite prophage is 

also associated with virulence, a series of in vivo experiments were performed using 

a murine pneumococcal infection model and one example of a satellite prophage 

containing vapE identified in this study (Figure 4.11A). Deletion mutant strains were 

generated in a serotype 6B pneumococcal strain (BHN418) in which either vapE 

(∆vapE) or the entire satellite prophage genome sequence (∆SpnSP38) were 

replaced by a spectinomycin resistance cassette 205 (aadA9) in the BHN418 strain 

(Figure 4.11B). For each of the mutant strains, a competitive index (CI) was calculated 

using a competitive infection experiment in a mouse model of pneumonia. The CI was 

significantly <1 in the lungs after mixed infection with ∆SpnSP38 and the wild-type 

serotype 6B or ∆vapE and the wild-type serotype 6B, indicating a role for the satellite 

prophage and vapE in the establishment of pneumococcal pneumonia (Figure 4.12A).  

To further assess the degree of attenuation in virulence of the ∆SpnSP38 and ∆vapE 

strains, infection experiments were repeated with pure inocula of each strain in both 

the pneumonia and sepsis models. There were no significant differences in bacterial 

CFU recovered from the lungs of infected mice at 24 hours between either mutant and 

the parental wild-type strain (data not shown) and the majority of the mice developed 

fatal infection by this point. However, in the sepsis model the mice infected with the 

wild-type serotype 6B strain had significantly greater blood and spleen CFU than the 

∆SpnSP38 mutant (Figure 4.12B and 4.12C), indicating that the satellite prophage is 

directly involved in pneumococcal virulence during bacterial dissemination in the 

systemic circulation. Although the ∆vapE strain had lower spleen CFU compared to 

the wild-type, this difference was not statistically significant, suggesting that loss of the 

whole satellite prophage has a more marked effect on the attenuation of virulence 

during sepsis than loss of VapE alone.  
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Figure 4.11 - Construction of ΔvapE and ΔSpnSP38 pneumococcal mutant strains. A, A diagram depicting the satellite prophage genes 

integrated within the BHN418 genome and flanking pneumococcal genes. B, A diagram depicting ∆SpnSP38 and ∆vapE mutants with the addition 

of the spectinomycin resistance cassette aadA9. 
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Figure 4.12 - Assessment of the virulence of ΔSpnSP38 and ∆vapE mutant pneumococcal strains 

in murine infection. A, Plots of the competitive index (CI) for the ∆SpnSP38 and ΔvapE mutant strains 
versus the wild-type strain in a mouse model of pneumonia. Each symbol represents the CI for a single 
animal and bars represent the median and range. B and C, Mean bacterial colony-forming units (CFU) 
recovered at 24 hour (h) from blood (B) or spleen (C) homogenates after intraperitoneal inoculation of 
5×106 CFU/strain. Each symbol represents data for a single animal and error bars represent standard 
deviation (two-sided, Kruskall-Wallis with Dunn’s post hoc test to identify significant differences 
between groups, *, p<0.05; ***, p<0.001; ****, p<0.0001). D, Median standard deviation (SD) mean 
fluorescence intensity of C3b deposition on the surface of the wild-type and mutant strains as 
measured by a flow cytometry assay. E, Example of a flow cytometry histogram for the C3b deposition 
data. F, Bacterial survival in a neutrophil killing assay (multiplicity of infection: 1 bacterium/100 
neutrophils) represented as % CFU/ml recovered after 15 to 30 minutes incubation compared to the 
input bacteria. Error bars represent standard deviation and asterisks represent statistical significance 
compared to the wild- type strain (Kruskal-Wallis test with Dunn’s correction for multiple comparisons, 
****, p<0.0001). G and H, Growth curves as measured by the optical density (OD) of wild-type and 
mutant strains cultured in Todd- Hewitt broth supplemented with 0.5% yeast-extract (THY) (G) or 100% 
human serum (H). 
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4.4.4 The satellite prophage is required for optimum growth in sera but not for 

evasion of complement recognition or phagocytosis 

Reduced systemic virulence of ∆SpnSP38 or ∆vapE mutants could reflect poor growth 

under physiological conditions, or evasion of host innate immune killing, which is 

largely dependent on complement-mediated neutrophil killing. Using a flow cytometry 

assay, the binding of complement component C3b was not demonstrably different 

between the mutant strains and wild-type strain (Figure 4.12D and 4.12E). 

Furthermore, survival of the ∆SpnSP38 and ∆vapE mutants in the presence of 

neutrophils after 30 minutes was similar to the wild-type BHN418 strain (Figure 4.12F). 

These data indicate that the satellite prophage and vapE are not required for evasion 

of complement or neutrophil killing, and that the reduced virulence of the ∆SpnSP38 

strain could reflect delayed growth in serum. Growth rates of both mutant strains in 

THY were not significantly different to the parental wild-type strain (Figure 4.12G); 

however, culture in serum demonstrated a small but significant delay in growth of the 

∆SpnSP38 strain compared to the wild-type and ∆vapE strains (Figure 4.12H). 

4.4.5 Satellite prophage genes, including vapE, were overexpressed in 

planktonic versus biofilm samples 

Given the association of the satellite prophage and vapE with virulence in the murine 

pneumococcal infection model (see 4.4.5), it was hypothesised that satellite prophage 

genes would be overexpressed when pneumococci were grown planktonically in broth 

versus in a biofilm. To evaluate this hypothesis, I performed a comparative 

transcriptome analyses of planktonic and biofilm pneumococci using an existing RNA 

sequencing dataset generated by Blanchette and colleagues [240]. In their study, 

pneumococcal reference strain Sp6A-10, which contained two full-length prophages 
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(Spn_6A-10_FP1 and Spn_6A-10_FP2) and one satellite prophage (SpnSP33, 58.7% 

identical to SpnSP38), was grown planktonically and as a two-day old biofilm. Three 

biological replicates were collected from each of the growth conditions and the 

corresponding RNA samples were extracted and sequenced.  

The Blanchette transcriptomic data was analysed to assess prophage gene expression 

under these two experimental conditions, and the data demonstrated significantly 

higher satellite prophage and full-length prophage gene expression when the host 

pneumococcus was grown in broth as compared to growth in a biofilm pneumococcus 

(Figure 4.13, 4.14 and Supplementary File 4.3). The full complement of satellite 

prophage genes were significantly expressed, and many of the genes of the two full-

length prophages, mainly structural and lysis genes, were also significantly 

upregulated. Notably, among the 20 most significantly upregulated genes, 60% (n=12) 

were satellite prophage genes and vapE was the third most upregulated gene in the 

entire genome. Among the 50 most highly expressed genes, just over half were 

prophage-related genes: 15 (30%) were satellite prophage genes; 7 (14%) were genes 

of one full-length prophage; and 4 (8%) were genes of the second full-length prophage 

(Figure 4.13 and Supplementary File 4.3). 
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Figure 4.13 – Satellite prophage genes are overexpressed when pneumococci is grown planktonically compared to as a biofilm. The dataset was 

generated from a pneumococcal strain 6A-10 isolate, containing two full-length prophages (Spn_6A-10_FP1 and Spn_6A-10_FP2) and one satellite prophage 

(SpnSP38). Genes belonging to SpnSP38 are shown in green, while those belonging to Spn_6A-10_FP1 and Spn_6A-10_FP2 are shown in Blue and Magenta, 

respectively. Higher fold change ratio denotes increased expression levels in planktonic form compared to the biofilm. A full list of the genes depicted here and their 

sequences can be found in the Supplementary File 4.3.  
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Figure 4.14 – RNA sequencing analyses indicate evidence for satellite prophage replication. 
Dataset was generated for pneumococcus growing planktonically versus as a biofilm. The heat maps 

display differential gene expression of a satellite prophage SpnSP38 (left) and two full-length 

prophages Spn_6A-10_FP1 (middle) and Spn_6A-10_FP2 (right) integrated within the 6A-10 genome. 
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4.5 Discussion  

The findings from this chapter reveal that satellite prophages are widespread 

among the pneumococci. Forty-four novel and unique pneumococcal satellite 

prophages were discovered, and they demonstrated a structured population. 

Satellite prophages were found to have persistent associations with specific clonal 

complexes of the host bacteria over many decades. This is important, since these 

findings provide a framework by which to explore why particular combinations of 

prophages and bacteria exist and whether the presence of certain prophages 

among genomes might contribute to the virulence or the epidemiological success 

of a bacterial genetic lineage. 

RNA sequencing analyses demonstrated that several of the newly discovered 

pneumococcal satellite prophages were, at the very least, transcriptionally active. 

