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Abstract 
 

Streptococcus pneumoniae (the pneumococcus) is a prevalent nasopharyngeal commensal in 
humans that can transition from a harmless coloniser to a dangerous pathogen, contributing 
significantly to global bacterial infections and associated morbidity and mortality. Unfortunately, the 
intricate mechanisms influencing individual strain capabilities to cause localized or invasive 
pneumococcal diseases remain enigmatic, primarily due to the extensive genetic diversity between 
pneumococcal strains, with over 100 capsular serotypes superimposed on more than 12,000 clonal 
sequence types (STs). 
 
This study builds upon prior research that used closely related strains, of the same serotype and 
ST, isolated from the blood and ears of patients to investigate factors influencing disease 
progression and outcome. Specifically, it was found in serotype 14 ST15 and serotype 3 ST180 
blood and ear isolates pairs, that the ability to metabolise the carbohydrate raffinose, influenced by 
a single nucleotide polymorphism (SNP), resulted in distinct disease progression within an 
intranasal murine infection model (Minhas et al., 2019). This emphasises the importance of 
investigating minor disparities between closely related clinical isolates, whilst bypassing the 
significant genetic diversity inherent in S. pneumoniae.  
 
In this project, a collection of clinical isolates was screened for carbohydrate metabolism. Among 
these, a pair of closely related pneumococcal isolates (serotype 15C, ST 8711) from the blood and 
cerebrospinal fluid (CSF) of a single paediatric meningitis patient exhibited significant differences 
in raffinose metabolism. The blood-derived isolate (60B) displayed defective raffinose metabolism, 
reduced gene transcription in the raffinose utilisation pathway and inability to use raffinose as a 
carbon source. In a murine intranasal infection model, 60B displayed higher bacterial counts in 
nasal tissue, compared to those infected with 60CSF, but couldn't survive in the ears of infected 
mice. Genome sequencing revealed a premature stop codon in the aga gene within the raffinose 
locus of both strains, suggesting the presence of impaired alpha-galactosidase activity in both 
strains. Moreover, genome analyses revealed no SNPs between these closely related strains, 
implying other factors were involved. 
 
As genome sequencing did not provide a molecular basis for the observed differences, the spnIII 
type I restriction-modification system, known for its role in methylation and subsequent gene 



 xvii  
 

regulation, was explored. Recombination of the spnIII locus leads to six different variants (A-F) of 
a methyltransferase, each with a distinct methylation pattern, resulting in unique bacterial 
subpopulations with varying phenotypic characteristics. Notably, spnIIIB has been associated with 
increased nasopharyngeal carriage and downregulation of the LuxS/AI-2 Quorum Sensing (QS) 
system (Manso et al., 2014), a universal communication channel among bacteria linked to virulence 
and biofilm formation in pneumococci (Trappetti et al., 2017; Trappetti, Potter, et al., 2011; Yadav 
et al., 2018). 
The analysis of spnIII alleles in both strains showed a higher proportion of spnIIIB in 60B, 
correlating with reduced luxS expression. Deletion of luxS in both strains showed altered metabolic 
profiles and in vivo behaviour. Furthermore, this study revealed, for the first time, that spnIII not 
only influences LuxS production but also that LuxS, through an unknown mechanism, affects the 
proportion of spnIII alleles, potentially influencing disease progression in mice. 
 
Collectively, these discoveries indicate that closely related Streptococcus pneumoniae isolates 
from a paediatric meningitis patient's blood and CSF demonstrate divergent raffinose metabolism, 
which correlates with disease outcomes in a murine model. Furthermore, it highlights the 
importance of the regulatory interplay between luxS and the spnIII type I restriction-modification 
system in shaping disease progression and outcomes.





 1 

Chapter 1: Introduction 

1.1. Streptococcus pneumoniae (the pneumococcus) 
Streptococcus pneumoniae (the pneumococcus) is a Gram-positive, alpha-haemolytic, diplococcal 
shaped bacterium that causes significant global morbidity and mortality each year. These bacteria 
commonly colonise the human nasopharynx asymptomatically and can be transmitted to other 
uninfected hosts via secretory droplets. After colonisation of the nasopharynx, pneumococci can 
move to other sites of the body and cause disease through relatively poorly understood 
mechanisms. Pneumococci are responsible for localised disease such as otitis media and sinusitis, 
or invasive diseases such as pneumonia, bacteraemia and meningitis. In spite of many years of 
research, with the development of multiple vaccines and antibiotics, Streptococcus pneumoniae 
continues to place a major burden on healthcare systems around the world.   