Notably, the observed patterns of gene expression in these studies were consistent 

with the life cycle of satellite prophages as phage parasites. Firstly, in the 

mitomycin C experiment (Figure 4.1), satellite prophage genes were only 

upregulated an hour after the induction of full-length prophages, suggesting that 

induction of the satellite prophage may have occurred as a response to helper 

prophage replication. Furthermore, during the period of planktonic growth in broth, 

the non-structural genes of the two full-length prophage genomes were not 

differentially expressed (Figure 4.14), suggesting that the full-length prophage 

genome replication is unlikely. However, all of the satellite prophage genes and 

the structural genes of full-length prophages were upregulated (Figure 4.14), which 

is a gene expression pattern that would be expected during active satellite 

prophage replication. Previous works in different bacterial species have shown 
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that, due to the absence of structural genes, satellite prophages modulate the 

expression and assembly of the helper phage’s structural proteins (e.g. capsid 

proteins) for their own replication and propagation [224].  

These analyses led to the identification of a putative virulence-associated gene 

(vapE) in some of the satellite prophages among pneumococci. In vivo studies 

using a murine pneumococcal infection model and one example of a satellite 

prophage containing vapE showed that deletion of the whole prophage or vapE 

alone had a significant effect on pneumococcal virulence, and deletion of the whole 

prophage had a particularly strong effect and reduced recovered CFU for the 

sepsis model to less than 104 log10 (Figure 4.12). While this is a promising result, 

it does not span the range of the 44 satellite prophages described here, which 

necessitate further study in order to assess the generalisability of the findings. 

Nevertheless, a different satellite prophage, containing a homologue of vapE and 

carried by a genetically distinct pneumococcal host, was significantly 

overexpressed among pneumococci growing in planktonic form, which is akin to 

pneumococcal bacteraemia, rather than in a biofilm (a state in which pneumococci 

are less likely to be virulent [37]) (Figure 4.13), which provides further support for 

the hypothesis that satellite prophages play a role in pneumococcal virulence.  

In vitro characterisation of the mutant strains indicated that the reduced virulence 

of the prophage mutant was related to impaired growth in serum rather than 

avoidance of opsonophagocytic killing. How the prophage influences 

pneumococcal growth in serum will require more detailed investigation, but the 

stronger phenotypic effect of loss of the whole prophage compared to vapE alone 

suggests that additional prophage genes are involved in virulence. For example, 
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the prophage is predicted to contain regulatory genes, which could potentially 

improve growth in serum by altering the expression of metabolic and transporter 

genes. Overall, while the specific mechanism driving virulence is not yet clear, the 

findings presented in this chapter are a proof-of-principle that experimental 

investigations of pneumococcal satellite prophages should be pursued, as such 

findings may hold the key to understanding important aspects of pneumococcal 

biology. 

A genomic comparison between pneumococcal prophages and those belonging to 

other species of Streptococcus has not been thoroughly studied to date. For 

instance, it would be interesting to investigate how closely related the prophages 

identified in this chapter might be to those found in the other streptococcal species. 

Therefore, the next chapter will extend the investigation of prophages to the entire 

Streptococcus genus. 
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4.6 Supplementary information 

Supplementary File 4.1. List of pneumococcal genomes used in this study. 

Supplementary File 4.2. RNA sequencing data from the mitomycin C experiment. 

Supplementary File 4.3. RNA sequencing data from the biofilm versus planktonic 

mode of growth experiment. 

Supplementary File 4.4. Strains, plasmids and primers used in the study. 

Supplementary File 4.5. A list of all the genes present among the 44 representative 

pneumococcal satellite prophage genomes. 
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5. Prophages and satellite prophages are widespread among Streptococcus 

species 

The results described in this chapter were presented as an oral presentation at the 

14th European Meeting on the Molecular Biology of the Pneumococcus, in 

Greifswald, Germany in June 2019. This chapter and chapter 4 were combined 

into one manuscript, which has been accepted for publication in Nature 

Communications (in press). A pre-print version of the manuscript was published in 

bioRxiv in December 2018 as: 

Reza Rezaei Javan, Elisa Ramos-Sevillano, Asma Akter, Jeremy Brown and 

Angela B Brueggemann. 2018. Prophages and satellite prophages are widespread 

among Streptococcus species and may play a role in pneumococcal pathogenesis. 

bioRxiv [Preprint]. doi: 10.1101/203398 

1,306 assembled genomes from 70 different Streptococcus species were used for 

this study. 482 pneumococcal genomes were retrieved from the Brueggemann 

BIGSdb database as described in Chapters 3 and 4. I downloaded the remaining 

824 genomes belonging to non-pneumococcal Streptococcus species from the 

rMLST database and uploaded them to the Brueggemann BIGSdb database. The 

non-pneumococcal genome dataset was also analysed within a different study that 

is not included in this thesis and published as:  

Ayako Kurioka†, Bonnie van Wilgenburg†, Reza Rezaei Javan†, Ryan Hoyle†, 

Andries J van Tonder, Caroline L Harrold, Tianqi Leng, Lauren J Howson, Dawn 

Shepherd, Vincenzo Cerundolo, Angela B Brueggemann and Paul Klenerman. 

2018. Diverse Streptococcus pneumoniae Strains Drive a Mucosal-Associated 

Invariant T-Cell Response Through Major Histocompatibility Complex class I–

Related Molecule–Dependent and Cytokine-Driven Pathways. The Journal of 

Infectious Diseases. doi: 10.1093/infdis/jix647     

† = joint first-authorship
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5.1 Abstract 

Prophages are abundant within the bacterial world and are major contributors 

to the diversity of bacterial gene repertoires. Large numbers of bacterial 

genomes of a wide array of species are now in the public domain and this 

presents opportunities for genome mining of prophages at a scale that was 

previously impossible. To facilitate this process, I developed PhageMiner, a 

bioinformatics software used to identify prophage sequences in bacterial 

genomes. Using PhageMiner, I screened >1,300 genomes of 70 different 

Streptococcus species for prophage sequences. A diverse collection of nearly 

800 prophages and satellite prophages were identified, the majority of which 

were discovered for the first time. Prophages and satellite prophages were 

widely distributed among streptococci and, contrary to the current dogma that 

suggests prophages are bacterial species-specific, there was convincing 

evidence that transmission of prophages occurred between genetically different 

streptococcal species. This study also revealed a remarkable intra- and 

interspecies variability in the amount of prophage sequences found within an 

individual bacterial genome. Furthermore, genes flanking prophage insertion 

sites were found to be more frequently involved in information storage and 

processing compared to the average for streptococcal genomes. Overall, the 

findings presented in this chapter suggested that prophages are likely to be 

influencing streptococcal biology and epidemiology to a much greater extent 

than previously appreciated. 
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5.2 Introduction and aims 

The extent to which prophages make up the bacterial host genome and 

contribute to interstrain genetic variability remains an unanswered empirical 

question for the majority of the Streptococcus species, many of which have not 

previously been analysed for evidence of prophages. Genomic studies have 

thus far revealed that prophage-related sequences are highly prevalent within 

S. pneumoniae [212, 233, 306, 307], S. pyogenes [308] and S. agalactiae 

genomes [309], however, genus-wide analyses of the genomic diversity and 

population structure of streptococcal prophages are still lacking.  

As discussed in the general introduction (see 1.4), virulence determinants 

associated with the shift of a bacterium from a commensal to a pathogen may 

include genes associated with prophages. Nevertheless, despite their potential 

role in the emergence and spread of new pathogenic clones, the host 

specificities of streptococcal prophages have not been systematically 

investigated.  

The main aims of this chapter were to: a) use genome mining to identify 

prophages in a large and diverse set of >1,300 genomes of 70 different 

Streptococcus species; b) analyse the genomic diversity and population structure 

of streptococcal prophages; c) estimate the average prophage gene content 

within various streptococcal species; d) investigate the extent to which prophages 

serve as the source of interstrain variation in gene content; e) assess the 

proportion of shared genes between prophages and satellite prophages; and f) 

investigate the prophage insertion sites and the flanking genes upstream and 

downstream of each prophage. 
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5.3 Methods 

5.3.1 Development of PhageMiner, a bioinformatics tool for prophage 

identification in bacterial genomes  

Some in silico prophage detection tools are available that identify prophages 

using a reference database of known prophage genomes, thus their performance 

is strongly influenced by the size and composition of the reference dataset [234, 

235]. In order to ensure a thorough discovery of previously unidentified 

prophages, manual curation of annotated genomes is required, however, this is 

not feasible for large genome studies [212, 236, 310]. To address these issues, 

a new user-supervised semi-automated computational tool, named PhageMiner, 

was developed in order to streamline the manual curation process for prophage 

sequence discovery. PhageMiner uses a mean shift algorithm combined with 

annotation-based genome mining in order to rapidly identify prophage sequences 

within complete or draft bacterial genomes. Notably, while PhageMiner 

significantly facilitates the manual curation process, it is not a fully automated 

pipeline and requires manual input by the user during key decisions, thus 

ensuring careful inspection of putative prophage clusters. 

The PhageMiner pipeline consists of the following steps:  

1) The bacterial genome of interest is annotated using the RAST annotation 

server [243] (http://rast.nmpdr.org) in order to create an annotated GenBank file, 

which is then input into the PhageMiner Python script.  
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2) The location and the annotated name of each ORF in the host genome is 

retrieved from the annotated GenBank file and saved to a comma-separated value 

(CSV) file using the Biopython package (http://biopython.org) [311]. 

3) A number of predefined user-adjustable phage-associated keywords are used 

to scan the CSV file generated in the previous step. Any ORF containing a 

matching string (e.g., “phage”, “lytic amidase”, "tail fiber protein", etc.) in its 

annotation name is deemed a ‘hit’. 

4) An additional set of predefined user-adjustable keywords are used to discard 

any matching hits with annotation names that resemble phages but are not 

prophage genes (e.g. ‘macrophage’).  

5) Using the mean shift clustering method in Scikit-Learn machine learning library 

(https://scikit-learn.org) [312], the location of the remaining phage hits respective to 

each other and to the size of the host genome are used to identify clusters of 

bacteriophage-related genes. During this step, minimal manual inputs by the user 

are requested in order to ensure correct identification of prophage regions. If 

necessary, clustering can be repeated with a different sensitivity as redefined by the 

user, or alternatively, the coordinates corresponding to each suspected prophage 

region can be entered manually. The pipeline is aborted at this stage if no clusters 

of bacteriophage-related genes are detected or manually defined by the user.  

6) Once clusters of bacteriophage-related genes are identified, PhageMiner 

creates various figures and tables related to each of the suspected prophage 

regions, the most important of which are: a schematic diagram of the coding 

regions; the location of the prophage region in the chromosome, including the 

flanking genes adjacent to the prophage region; the presence of any assembly 
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gaps; and the nucleotide sequences of the ORFs in the cluster. If necessary, the 

number of flanking genes displayed in each figure can be manually adjusted.  

7) Based on the decisions made by the user, the putative prophage genomes 

are either rejected or extracted as a separate GenBank file and categorised into 

three groups: full-length prophages, satellite prophages and unknown phage-

related regions.  

The source code of PhageMiner is deposited in GitHub at 

https://github.com/RezaRezaeiJavan/PhageMiner.  

5.3.2 Streptococcal genomes dataset 

In total, 1,306 assembled genomes from 70 different species of the genus 

Streptococcus were selected for this analysis (Supplementary File 5.1). 482 

genomes belonged to the pneumococcal global representative dataset 

described in Chapter 4 (Supplementary File 4.1). The remaining 824 genomes 

belonged to 69 different Streptococcus species, and up to 50 genomes per 

species were selected for analyses from the ribosomal MLST database 

(https://pubmlst.org/rmlst) [271]. When more than 50 genomes were available, 

the population structure of the species was depicted using PHYLOViZ [272] and 

genomes were selected to maximise the population-level diversity of the 

species from the available genomes. All genomes were stored in a BIGSdb 

database [239] and annotated using the RAST server [243]. The prophage 

content for all genomes in the study dataset were calculated using the 

PhageContentCalculator script (see Chapter 2). 
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5.3.3 Sequence analyses of prophages 

All putative prophage sequences were inspected manually using Artemis 

Genome Browser version 8 [313] and those containing ambiguous bases (Ns) 

and/or assembly gaps (n=411) were excluded from further analyses. The total 

number of ORFs, overall length of genome and GC content of each prophage 

were calculated using Geneious version 11.1 (Biomatters Ltd.). Schematic 

diagrams of the coding regions of the prophages were produced in Geneious and 

edited using Adobe Illustrator (Adobe Inc.). 

5.3.4 Investigation of prophage insertion sites  

The prophage insertion sites within the bacterial genomes were investigated for all 

streptococcal species for which at least one complete (closed) bacterial genome 

was available (n=29). Prophage insertion sites containing ambiguous bases or 

assembly gaps were excluded from further analyses. The genomes were divided 

into eight equally-sized segments and the prevalence of prophages per segment 

was calculated, in order to assess the relative location of prophages within 

streptococcal bacterial genomes. 

To investigate the location of prophages relative to the putative function of the 

flanking bacterial genes, the sequences of the five bacterial genes both upstream 

and downstream of each prophage were retrieved. Bacterial gene sequences were 

categorised into Clusters of Orthologous Groups (COGs) using eggNOG-mapper 

[314] based on eggNOG 4.5 orthology data [315]. For comparison, a reference set 

of 70 streptococcal genomes, each representing a different streptococcal species, 

was compiled. All bacterial genes were assigned a COGs category using eggNOG 
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and the average prevalence of each COG category across the combined set of 70 

reference streptococcal genomes was calculated. 

5.3.5 Estimate of phylogenetic relationships among Streptococcus species 

A phylogenetic tree was generated using concatenated sequence data from 53 

ribosomal loci among all streptococcal genomes used in this study using the BIGSdb 

PhyloTree plugin [239]. The tree was graphically simplified to the species level by 

collapsing clades containing genomes from the same species into a single leaf using 

iTOL [248]. The tree was further modified and coloured using Adobe Illustrator. 

5.4 Results 

5.4.1 Prophages are a significant component of genomes of most clinically 

relevant streptococcal species 

Applying PhageMiner to a collection of 1,306 genomes from 70 different 

streptococcal species resulted in the identification of 415 full-length and 348 

satellite prophage genomes (Table 5.1). The prophage content within each 

streptococcal genome was estimated and revealed wide variability between 

streptococcal species, ranging from 0.4% of the Streptococcus thermophilus 

genome to 9.5% of the S. pyogenes genome (Table 5.2 and Supplementary File 

5.1). These data also revealed variability in prophage content among genomes 

of the same streptococcal species, for example, between 1-19% of the genes 

within individual S. pyogenes genomes were of full-length prophages (Table 

5.2). The overall prevalence of satellite prophages also varied, ranging from 

0.1% among S. mutans and Streptococcus sanguinis genomes to 4.5% of the 

Streptococcus dysgalactiae genomes (Table 5.2). 
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Table 5.1 - Descriptive statistics for the identified full-length and satellite prophages.  
 

Host Genomes  Full-length Prophages Satellite Prophages 

Streptococcus species (na 

of genomes) 

Avgb  
GCc 

content 
n 

Avg 
size 
(bpd) 

Avg  
GC 

content 

Avg  
n of 

genes 
n 

Avg 
size 
(bp) 