1.1.1. Burden of disease 
The extensive spectrum of both localised and invasive diseases caused by S. pneumoniae 
contributes to over 190 million infections worldwide each year, with a staggering 1.2 million deaths, 
solidifying its status as one of the most pathogenic bacterial species (Lavelle & Ward, 2022). 
Pneumococcal infections are most commonly observed in individuals with weakened or not fully 
developed immune systems, such as the immunocompromised, children under five years of age, 
and the elderly. Although S. pneumoniae may asymptomatically colonise the nasopharynx of up to 
95% of children (under 2 years) and 25% of adults (Trimble et al., 2020), in a proportion of cases, 
the organism spreads beyond the nasopharyngeal niche and establishes infections in deeper sites 
within the body including sterile sites such as the lungs, blood, and brain, leading to invasive 
pneumococcal diseases (IPDs) causing pneumonia, bacteraemia, and meningitis, respectively 
(Weiser et al., 2018).  
 
IPD is a severe condition, causing approximately 1 million deaths annually, with a significant 
proportion occurring in children under the age of five in developing countries (Kadioglu et al., 2008; 
Iroh Tam et al., 2017). Furthermore, there were an estimated 120 million pneumonia episodes in 
2010 – 2011, out of which 14 million progressed to severe disease (Walker et al., 2013). Of the 
IPDs, meningitis has a high case fatality rate; in higher-income countries, approximately 30% of 
meningitis cases result in fatality, while in lower-income countries, the case fatality rate rises to 
50% (Brouwer et al., 2010). Importantly, in developing countries, the IPD mortality rate for children 
under five can range from 10% to 40%, potentially influenced by limited access to treatments, 
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relatively poor healthcare systems, and co-morbidities such as malnutrition and Human 
Immunodeficiency Virus (HIV) infections (Bogaert et al., 2004; Harboe et al., 2009; Madeddu et al., 
2010). 
In Australia, the mortality rate from IPD is less than 5% for both children under five years old and 
individuals over 65 years old (Australian Institute of Health and Welfare, 2019). However, IPD rates 
are higher in Indigenous populations compared to non-Indigenous populations (Forrest et al., 2000; 
Welfare, 2018). 
 
There are various risk factors that contribute to pneumococcal carriage, such as malnutrition, 
poverty, limited access to healthcare, and exposure to crowded environments such as childcare 
centres (Lynch & Zhanel, 2010). In adults, additional risk factors including smoking, asthma, 
immunosuppression, age, and a history of respiratory infections increase the likelihood of carriage 
(Lynch & Zhanel, 2010).  
 
Pneumococcal infections may also be exacerbated by other respiratory pathogens, such as 
Influenza virus, leading to increased morbidity and mortality. A notable historical example is the 
1918-19 Spanish influenza pandemic, where a significant proportion of deaths (approximately 50 
million) were attributed to secondary bacterial infections, primarily pneumococcal infections 
(Morens et al., 2008). Furthermore, during the H1N1 swine flu pandemic in 2009, a study revealed 
that 33% of all cases involved secondary bacterial coinfections, with 62% of those cases being 
caused by S. pneumoniae (Cillóniz et al., 2012). 
 