Avg  
GC 

content 

Avg n 
of 

genes 

S. pneumoniae (482) 39.6% 66 37,346 39.6% 56 44 12,936 37.2% 21 

S. pyogenes (50) 38.4% 67 39,113 38.5% 56 21 12,825 36.3% 23 

S. agalactiae (50) 35.3% 37 37,393 39.4% 51 19 14,096 35.7% 23 

S. dysgalactiae (50) 39.3% 34 39,344 38.6% 57 22 13,455 35.5% 24 

S. suis (50) 41.2% 28 35,696 41.1% 52 24 10,216 38.1% 17 

S. equi (50) 41.6% 18 38,096 39.0% 51 4 12,813 36.3% 20 

S. parauberis (16) 35.5% 14 38,455 35.8% 55 17 13,564 32.7% 20 

S. mitis (49) 40.1% 12 37,559 40.0% 55 35 12,074 36.2% 18 

S. oralis (49) 41.0% 12 35,654 39.7% 50 14 11,649 36.0% 17 

S. anginosus (24) 38.6% 9 37,077 39.6% 51 16 10,921 36.8% 17 

S. equinus (27) 37.3% 10 40,614 39.1% 56 13 10,075 34.2% 15 

S. constellatus (10) 38.0% 10 43,497 39.9% 51 4 10,347 35.3% 21 

S. uberis (13) 36.5% 9 39,936 37.7% 54 11 11,652 33.2% 18 

S. gallolyticus (17) 37.5% 8 37,207 38.1% 52 9 9,759 35.1% 14 

S. canis (11) 39.5% 8 37,776 40.4% 51 3 13,895 36.3% 25 

S. urinalis (4) 34.1% 7 38,072 37.2% 53 7 9,251 34.1% 14 

S. parasanguinis (31) 41.8% 7 38,470 41.4% 54 6 9,435 34.4% 11 

S. gordonii (22) 40.4% 7 35,522 40.1% 47 3 10,069 35.4% 15 

S. pseudopneumoniae (16) 39.8% 5 36,007 39.7% 62 9 11,870 38.2% 19 

S. iniae (8) 36.6% 5 35,285 36.8% 52 1 12,203 30.0% 18 

S. salivarius (32) 39.7% 4 40,116 42.2% 42 4 9,577 37.7% 15 

S. infantis (4) 39.4% 4 35,734 39.3% 49 1 11,158 38.0% 14 

S. porcinus (2) 36.7% 4 37,741 39.6% 51 0 - - - 

S. pseudoporcinus (5) 37.2% 3 38,992 38.3% 62 2 8,343 33.8% 19 

S. entericus (1) 44.6% 2 41,400 43.0% 59 2 10,349 42.4% 18 

S. himalayensis (1) 41.3% 2 39,219 40.8% 49 2 11,811 38.8% 16 

S. marmotae (1) 40.9% 2 37,995 43.0% 66 2 14,088 40.6% 21 

S. infantarius (2) 37.6% 2 33,058 38.4% 48 1 9,627 35.7% 14 

S. azizii (3) 42.7% 2 43,572 41.2% 58 0 - - - 

S. henryi (2) 38.6% 2 40,013 39.8% 58 0 - - - 

S. ictaluri (2) 38.1% 2 24,012 38.4% 32 0 - - - 

S. intermedius (9) 37.6% 1 33,366 38.0% 49 6 13,935 36.4% 23 

S. pasteurianus (5) 37.3% 1 35,546 38.0% 45 4 10,524 35.0% 15 

S. lutetiensis (2) 37.6% 1 37,997 39.0% 51 3 10,881 35.1% 15 

S. halotolerans (1) 39.2% 1 41,477 38.1% 52 2 13,216 36.9% 20 

S. hyovaginalis (1) 39.9% 1 39,028 37.6% 60 2 12,180 37.0% 22 

S. acidominimus (1) 42.6% 1 38,191 40.1% 52 1 9,826 39.5% 15 

S. cristatus (4) 42.6% 1 38,959 39.8% 52 1 13,630 40.4% 17 

S. macedonicus (2) 37.5% 1 38,767 38.5% 52 1 10,632 33.8% 14 

S. phocae (2) 39.5% 1 46,987 37.4% 76 1 12,626 36.2% 20 

S. cuniculi (1) 43.4% 1 28,958 40.4% 44 0 - - - 

S. orisratti (1) 38.5% 1 37,447 41.2% 42 0 - - - 

S. porci (1) 40.8% 1 40,394 35.3% 45 0 - - - 

S. thoraltensis (1) 38.4% 1 40,339 37.5% 57 0 - - - 

S. thermophilus (32) 39.0% 0 - - - 16 8,429 37.3% 14 

S. sanguinis (37) 43.0% 0 - - - 6 11,336 38.5% 18 

S. vestibularis (6) 39.5% 0 - - - 3 10,768 36.5% 14 

S. castoreus (1) 37.8% 0 - - - 2 10,268 36.1% 18 

S. merionis (1) 41.7% 0 - - - 1 10,429 39.5% 17 

S. oligofermentans (1) 42.1% 0 - - - 1 10,319 36.2% 16 

S. caballi (1) 40.4% 0 - - - 1 9,970 38.7% 17 

S. plurextorum (1) 41.1% 0 - - - 1 13,633 35.0% 27 

Other strep. species (111) - 0 - - - 0 - - - 

Total  - 415 - - - 348 - - - 

Avg. 39.4% - 38,003 39.2% 54 - 11,767 36.2% 19 
 

a, n = number. b, Avg = Average. c, GC = guanine and cytosine. d, bp = base pairs.
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Table 5.2 – Average prophage content within each streptococcal species.  

Species 

(number of genomes) 

Full-length Prophages Satellite Prophages 

Mina Maxb Avgc SDd Min Max Avg SD 

S. pyogenes (50) 1.0% 19.0% 9.5% 4.1 0.4% 3.3% 1.3% 0.9 

S. urinalis (4) 6.8% 9.1% 8.0% 1.0 1.5% 1.6% 1.5% 0.1 

S. pseudopneumoniae (16) 3.9% 7.0% 5.4% 1.2 0.7% 2.8% 1.7% 0.7 

S. parauberis (16) 0.4% 10.5% 5.4% 2.9 0.4% 3.2% 1.6% 1.0 

S. canis (11) 2.0% 9.5% 4.5% 2.9 2.0% 2.6% 2.3% 0.2 

S. dysgalactiae (50) 0.7% 11.9% 3.8% 2.3 0.3% 4.5% 1.3% 0.8 

S. suis (50) 0.5% 9.1% 3.7% 2.3 0.4% 3.7% 1.3% 0.7 

S. equi (50) 0.5% 11.1% 4.4% 3.4 0.2% 2.4% 0.6% 0.5 

S. agalactiae (50) 0.3% 8.7% 4.0% 2.1 0.2% 2.4% 1.0% 0.6 

S. infantis (4) 1.5% 7.6% 4.2% 2.2 0.4% 1.3% 0.8% 0.3 

S. uberis (13) 0.5% 6.7% 3.2% 2.0 0.9% 2.9% 1.7% 0.7 

S. constellatus (10) 1.4% 6.7% 3.9% 2.1 0.4% 1.3% 0.9% 0.4 

S. azizii (3) 3.7% 5.5% 4.3% 0.9 0.5% 0.5% 0.5% 0.0 

S. pseudoporcinus (5) 1.9% 6.7% 3.8% 2.3 0.5% 1.0% 0.7% 0.2 

S. mitis (49) 0.4% 9.3% 2.5% 2.1 0.3% 3.5% 1.6% 0.8 

S. pasteurianus (5) 1.3% 5.2% 2.5% 1.6 0.8% 2.3% 1.4% 0.5 

S. gallolyticus (17) 0.5% 6.2% 2.9% 1.4 0.4% 1.8% 0.9% 0.4 

S. pneumoniae (482) 0.4% 8.4% 2.9% 2.1 0.2% 3.3% 0.9% 0.6 

S. anginosus (24) 0.4% 7.6% 2.4% 2.1 0.4% 2.3% 1.2% 0.6 

S. oralis (49) 0.5% 6.4% 2.1% 1.8 0.2% 2.8% 1.0% 0.6 

S. iniae (8) 0.5% 8.6% 2.3% 3.0 0.2% 1.5% 0.6% 0.4 

S. parasanguinis (31) 0.4% 5.4% 2.2% 1.6 0.3% 2.0% 0.7% 0.5 

S. equinus (27) 0.4% 7.2% 1.9% 2.0 0.2% 2.7% 0.9% 0.7 

S. cristatus (4) 0.8% 3.1% 1.7% 0.9 0.5% 1.5% 0.8% 0.4 

S. intermedius (9) 0.5% 3.4% 1.1% 0.8 0.5% 1.8% 1.3% 0.5 

S. gordonii (22) 0.4% 5.6% 1.9% 1.6 0.2% 1.3% 0.5% 0.3 

S. vestibularis (6) 0.4% 0.8% 0.5% 0.1 0.5% 2.3% 1.6% 0.6 

S. salivarius (32) 0.4% 3.0% 1.2% 1.0 0.2% 1.7% 0.5% 0.4 

S. thermophilus (32) 0.3% 0.9% 0.4% 0.1 0.2% 1.4% 0.9% 0.4 

S. sanguinis (37) 0.3% 3.4% 0.8% 0.7 0.1% 1.3% 0.4% 0.4 

S. sobrinus (42) 0.4% 0.7% 0.5% 0.1 0.3% 0.6% 0.4% 0.1 

S. mutans (50) 0.2% 1.5% 0.5% 0.2 0.1% 0.3% 0.2% 0.1 
 

a, Min = Minimum. b, Max = Maximum. c, Avg = Average. d, SD = Standard Deviation. Values for 

streptococcal species for which at least three genomes were available in the study dataset are 

shown. A more comprehensive table detailing the number of prophage related genes in each 

streptococcal genome in the study dataset is provided in Supplementary File 5.1. 
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5.4.2 Full-length and satellite prophages are separate entities with little 

effective genetic exchange between them 

Genomic comparisons between full-length and satellite prophage genomes 

revealed that satellite prophages had a lower GC-content than full-length 

prophages and were about a third of the size both in terms of length of sequence 

and the number of genes they contained (Figure 5.1).  

 

 

Figure 5.1 - Graphical representation of all prophages by average genome size and number 

of genes. Each prophage is coloured to depict its average GC content.  

 
 

Streptococcal satellite prophage sequences have historically been regarded as 

“remnant” or “defective” prophages in a state of mutational decay [218, 227, 293, 

294]. However, this study found that satellite prophage sequences were highly 

conserved over many decades, e.g. one satellite prophage sequence was present 
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among pneumococci with isolation dates ranging from 1939 to 2006, and it had 

retained >99.98% nucleotide sequence similarity across the entire sequence 

(Figure 5.2), suggesting that it is under strong positive evolutionary pressure and 

likely provides an important biological function. The highly conserved nature of this 

satellite prophage was particularly striking given that the pneumococcus has long 

been known to be a highly recombinant organism [316, 317].  

 

 
 

Figure 5.2 - One satellite prophage that was found among pneumococci isolated between 1939 

and 2006. All of these satellite prophage sequences were nearly identical at the nucleotide level. 
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An unrooted phylogenetic tree of all streptococcal prophage genomes in the 

dataset depicted full-length and satellite prophages as two clearly distinct groups 

(Figure 5.3). Furthermore, the genes of satellite prophages were unique to those 

of full-length prophages; 93% of all satellite prophage genes were not found in any 

full-length prophage (Figure 5.4). Five flanking genes upstream and downstream 

of each prophage in the dataset were investigated, which revealed that prophages 

and satellite prophages never shared an insertion site (Supplementary File 5.2). 

Taken together, these findings suggest that these satellite prophage sequences 

were not recent remnants of previous lysogenisation by full-length prophages, but 

rather that they belong to a unique family of mobile genetic elements (MGEs). 

 

Figure 5.3 - An unrooted phylogenetic tree of all streptococcal prophage genomes identified 

in the dataset. Blue branches mark full-length prophages and red branches mark satellite prophages.  
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Figure 5.4 – Venn diagram showing genes shared between full-length prophages and 

satellite prophages at a threshold of >70% amino acid sequence similarity.  

 

5.4.3 Streptococcal prophages demonstrate a structured population 

Both full-length and satellite prophages demonstrated well-conserved patterns of 

genome organisation and synteny, regardless of the species that they were isolated 

from (Figure 5.5). Similar to other non-streptococcal prophages (Figure 5.6), genes 

encoding specific functions were often found clustered together in the prophage 

genome, although note that the function of many genes is still unknown and 

therefore the delineation of discrete gene clusters remains problematic (Figure 5.5). 

Comparisons of all the identified prophage sequences depicted major and minor 

clusters for both full-length and satellite prophages (Figure 5.7 and Supplementary 

File 5.3). Phages are generally believed to be bacterial species-specific and even 

specific to one or a few strains of a single bacterial species [206, 318-320]; 

however, these data showed that prophages isolated from different streptococcal 

species were often found in the same phylogenetic cluster, suggesting that cross-

species transmissions are more common than hitherto realised. Intriguingly, 

despite the close relatedness of their prophages, the bacterial hosts were not 

necessarily closely related (phylogenetically) (Figure 5.7, 5.8 and 5.9).
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Figure 5.5 - Full-length and satellite prophages from different streptococcal species demonstrate similar patterns of genome organisation and synteny. 
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Figure 5.6 – Schematic representation of examples of full-length and satellite prophage genomes from different non-streptococcal species. 
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Figure 5.7 – A neighbour-joining 

phylogenetic tree of all streptococcal 

prophage genomes identified in the 

dataset.  Blue branches mark full-length 

prophages and red branches mark 

satellite prophages (see Supplementary 

File 5.3 for a larger version of the tree). 
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Figure 5.8 - Evidence for cross-

species transmission of prophages. 

A, Phylogenetic tree of bacterial host 

genomes constructed on the basis of the 

concatenated sequences of 53 

ribosomal multilocus sequence type loci 

among all streptococcal genomes used 

in this study. The tree was graphically 

simplified to the species level by 

collapsing clades containing genomes 

from the same species. B and C, 

Phylogenetic tree depicting all 

prophages identified in this study (B) 

(see Supplementary File 5.3 for a large 

version of the tree) and a zoomed-in 

branch from the same tree (C) (with 

branch lengths ignored for illustrative 

purposes) depicting one example of a 

cluster of full-length prophages that 

were found among multiple 

streptococcal species (see also Figure 

5.9 for a distance matrix of pairwise 

similarity among these 18 prophages). 
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Figure 5.9 - Distance matrix of pairwise similarity among one example of a cluster of full-length prophages that were found among multiple streptococcal 

species. See Figure 5.8 for a phylogenetic tree depicting these 18 prophages. Phylogenetic tree depicting all prophages identified in this study is shown in Figure 5.7. 
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5.4.4 Streptococcal prophages were more frequently inserted among genes 

involved in information storage and processing 

In Chapter 4, 28.3% of satellite prophage sequences were inserted in a specific 

site that was very close to the origin of replication (oriC) (see 4.4.1). This prompted 

further investigation into whether other factors beyond the integrase sequence 

determined the prophage insertion site. Complete (finished) genomes of 29 

different streptococcal species were analysed and the location of prophage 

sequences within the genome varied widely between different species. There was 

no obvious pattern or preference towards the specific location of prophage 

insertion across the streptococcal genomes (Figure 5.10).  

Five flanking genes upstream and downstream of each prophage in the dataset 

were retrieved for functional classification using gene ontology analyses. This 

revealed that nearly one-third of all the bacterial flanking genes were involved in 

replication, recombination, DNA repair, transcription, translation and ribosomal 

structure and biogenesis (Figure 5.11 and Table 5.3). One-quarter of flanking 

genes were involved in metabolic processes, but equally, one-quarter of all flanking 

genes were of unknown function. The remaining flanking genes were involved in 

other cellular processes and signalling (Table 5.3).  
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Figure 5.10 – The location of prophage 

insertion sites within the bacterial 

genomes. One finished genome of each of 

29 streptococcal species was divided into 

eight non-overlapping segments of equal 

length according to the number of base 

pairs, and the percentages of prophages 

situated in each segment were quantified. 
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Figure 5.11 - Insertion sites of prophages within the streptococcal genomes. The streptococcal flanking genes upstream and downstream of all integrated full-

length and satellite prophages were retrieved for functional classification and are depicted here based upon their COG (clusters of orthologous groups) classifications. 
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Table 5.3 – The proportions of genes in each COGs (clusters of orthologous groups) for streptococcal genomes on average compared to those flanking prophages.  
 

Type Functional categories 
Flanking prophage genes Streptococcus spp. genesa Difference 

 Total (n) Percentage Total (n) Percentage 

Cellular processes and 
signalling 

 

Posttranslational modification, protein turnover, chaperones 226 3.5% 3,930 3.2%  

Cell wall/membrane/envelope biogenesis 221 3.4% 6,492 5.2%  

Defense mechanisms 216 3.3% 4,119 3.3%  

Intracellular trafficking, secretion, and vesicular transport 151 2.3% 1,657 1.3%  

Signal transduction mechanisms 112 1.7% 3,187 2.6%  

Cell cycle control, cell division, chromosome partitioning 68 1.0% 1,367 1.1%  

Subtotal:  994 15.3% 20,752 16.7% -1.4% 
       

Information storage and 
processing 

 

Replication, recombination and repair 818 12.6% 10,255 8.2%  

Translation, ribosomal structure and biogenesis 619 9.5% 10,082 8.1%  

Transcription 579 8.9% 9,066 7.3%  

Subtotal:  2,016 31.0% 29,403 23.6% 7.4% 
       

Metabolism 
 

Carbohydrate transport and metabolism 418 6.4% 9,779 7.9%  

Inorganic ion transport and metabolism 403 6.2% 5,868 4.7%  

Amino acid transport and metabolism 385 5.9% 9,704 7.8%  

Nucleotide transport and metabolism 214 3.3% 4,308 3.5%  

Lipid transport and metabolism 130 2.0% 2,472 2.0%  

Energy production and conversion 115 1.8% 4,295 3.5%  

Coenzyme transport and metabolism 97 1.5% 2,804 2.3%  

Secondary metabolites biosynthesis, transport and catabolism 27 0.4% 744 0.6%  

Subtotal:  1,789 27.5% 39,974 32.1% -4.6% 
       

Poorly characterised Function unknown 1,707 26.2% 34,377 27.6% -1.4% 

       

Totalb  6,506 100% 124,526 100%  

 

a, Sum total of genes in each category, as represented by a dataset consisting of one reference genome for each of 70 different Streptococcus. b, Chi square 

test of 2x4 contingency table (flanking prophage genes vs. streptococcal genes among four COG groups): p value <0.00001. 
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For comparison, one genome of each of the 70 different streptococcal species 

were selected and used to determine the clusters of orthologous groups (COGs) 

for all streptococcal genes, and subsequently, the genome-wide streptococcal 

data were compared to the COGs represented by the prophage flanking genes 

in the overall dataset (Table 5.4). This demonstrated that the distributions of 

COGs categories were significantly different, and while prophage flanking genes 

were more likely to be in the information storage and processing COGs category, 

the most prevalent COGs category among all streptococcal genes was 

metabolism (32.1% of all genes). A list of all prophage insertion sites and their 

flanking genes is available in Supplementary File 5.2. 

5.5 Discussion  

This study was the first large-scale analysis of the genomic diversity and 

population structure of prophages across a wide range of streptococcal species 

and the data revealed that prophages and satellite prophages were two clearly 

different entities and were widely distributed among streptococci. The main 

overall finding was that prophages are likely influencing streptococcal biology 

and epidemiology to a much larger extent than previously realised, given the 

high proportion of prophage DNA found in many streptococcal species. Many of 

the streptococci investigated in this study are important human and animal 

pathogens, and prophages were found to be a significant component of the 

genomes of most clinically-relevant streptococci.  

Another major finding was the evidence for cross-species transmission of 

prophages between unrelated streptococcal species. Historically, the prevailing 

dogma is that phages have a narrow host range [206, 318-320], but the data 
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presented in this chapter challenge this view and suggest that prophage 

transmission across bacterial species is more common than previously recognised. 

Other investigators have also recently suggested that some phages may have a 

broader host range than previously appreciated [321].  

The dataset was designed to be comprised of streptococci that were genetically 

different and geographically widely distributed, rather than from a very defined 

population. In the context of a highly diverse dataset, there are two plausible 

explanations for finding the same or highly similar prophages in different species, 

the most likely of which is cross-species transmissions of prophages or at least 

prophage sequences. The alternative explanation is a shared common ancestor, 

but this is far less likely given the overall variation among prophage sequences, 

at least on any reasonable time frame. The implications of these findings are that 

host specificity should be considered when trying to understand the precise role 

of prophages in streptococcal biology and when considering whether phages 

might be used in any therapeutic interventions. One of the commonly cited 

advantages of phage therapy over traditional antibiotics is the narrow host range 

of the phages, which allows a particular phage to target pathogenic bacteria 

without harming the normal microflora [322, 323]. Conversely, the same narrow 

spectrum of activity is a major limitation of phage therapy, as it restricts the use 

of a particular phage to a limited number of potential pathogens, and thus, 

requires more through diagnosis [322, 323]. 