Coronavirus disease 2019 (COVID-19) and S. pneumoniae  
In the time since December of 2019, when the initial cases of Coronavirus disease 2019 (COVID-
19) were recorded in Wuhan, China, there has been over 370 million infections worldwide, including 
more than 5 million deaths associated with the disease. COVID-19 is caused by severe acute 
respiratory syndrome coronavirus 2 (SARS-COV-2) and normally manifests as a respiratory tract 
infection, with many diverse symptoms. As with other respiratory tract infections, COVID-19 may 
go on to cause severe pneumonia, organ failure and death, particularly in the elderly and those 
who are immunocompromised. Interestingly, bacterial coinfection does not appear to frequently 
occur in those infected with COVID-19 (Amin-Chowdhury et al., 2020).   
Early investigations of the relationship between COVID-19 and S. pneumoniae found that only a 
small proportion of COVID-19 patients had a bacterial co-infection and there was a low risk for the 
development of a secondary bacterial infection (Langford et al., 2020). However, it is important to 
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note that the validity of these studies may have been compromised due to several limitations. 
Firstly, the choice of pneumococcal detection methods employed in these studies may have 
introduced biases or inaccuracies in the results. Additionally, during the early stages of the 
pandemic, prevalent antibiotic prescribing for patients with COVID-19 might have influenced the 
outcomes of the studies. The widespread use of antibiotics in COVID-19 patients could have 
potentially affected the incidence and severity of pneumococcal infections (Langford et al., 2020; 
Stahlfeld et al., 2022).  
Another potential factor impacting the frequency of recorded pneumococcal coinfection or 
secondary infection was the introduction of the COVID-19 containment policies and public 
information campaigns (Brueggemann et al., 2021). Following COVID-19 lockdown, large declines 
in IPD were observed. In the few cases where IPD and COVID-19 coinfections occurred, there was 
a higher chance of fatality, predominantly in the elderly (Amin-Chowdhury et al., 2020).  
Although incidences of IPD and COVID-19 coinfection are rare, COVID-19 infections have been 
associated with a 3-fold higher likelihood of having pneumococcal carriage; in turn carriers were 
found to have diminished immune responses to COVID-19 (Mitsi et al., 2022). 
Further studies into the association between COVID-19 and S. pneumoniae suggest that there is 
a synergistic relationship occurring between these pathogens in the upper airway. The association 
between the pathogens was found to be stronger in those patients with acute symptoms, but it 
remains unclear how pneumococci contribute to the symptoms of those infected with COVID-19 
(Parker et al., 2022). 
Taken together, these studies suggest that S. pneumoniae and COVID-19 have a synergistic 
relationship in the upper airway and colonisation of pneumococci can impair the immune response 
to COVID-19 infection through unknown mechanisms. Although incidence of coinfection of IPD and 
COVID-19 has been reported to be rare, likely due to the stringent lockdown measures early in the 
pandemic, in the observed incidences the case fatality rate was high.   

1.2. Pneumococcal pathogenesis 

1.2.1. Carriage and transmission 
In spite of the substantial morbidity and mortality linked to pneumococcal disease, S. pneumoniae 
more frequently exists asymptomatically as a commensal within the human nasopharynx. This 
commensal colonisation, commonly referred to as carriage, is an essential preliminary step for the 
onset of pneumococcal disease. Importantly, carriage often transpires without apparent symptoms 
and occurs naturally within the first few months of life (Gray et al., 1980; Gray et al., 1982). The 
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prevalence of asymptomatic carriage displays significant variations based on age and geographical 
location, ranging from 18% to over 50% among healthy children and between 4% to 10% among 
adults, with peak rates observed at the ages of 2-3 years (Bogaert et al., 2004; Regev-Yochay et 
al., 2004; Hosseini et al., 2015; Wang et al., 2017). The human nasopharynx can concurrently 
house other potentially pathogenic bacterial species, including Moraxella catarrhalis and 
Haemophilus influenzae, alongside multiple serotypes or strains of pneumococci, which can 
manifest as either competitive or cooperative relationships (Shak et al., 2013; Shiri et al., 2013; Xu 
& Pichichero, 2014). Even the interactions between different strains of pneumococci can lead to 
intraspecies competition, influencing nasopharyngeal colonisation (Dawid et al., 2009). This 
competition has been highlighted in a study using murine models, which demonstrated that pre-
existing pneumococcal colonisation can impede the establishment of a new strain (Li et al., 2013; 
Kono et al., 2016). Strikingly, human colonisation studies have demonstrated that pneumococcal 
acquisition following intranasal challenge correlates with increased diversity in the microbiota 
(Cremers et al., 2014). Of particular interest it has been reported that an increase of inflammation 
in the upper respiratory tract (URT), triggered by co-infection with upper respiratory viruses is most 
favourable for S. pneumoniae carriage (Nakamura et al., 2011). Viruses like Influenza induce the 
expression of pro-inflammatory cytokines, which in turn elevate the expression of epithelial 
receptors used by the pneumococcus for adherence (McCullers & Rehg, 2002). This compromise 
in the nasopharyngeal epithelium enhances the nutrient availability within the immediate 
environment, thereby fostering colonisation (Avadhanula et al., 2006). 
 