A limitation of this study is that the number of complete prophage genomes 

reported within streptococcal genomes is likely to be an underestimate. This is 

because the vast majority of the genomes in the study dataset were unfinished 
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genomes, meaning they were comprised of several assembly contigs. 

Consequently, any prophage genome split over different contigs would not be 

identified using the current methodology, as the presence of multiple prophages in 

the same genome meant that accurate prophage assemblies could not be ensured. 

However, genome sequencing and assembly technologies are consistently 

improving, and more recently generated genome assemblies are comprised of only 

a few contigs [324], which will circumvent this limitation in the future. 

Overall, the results from this study enhance our understanding of how prophages 

drive evolution of streptococci and reveal numerous areas for future studies. A 

summary of the main findings of this thesis, together with suggestions for future 

research, is provided in the next chapter.  
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5.6 Supplementary information  

Supplementary File 5.1. List of genomes used in this study. 

Supplementary File 5.2. A list of all the identified prophage insertion sites and their 

flanking genes. 

Supplementary File 5.3. A phylogenetic tree of all prophage genomes identified in 

the dataset.   
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6. Summary and future work 

6.1 Summary 

The pneumococcus is a major public health problem, leading to significant 

morbidity and mortality worldwide with a substantial health and economic burden 

[1, 3-9]. The increase in antibiotic-resistant pneumococci is of serious concern, 

which necessitates investigations into novel antimicrobial strategies. Despite their 

potential as therapeutic weapons for bacterial diseases, our knowledge of phages 

and bacteriocins has been heavily bottlenecked by technical difficulties in their 

detection and characterisation. Before the advent of affordable genome 

sequencing, most bacteriocins and phages were identified using experimental 

culture-based methods; however, the explosion of whole genome sequence data 

has drastically expedited the identification and genetic analysis of phages and 

bacteriocins. The data presented in this thesis demonstrated how genomic 

approaches can be employed to enhance our knowledge of the prevalence, 

diversity and molecular epidemiology of bacteriocins and phages.  

The principal findings of the Results chapters of this thesis are summarised below: 

Chapter 3. Genome sequencing reveals a large and diverse repertoire of 

antimicrobial peptides 

6.1.1 The pneumococcus possesses an unexpectedly large bacteriocin repertoire 

A bioinformatics investigation of >6,200 pneumococcal genomes resulted in the 

discovery of 14 novel and different bacteriocin clusters. This was a substantial 

increase on the previously identified pneumococcal bacteriocin clusters, which 

tripled the number of known bacteriocins in this species. Among the newly-
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discovered bacteriocin clusters, several belong to three distinct bacteriocin families 

of lactococcin 972-like, lassopeptide and sactipeptide, which were previously not 

known to be harboured by pneumococci. RNA sequencing clearly demonstrated 

that bacteriocin genes were, at the very least, transcriptionally active when the 

pneumococcus was under stress or in competition with another strain during 

bacterial co-culture. These findings fundamentally expand our knowledge of the 

bacteriocin repertoire of the pneumococcus, which is central to understanding how 

bacteriocins drive changes within the pneumococcal population and the wider 

microbial community. There is obvious potential for the development of 

bacteriocins as novel antimicrobials, and at a time when the challenges of 

antimicrobial-resistant microbes have never been more acute these data provide 

many new areas of investigation.  

6.1.2 There is extraordinary bacteriocin diversity within the global 

pneumococcal population 

Investigation of the identified bacteriocins within a globally-distributed 

pneumococcal dataset revealed that some bacteriocins were ubiquitous among all 

genomes, while others were only found in specific clonal complexes. Overall, each 

pneumococcal genome possessed between 6 to 11 different bacteriocins. The fact 

that any single pneumococcal genome possesses multiple bacteriocin clusters 

should be carefully considered when designing laboratory experiments aimed at 

assessing the activity of an individual bacteriocin.  

Bacteriocins, often in particular combinations, were associated with specific clonal 

complexes. This is important, since these findings provide a framework on which 

to examine the specific contribution bacteriocins might make to the success of 
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genetic lineages, and thus in shaping the bacterial community. It is plausible that 

harbouring particular bacteriocin combinations promote the dominance of certain 

strains. Given that certain pneumococcal lineages and serotypes are 

predominately associated with disease whilst others with asymptomatic 

nasopharyngeal carriage [41], it would be clinically relevant to investigate any 

relationships between the production of bacteriocins and the epidemiological 

success of bacterial genetic lineages. Moreover, an improved understanding of the 

relevance of the bacteriocin production in pneumococcal biology may help guide 

the development of appropriate interventions, such as predicting vaccine impact. 

If bacteriocins are essential to the microbial competitive strategy, by directly 

influencing changes in microbial populations, they might indirectly be affecting the 

effectiveness of vaccines in the longer term: after vaccine use in human 

populations, the target bacterial population is significantly changed and those 

bacteria must now compete within the altered microbiome.  

6.1.3 Bacteriocin clusters missing one or more genes are not uncommon 

The percentages of partial and complete clusters varied between different 

bacteriocins, i.e. some were partial in the majority of genomes, while others were 

present in most genomes as a complete cluster, which adds further layers of 

complexity when trying to elucidate the roles bacteriocins play in streptococcal 

biology. Furthermore, the remnant genes in the partial bacteriocin clusters were 

highly conserved for at least several decades. RNA sequencing also revealed that 

partial clusters were transcriptionally active. Taken together, these results suggest 

that the remnant genes in the partial bacteriocin clusters likely play an important 

biological function.  
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Streptococcins were used as models for further investigating the pattern of 

missing genes in partial clusters, which revealed that the majority of the partial 

clusters lacked the bacteriocin gene, while still retaining the immunity and/or the 

transporter genes. These findings provide further support for the “cheater” 

hypothesis, which suggests that some strains retain the immunity and transporter 

genes in order to protect themselves from neighbouring bacteria that express the 

bacteriocin, without bearing the cost of toxin production [252, 281]. 

6.1.4 There is evidence for the intra- and interspecies exchange of 

bacteriocin clusters 

The majority of the bacteriocin clusters identified among pneumococcal genomes 

were not exclusive to S. pneumoniae but were also present in other unrelated 

streptococcal species. The interspecies exchange of bacteriocin clusters was further 

evidenced by the differences in the GC content of the bacteriocin clusters relative to 

the pneumococcal genome. Moreover, this study identified genomic hotspots for the 

integration of bacteriocin gene clusters in the pneumococcal chromosome. Up to 

three different bacteriocin clusters were found to be associated with a single hotspot, 

suggesting a switching mechanism whereby different bacteriocin clusters may 

replace one another through genetic recombination. Taken together, these findings 

suggest that the intra- and interspecies exchange of bacteriocin clusters can occur, 

which fundamentally expands our understanding of bacteriocins relative to 

intraspecies and interspecies nasopharyngeal competition. 

These results are also significant to the broader community as one promising 

approach for treatment and prevention of pathogenic bacterial species is the use 

of commensal bacteriocin-producing species as probiotics to outcompete the 
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pathogenic ones [160]. The findings that the bacteriocin gene clusters can be 

exchanged among streptococcal strains may have implication for the future of this 

approach. While such exchange events have not yet been experimentally 

confirmed, nor is it yet clear how prevalent or efficient they would be, it is possible 

to envision a scenario wherein the bacteriocin gene cluster of the probiotic strain 

could be integrated into the genomes of other bacterial species, including the target 

pathogen, which would cause the bacteriocin to become ineffective.  

Chapter 4. Genomic investigation and molecular epidemiology of satellite 

prophages in S. pneumoniae 

6.1.5 Satellite prophages are widespread among pneumococcal genomes 

and possess a structured population 

A bioinformatic investigation of 482 historical and modern pneumococcal 

genomes resulted in the discovery of 44 novel and unique satellite prophages, 

which clustered into five major groups. Satellite prophages were found to have 

persistent associations with specific widely-circulating pneumococcal clonal 

complexes over many decades. These findings are important as they provide a 

framework on which to explore whether the presence of certain prophages 

among genomes might contribute to the virulence or the epidemiological 

success of a bacterial genetic lineage. 

6.1.6 The pneumococcal satellite prophages are maintained at specific sites 

on the bacterial chromosome  

The pneumococcal satellite prophages were consistently inserted in seven 

specific locations of the host chromosome, which were directly associated with 
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the nucleotide sequence of the integrase gene they harboured. The majority 

(88%) of the identified satellite prophages were found in three particular locations 

among the pneumococcal genomes, suggesting that the presence of a suitable 

region(s) for integration in the host genome may act as a major determining factor 

in phage sensitivity.  

6.1.7 Satellite prophages may play a role in pneumococcal pathogenesis 

An extensive investigation of pneumococcal satellite prophage genes led to the 

identification of a virulence-associated gene, which was found to be involved in 

pneumococcal pneumonia and sepsis in a murine infection model, demonstrating 

experimentally for the first time that satellite prophages were directly involved in 

pneumococcal virulence. Moreover, a comparative transcriptome analysis of 

planktonic and biofilm-grown pneumococci clearly showed significantly higher 

satellite prophage gene expression in planktonic growth compared to the biofilm. 

vapE was the third most upregulated gene in the entire genome, further indicating a 

role for the satellite prophage and vapE in pneumococcal virulence. While the 

specific mechanism driving virulence is not yet clear, these data provide clear 

evidence that experimental investigations of pneumococcal satellite prophages 

should be pursued, as such findings may hold the key to understanding important 

aspects of pneumococcal biology and pathogenesis. 

 

Chapter 5. Prophages and satellite prophages are widespread among 

Streptococcus species 
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6.1.8 Prophages are a major component of genomes of most clinically 

relevant streptococcal species and a significant driving force for bacterial 

strain diversification 

A bioinformatic investigation of >1,300 genomes of 70 different Streptococcus species 

resulted in the identification of nearly 800 prophages and satellite prophages, the 

majority of which were newly discovered. The prophage content within each 

streptococcal genome was calculated, which revealed significant variability among 

streptococcal species, ranging from 0.4% of genes in S. thermophilus to 9.5% in S. 

pyogenes. Many of the streptococci investigated are important human and animal 

pathogens and prophages constituted a significant portion of their genomes. Overall, 

these findings suggest that prophages are likely to be influencing streptococcal 

biology and epidemiology to a much greater extent than previously appreciated, given 

the high proportion of prophage DNA present in many streptococcal species – many 

of which had not previously been analysed for evidence of prophages. Furthermore, 

significant differences in prophage content were detected among different genomes 

of the same streptococcal species, highlighting the important role of prophages in 

contributing to interstrain genetic variability.  

6.1.9 Full-length and satellite prophages are separate entities with little 

effective genetic exchange between them 

An unrooted phylogenetic tree of all streptococcal prophage genomes depicted 

full-length and satellite prophages as two clearly distinct groups. Prophages and 

satellite prophages never shared an insertion site. Furthermore, 93% of all 

satellite prophage genes were not found in any full-length prophage. Satellite 

prophage genomes were found to be highly conserved among pneumococcal 
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genomes over many decades, signifying that they are under strong positive 

evolutionary pressure, possibly due to an important biological function. Taken 

together, these findings indicate that satellite prophage sequences are not 

recent remnants of previous lysogenisation by full-length prophages, but rather 

that they belong to a unique family of MGE. 

6.1.10 There is convincing evidence that cross-species transmission of 

prophages is not uncommon 

Whole genome comparisons of all the identified prophage sequences revealed 

several major and minor clusters for both full-length and satellite prophages. 

Surprisingly, streptococcal prophages isolated from different species were often 

in the same cluster, suggesting that cross-species transmission occurs more 

commonly than previously realised. Intriguingly, despite the close relatedness 

of their prophages, the hosts were not necessarily the closest phylogenetically 

related species. A speculative hypothesis might be that streptococcal 

prophages are evolving separately from their bacterial hosts, and thus, different 

factors such as ecological relatedness may dominate over evolutionary 

relatedness of the host bacteria. The overall implications of these findings are 

that host specificity should be taken into account when aiming to elucidate the 

exact role of prophages in streptococcal biology and when evaluating the 

potential of phages for therapeutic purposes. 
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6.1.11 Streptococcal prophages are frequently inserted among genes 

involved in information storage and processing 

The location of prophages residing along the chromosome of the Streptococcus 

species varies greatly between different species. Genes flanking prophage 

insertion sites are more frequently involved in information storage and processing 

compared to the average for streptococcal genomes. One possible explanation 

might be that there is an evolutionary pressure on selecting prophage integrase 

genes that insert in-between essential host genes in order to enhance prophage 

stability, as prophage genomes integrated within essential genes are less likely to 

be lost during host replication.  

6.2 Future work 

The genome datasets used in this thesis were specifically compiled to address 

questions related to prevalence and diversity. Further research, using a more 

focused dataset, should be undertaken to investigate how bacteriocins and 

phages drive changes within the pneumococcal population and the wider 

microbial community. Genome datasets comprised of sequential samples 

isolated from a particular geographical environment over years could be used 

to track bacteriocin and prophage stability in lineages/species and contextualise 

their movement across species. Furthermore, the use of a more focused 

genome dataset would enable addressing questions such as how frequent 

processes such as bacteriocin cluster switching is taking place in nature. It 

would also be interesting to investigate whether the acquisition of a new 

bacteriocin cluster within a specific bacterial lineage, would lead to another 
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existing bacteriocin cluster becoming redundant, and thus accumulate 

detrimental mutations, particularly in their toxin gene. 

As discussed in the general introduction (see 1.4.4), the long abiding race 

between bacteria and phage has led to the evolution of resistance systems that 

protect the host bacteria from infection by phages. Recently, several new phage 

defense systems have been described, and some of these are reported to be 

present among streptococcal genomes [325]. A further study could assess 

whether the presence of any of these newly-discovered phage defense systems 

are mutually exclusive with particular phages. These investigations have the 

potential to greatly improve our understanding of the complex interplay between 

the phages and the host. 

Classically, individual bacteriocins are named after the species of organism that 

produces them; for example, colicin and pesticin bacteriocins are produced by 

Escherichia coli [326] and Yersinia pestis [327], respectively. Likewise, phages are 

generally named after the bacterial species and strain for which they are 

supposedly specific; for instance, Dp1 (diplococcus pneumoniae; the 

pneumococcus), PA DP4 (Pseudomonas aeruginosa), KP DP1 (Klebsiella 

pneumoniae), SA DP1 (S. aureus) and EC DP3 (E. coli) [328]. However, the 

findings presented in this thesis revealed that identical or highly similar versions of 

the bacteriocin gene clusters and phages could be found in other unrelated 

species, highlighting a need for new naming schemes. The lack of an adequate 

systematic scheme for naming bacteriocins and phages can result in confusion 

and potentially results in duplication of some of the in vitro work. For instance, as 

shown in Chapter 3, a similar bacteriocin cluster has been named differently in two 
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different bacteria (pneumolancidin in pneumococcus [256], and Salivaricin E in 

Streptococcus salivarius [278]). Based on the findings of this thesis, it is 

recommended that, in future investigations, newly-identified bacteriocins and 

phages are named based on their nucleotide sequence rather than the species 

that they target or were isolated from.   

There is potential for the use of bacteriocins and phages as an alternative to 

existing antibiotics and the lengthy list of phages and bacteriocins identified as part 

of this thesis provides a valuable resource for future studies. A natural progression 

of this work is to investigate the in vivo production and functional activities of 

bacteriocin and phage gene products in the laboratory settings. For instance, 

susceptibility assays [329] need to be carried out in order to evaluate the spectrum 

of activity and potency of the identified bacteriocins and phages. In fact, several of 

the bacteriocins identified as part of this thesis are currently in the process of being 

synthesised and tested in collaboration with an industrial partner. 

The lengthy list of prophages and bacteriocins identified as part of this thesis also 

provide a useful resource for the development of the novel bioinformatics tools 

aimed at in silico identification of bacteriocins and prophages. The coding 

sequences from the newly identified bacteriocin and phages ORFs can be used as 

query to easily perform genome mining in additional genome datasets. 

Furthermore, results from this thesis revealed that the prophages and bacteriocins 

are commonly located at particular location in the genome, and this information 

can be used to develop pipelines that can identify the majority of these elements 

by simply scanning known insertion sites.  
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Overall, the findings from this thesis clearly highlight the importance of performing 

population genomics studies for understanding bacterial infection. The 

heterogeneity observed amongst pneumococcal populations in terms of 

bacteriocins and prophages was astonishing, which cautions against making 

broader conclusions about pneumococcal biology based on results obtained from 

the use of a single bacterial strain.  

The rapidly increasing number of available whole genome sequences presents 

unprecedented opportunities to enhance our understanding of microbial 

competition and infection at a depth and scale not previously feasible. As 

evidenced throughout this thesis, large population genomics approaches can be 

employed to develop hypotheses, design experiments and choose the most 

suitable strains for further in vitro experiments. The results of this thesis uncover 

many areas for future studies, the outcomes of which will enhance our 

understanding of the potential roles bacteriocins and phages play in streptococcal 

biology, pathogenesis, ecology, epidemiology and evolution. 
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Abstract: 

Competition among bacterial members of the nasopharyngeal microbiome is 

believed to be mediated by bacteriocins: antimicrobial toxins produced by many 

bacterial species to inhibit other bacteria in the same ecological niche. The 

producer strain also encodes an immunity protein to protect itself from its own 

bacteriocin.  Their role as weapons of defence makes the bacteriocins attractive 

candidates for the development of new antibiotics. A genome mining approach was 

employed to discover bacteriocin systems in a large, diverse set of historical and 

modern pneumococcal genomes isolated from 1937-2016. Nearly 7,000 

pneumococcal genomes isolated from 40 countries were screened in silico and the 

bacteriocins were investigated in the context of the pneumococcal population 
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structure. Our study revealed that the pneumococcus possesses more bacteriocins 

than previously thought. Some of the bacteriocin cassettes were found in all 

pneumococci, while others were limited to a small percentage of isolates. 