S. pneumoniae primarily spreads from person to person through the inhalation of contaminated 
secretory aerosol droplets. Environments with high population density, such as day care centres 
and hospitals, contribute to the ease of transmission (Mandigers et al., 1994; Pessoa et al., 2013). 
The transmission is further facilitated during colder months when viral infections of the URT are 
prevalent, leading to an upsurge in the shedding of respiratory secretions and creating a conductive 
environment for transmission (Gwaltney et al., 1975; Musher, 2003; Numminen et al., 2015). The 
pneumococcus predominantly resides within the mucous layer overlaying the epithelium of the 
URT. Here, the release of pneumolysin (Ply) induces pore formation in host membranes (Boulnois 
et al., 1991), triggering heightened inflammation at the site (Parker et al., 2011; Karmakar et al., 
2015), prompting increased shedding of pneumococci and facilitating transmission to new hosts 
(Zafar et al., 2017). Similarly, coinfection with the Influenza A Virus has demonstrated that in mouse 
pups, it heightens inflammatory conditions, intensifying pneumococcal shedding and subsequently 
amplifying transmission rates (Nakamura et al., 2011; Richard et al., 2014; Zafar et al., 2017). 
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Pneumococcal transmission is also affected by factors such as mucosal flow and secretion, which 
have been shown to correlate with increased transmission (Rodrigues et al., 2013). 
 
Contact-dependent transmission of S. pneumoniae occurs through secretions from infected hosts, 
involving both direct person-to-person contact and contact with contaminated surfaces. In the 
aforementioned infant mouse study, transmission occurred amongst littermates through secretions 
containing pneumococci directly making contact with uninfected littermates’ nasal mucosa or via 
the surface of the uncolonised mother mouse, which was shown to have a substantial number of 
pneumococci present on her teats (Zafar et al., 2017). Following dispersion from the host index, 
the S. pneumoniae must persist in the external environment to guarantee transmission to a new 
carrier. The survival of pneumococci on objects like soft toys handled by colonised children has 
also been characterised (Marks et al., 2014). The bacteria can persist for days under conditions 
rich in nutrients, such as human saliva (Verhagen et al., 2014). Furthermore, pneumococci 
demonstrate the ability to endure desiccation for several days, with biofilm colonies displaying 
greater viability compared to planktonic colonies. From this dormant state, the bacteria can revert 
to its original phenotype when conditions turn favourable (Walsh & Camilli, 2011; Marks et al., 
2014). 
 
Upon entering the nasopharynx of a new host, S. pneumoniae must overcome the initial hurdle in 
the URT of bypassing mucous entrapment (Feldman et al., 1992). The mucus consists of gel-like 
mucin glycoproteins, which form an overlay on the URT’s epithelium, fortified with immunoglobulins 
and antimicrobial peptides (Rose & Voynow, 2006). Functioning as a formidable barrier, this mucus 
layer limits microorganisms from accessing the surface epithelium. These epithelial cells, in turn, 
serve as a protective shield for the underlying tissues and organs (Brooks & Mias, 2018). The 
orchestration between epithelial cells and mucus is vital for the process of mucociliary clearance. 
The negatively charged mucus ensnares potential invaders, while the cilia on epithelial cells 
engage in synchronised movement, propelling the trapped pathogens and mucus towards the oral 
cavity for expulsion (Antunes & Cohen, 2007; Nelson et al., 2007). Whilst this mucin layer serves 
to protect the epithelial layer of the URT from interactions with resident pathogens, it provides 
abundant nutrients for an environment conductive to bacterial residence (Yesilkaya et al., 2008).  
 
For a successful establishment of pneumococcal colonisation, adherence to the epithelial cells 
lining the URT is imperative. This adherence hinges on the specific binding of pneumococcal 
adhesins to ligands on host receptors. S. pneumoniae are endowed with an array of adhesins that 
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bolster its binding capacity to the host epithelium, with their expression potentially amplified in 
response to inflammation for heightened adherence (Kc et al., 2017). Choline binding proteins, 
namely choline binding protein A (CbpA), present on pneumococci can bind to host cell 
glycoconjugates (Rosenow et al., 1997), and non-specific physiochemical interactions, including 
hydrophobic interactions, further contribute to this adherence process (Swiatlo et al., 2002). Some 
other adhesins present include surface-bound proteins like pneumococcal adherence and 
virulence protein A (PavA) and PavB, which bind to fibronectin and plasminogen, elements of the 
extracellular matrix (Holmes et al., 2001; Jensch et al., 2010). Phosphorylcholine (ChoP) present 
on cell wall teichoic acid has an affinity for the platelet-activating factor receptor (PAFR) on host 
cells, whilst CbpA, also known as PspC, binds polymeric IgG receptors (PIGR) as well as host 
factor H and vitronectin (Cundell et al., 1995; Zhang et al., 2000; Voss et al., 2013). Additionally, 
S. pneumoniae encodes at least 10 extracellular glycosidases, including neuraminidase A (NanA), 

b-galactosidase (BgaA) and N-acetylglucosaminidase (StrH), which act by cleaving terminal 

sugars from host cell surface glycoconjugates, producing carbohydrates for import and 
metabolism, whilst simultaneously exposing receptors for adherence to host epithelial cells 
(Kadioglu et al., 2008; King, 2010). 
 
In the context of clearance of S. pneumoniae from the mucosal surfaces of the URT, both host 
IgA1 and passive immunisation play critical roles. However, pneumococci have developed 
mechanisms to elude immune defences, such as the secretion of an IgA1 protease that targets 
and disrupts the antibody hinge region. This action prevents the aggregation of pneumococci and 
counters the host’s immune response (Janoff et al., 2014; Roche et al., 2015). Furthermore, to 
combat the lytic action of the host lysozyme, S. pneumoniae employs two essential enzymes: 
peptidoglycan-N-acetylglucosamine deacetylase (PgdA) and attenuator of drug resistance (Adr) 
(Davis et al., 2008). These mechanisms allow the bacterium to thwart the harmful effects of host 
lysozymes. When pneumococci are engulfed by host phagosomes upon successful immune 
system detection and action, a release of Ply occurs, inducing pore formation and initiating a pro-
inflammatory immune response (Parker et al., 2011; Karmakar et al., 2015). The escalation of 
inflammation and respiratory secretions establishes inhospitable conditions for pneumococci, 
consequently prompting transmission to a new, more suitable host (Weiser et al., 2018). 

1.2.2. Otitis media 
S. pneumoniae is also a leading cause of localised diseases such as otitis media (OM) and 
sinusitis, with the primary causative agent of OM being the pneumococcus itself (Brook, 2013; 
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Danishyar & Ashurst, 2023). Although OM is not typically life-threatening, it has significant 
socioeconomic impact, as it is the most frequently diagnosed paediatric disease in developed 
countries affecting nearly all children during the first four years of life. Recurrent infections occur in 
approximately 20-30% of children, resulting in substantial treatment costs that amount to $4-5 
billion per year in the USA alone (Brixner, 2005). Moreover, OM can lead to permanent hearing 
impairment, which has adverse effects on speech development and learning (Teele et al., 1990). 
The incidence and impact of chronic OM (COM) is particularly distressing in disadvantaged 
populations, such as Australian Indigenous children. The World Health Organisation (WHO) 
classifies it as a “massive public health problem” requiring urgent attention (Morris et al., 2005). In 
some indigenous communities, up to 61% of Aboriginal children experience COM, and up to 80% 
of them suffer from hearing loss due to tympanic membrane perforation (O’Connor et al., 2009). 
 
This infection is facilitated by two neuraminidases, NanA and NanB, which possess the ability to 
cleave N-acetylneuraminic acid from glycoproteins, glycolipids on host cell surfaces and mucins 
(Loughran et al., 2019). This enzymatic action results in a reduction in overall viscosity, thereby 
enhancing access to the epithelial surfaces. Subsequently, NanA and NanB cleave 
oligosaccharides on these surfaces, revealing receptors that the pneumococcus can utilise for 
adherence (Stahl & O'Toole, 1972; Berry et al., 1996). The essential role of these neuraminidases 
in the development of OM is evident (Long et al., 2004; Wren et al., 2017), as demonstrated by a 
chinchilla infection model, where a neuraminidase-deficient mutant was eliminated from middle ear 
twice as rapidly as the wild-type pneumococci (Tong et al., 2000). Once resident within the middle 
ear, the pneumococcus triggers inflammation through cell surface proteins and Ply, which 
contributes to detrimental effects such as hearing loss and cochlear damage (Comis et al., 1993; 
Winter et al., 1997; Tuomanen, 2000).  
Severe cases of OM can also lead to intracranial complications, with tympanogenic meningitis 
being a common occurrence. Bacteria from the middle ear can spread to the inner ear and 
subsequently reach the meninges. If left untreated, the resulting inflammation in the brain and 
spinal cord can lead to brain damage or even death (Schachern et al., 1992; Mook-Kanamori et 
al., 2011). 