Furthermore, RNA sequencing transcriptome analyses were used to investigate 

the triggers of bacteriocin expression, which currently remain poorly understood. 

Our study found that external factors like heat stress can induce the expression of 

bacteriocin genes.  These findings fundamentally change our view of bacteriocins 

and nasopharyngeal competition among pneumococci.
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Abstract:  

Background and Aims: Phage-inducible chromosomal islands (PICIs) are a 

recently discovered type of satellite virus that do not have the ability to replicate on 

their own and have a life cycle dependent on a helper virus. These elements can 

exploit bacteriophages integrated within a bacterial chromosome as helpers, by 

manipulating the bacteriophage life cycle to enable their own replication and 

promiscuous spread. Originally identified in Staphylococcus aureus, they were 

shown to be vectors for the spreading of toxin genes and other virulence factors. 

The prevalence, diversity and genetic stability of PICIs in pneumococcus are 

virtually unknown. We aimed to identify and categorise pneumococcal PICIs and 

investigate their molecular epidemiology in the context of the pneumococcal 
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population structure. 

Methods: We analysed the genomes of 482 diverse pneumococci recovered since 

1916 from ill and healthy persons in 36 different countries for evidence of PICIs. 

PICI sequences were defined as those having a genomic organisation similar to 

the previously reported staphylococcal PICIs. 

Results: We identified 45 unique pneumococcal PICIs. The genomic organisation 

of the PICIs indicated conserved modular structures, with genes clustered 

according to function. Multiple sequence alignment analyses suggested that 

pneumococcal PICIs can be categorised into four major groups. 34.4% (166/482) 

of the pneumococcal genomes harboured at least one PICI and 5.6% (n = 27) 

contained two. Some PICIs were detected in multiple clonal complexes (CC), while 

others were found exclusively in a single CC. Several PICIs persisted for decades. 

Conclusion: PICIs are widespread among the pneumococci and demonstrate a 

structured population.
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Title: 
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Streptococcus pneumoniae 

Authors: 
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Brueggemann1, 2 
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Abstract:  

Background and Aims: Competition among bacterial members of the nasopharynx 

is believed to be mediated by bacteriocins: antimicrobial toxins produced by 

bacterial species to inhibit the growth of other closely-related bacteria. Their ability 

to kill bacteria makes bacteriocins attractive candidates for the development of 

novel antimicrobials. We recently identified 14 newly-discovered putative 

bacteriocins, tripling the number of known bacteriocins among pneumococci. We 

aimed to further assess these bacteriocins in the context of the pneumococcal 

population structure. 

Methods: Using a large global and historical dataset of 571 pneumococci isolated 

from 1916-2009, we determined the prevalence, molecular epidemiology and co-
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occurrence patterns of the pneumococcal bacteriocins. 

Results: The number of different bacteriocins within each genome varied from 6 to 

11 among pneumococci and certain combinations of bacteriocins were more 

frequently represented in the dataset. All bacteriocins detected more than once in 

the dataset were identified among pneumococci isolated over several decades and 

from a variety of different countries. We observed that many pneumococcal 

genomes harbour partial bacteriocin clusters that lack the toxin gene, while still 

retaining the immunity and/or the transporter genes. Whole-genome-based 

population analyses identified three genomic regions that are putative hotspots for 

the integration of bacteriocin clusters in the pneumococcal chromosome. Our data 

suggest a switching mechanism, whereby different bacteriocin clusters can replace 

one another via genetic recombination. 

Conclusion: We revealed that not only do pneumococci possess a substantially 

greater and more varied array of bacteriocins than previously recognised, the 

bacteriocins, often in a particular combination, are associated with specific genetic 

lineages.
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Abstract: 

Prophages (viral genomes integrated within a host bacterial genome) are abundant 

within the bacterial world and are of interest because they can be reservoirs of 

genes that are involved in pathogenesis and antibiotic resistance. Satellite 

prophages are parasites of parasites that rely on the bacterial host and another 

helper prophage for survival. We developed PhageMiner, a powerful new user-

friendly bioinformatics software for finding prophage in bacterial genomes. Using 

this tool, we analysed >1,300 genomes of 70 different Streptococcus species and 

identified an extraordinarily diverse collection of nearly 800 prophages and satellite 

prophages, the majority of which were discovered for the first time. We show that 

prophages and satellite prophages are a significant component of the genomes of 

clinically-relevant Streptococcus species. Contrary to the current dogma, we found 
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convincing evidence that cross-species transmission of prophages is not 

uncommon, which may have implications for the future of phage therapy. Our study 

also revealed a remarkable variability in prophage content among various 

streptococcal species as well as different genomes of the same species. We 

calculated the average prophage content for several of the major and widely-

circulating pneumococcal genetic lineages. Furthermore, we performed a 

systematic investigation of prophage insertion sites and found that prophages are 

more frequently inserted adjacent to genes involved in information storage and 

processing. Overall, our findings suggest that prophages are likely to be influencing 

streptococcal biology and epidemiology to a much greater extent than previously 

appreciated.
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Conference: 
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Title: 

A satellite prophage is involved in pneumococcal pneumonia and sepsis in a 

murine infection model  

Authors: 

Reza Rezaei Javan1, Elisa Ramos-Sevillano2, Asma Akter3, Jeremy Brown2, 

Angela Brueggemann1,3 

Authors' affiliations: 

1Nuffield Department of Medicine, University of Oxford, Oxford, United Kingdom  
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Abstract: 

Satellite prophages are a recently discovered type of prophages (viral genomes 

integrated within a host bacterial genome), which lack all the necessary genetic 

information to replicate on their own and are reliant on hijacking the machinery of 

another inducing ‘helper’ virus to replicate. These ‘parasites of parasites’ have 

been shown to be vectors for the spreading of toxin genes and other virulence 

factors, e.g. Staphylococcus aureus pathogenicity islands 1, which possesses the 

gene responsible for causing toxic shock syndrome. An in-silico investigation of 

pneumococcal satellite prophage genes led to the identification of a gene that is a 

homologue of the ‘virulence-associated gene E’ (vapE) in Streptococcus suis. To 
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investigate whether the vapE homologue in the pneumococcal satellite prophage 

is also associated with virulence, we performed in vivo studies using a murine 

pneumococcal infection model. Deletion mutant stains were constructed in a 

serotype 6B pneumococcal strain (BHN418) in which either vapE (∆vapE) or the 

entire satellite prophage sequence (∆SpnSP38) were knocked out. For each of the 

mutant strains, a competitive index (CI) was determined using a competitive 

infection experiment in a mouse model of pneumonia, which indicated a role for 

the satellite prophage and vapE in the establishment of pneumococcal pneumonia. 

Furthermore, in a sepsis model, the mice infected with the wildtype serotype 6B 

strain had significantly greater blood and spleen colony-forming units (CFU) than 

the ∆SpnSP38 mutant, indicating that the satellite prophage is directly involved in 

pneumococcal virulence during bacterial dissemination in the systemic circulation. 

Overall, our findings suggest that satellite prophages may play a role in 

pneumococcal pathogenes.
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Abstract: 

Background and Aims: Mucosal Associated Invariant T (MAIT) cells represent an 

innate T cell population of emerging significance. These abundant cells can 

recognize ligands generated by microbes utilizing the riboflavin synthesis pathway, 

presented via the MHC-like molecule MR1 and binding of specific T cell receptors 

(TCR). They also possess a functional programme (shared by innate T cell 

populations expressing CD161) allowing microbial sensing in a cytokine-

dependent, TCR-independent manner. We aimed to determine whether MAIT cells 

recognise pneumococci and assess the genomics and transcriptomics of the 
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pneumococcal riboflavin operon (Rib genes). 

Methods: We examined the expression of Rib genes in pneumococci at rest and 

in response to metabolic stress using RNA sequencing, and linked this to MAIT 

cell activation in vitro. We analysed 571 diverse pneumococcal genomes from 39 

countries dating back to 1916, and 824 genomes of 69 different non-pneumococcal 

Streptococcus species genomes for evidence of Rib gene sequences. 

Results: We observed robust recognition of pneumococcal strains at rest and 

following stress, using both TCR-dependent and TCR-independent pathways. The 

pathway used was highly dependent on the antigen-presenting cell, but was 

maintained across a wide range of clinically-relevant strains. The riboflavin operon 

was highly conserved among pneumococci, and different versions of the riboflavin 

operon were also identified in other streptococcal species. 

Conclusion: These data indicated an important functional relationship between 

MAIT cells and pneumococci, which may be tuned by local factors, including the 

metabolic state of the organism and the antigen-presenting cell that it encounters.
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