1.2.3. Invasive pneumococcal disease 
The optimal lifestyle for S. pneumoniae involves stable colonisation of the nasopharynx, a strategic 
position that offers extended survival and facilitates its transmission to new hosts. However, 
instances of viral infection can elicit a pro-inflammatory cytokine response that adversely affects 
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the respiratory epithelium. Under such conditions, bacterial loads within the upper respiratory tract 
can surge. An increase in pneumococcal loads in the nasopharynx coupled with compromised 
epithelial barrier integrity enhances the likelihood of invading other host tissues, resulting in either 
localised of invasive diseases. Invasive pneumococcal disease (IPD) takes place when the 
pneumococci transverse into the lungs or infiltrates the protective layers of epithelial and/or 
endothelial cells encompassing the blood vessels or cerebrospinal fluid (CSF) compartments 
(Weiser et al., 2018).   
Similar to nasopharyngeal colonisation, the pneumococci must skilfully evade mucus entrapment 
and mucociliary clearance. The entrapment avoidance is facilitated by the negatively charged 
capsule and the action of the zinc metalloprotease ZmpA, also known as the IgA1 protease, which 
degrades IgA1 and mitigates such entrapment (Fasching et al., 2007; Janoff et al., 2014). 
Subsequently, glycosidases like NanA, BgaA and StrH uncover glycan targets situated on the host 
epithelial surface by cleaving the terminal sugars from the host cell surface glyconjugates. These 
sites act as docking points for pneumococcal adhesins, a process that coincides with Ply-mediated 
suppression of ciliary beating, aiding in establishing infection (Kadioglu et al., 2008). 
 
Upon contact with lung epithelial cells, adherence to the apical surface is facilitated by several 
factors including ChoP, choline-binding protein A (CbpA), the ancillary pilus subunit (RrgA), 
adherence and virulence protein A (PavA), and large surface-exposed glycoprotein (PsrP). This 
adherence is mediated by the interaction between ChoP and the Platelet-Activating Receptor 
(PAFR), as well as between CbpA and the polymeric immunoglobulin receptor (PIGR) (Zhang et 
al., 2000). Upon this binding, pneumococci manipulate host receptor recycling pathways, inducing 
endocytosis into lung epithelial cells, and ultimately facilitating the subsequent exocytosis onto the 
basolateral surface (Cundell et al., 1995). An alternative mode of passage to the interstitial spaces 
through the lung epithelium involves a paracellular route. Here, Ply and hydrogen peroxide (H2O2) 
damage the epithelium, while hyaluronate lyase (Hy1) and plasmin, which are bound to the 
bacterial surface vie enolase (Eno), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), or 
choline binding protein E (CbpE), also known as Pce (phosphorylcholine esterase), contribute to 
the degradation of the extracellular matrix. These combined actions result in penetration of the lung 
epithelium. Importantly, interactions involving ChoP-PAFR and CbpA-PIGR also play a pivotal role 
in enabling pneumococci to transverse the endothelial barrier, allowing the bacteria to infiltrate the 
bloodstream and initiate haematogenous spread (Cundell et al., 1995; Zhang et al., 2000; Kadioglu 
et al., 2008; Hergott et al., 2015). 
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To breach the blood-brain barrier (BBB), pneumococci employ a strategic approach involving 
interactions with various receptors on the brain microvascular endothelium. Notably, S. 

pneumoniae once again harnesses the binding capabilities of ChoP-PAFR and CbpA-PIGR, 
alongside CbpA’s interaction with the laminin receptor on the brain microvascular endothelium 
(Orihuela et al., 2009; Brown et al., 2014). Furthermore, in instances where pili are expressed, 
strains utilise the tip adhesin RrgA from pneumococcal pilus 1 to engage with PIGR and platelet 
endothelial cell adhesion molecule 1 (PECAM1) on the brain microvascular endothelium. Strikingly, 
experimental inhibition of these receptors yielded a reduction in brain invasion rates, as evidenced 
by a murine meningitis model study (Iovino et al., 2017).  

Analogous to the tactics employed during invasion of the respiratory tract, a combination of Ply, a-

glycerophosphate oxidase (GlpO)-generated H2O2, and activated plasmin – bound to 
pneumococcal surface proteins Eno, GAPDH and CbpE – can undermine the integrity of the BBB 
(Rayner et al., 1995; Attali et al., 2008; Mahdi et al., 2012). Another avenue for potential meningitis 
occurrence involves localised infections or retrograde axonal transport. In the latter scenario, 
pneumococci adhere to gangliosides on olfactory neurons located on the nasopharyngeal mucosa, 
leading to retrograde movement and potential access to the brain (van Ginkel et al., 2003). 
Furthermore, the introduction of exogenous sialic acid has been observed to stimulate this non-
haematogenous spread across the BBB (Hatcher et al., 2016).  
Strikingly, studies in mice have shown that pneumococci exhibit the ability to swiftly translocate 
from the nasopharynx to the dorsal meninges, within minutes. This implies the potential existence 
of an inward flowing fluidic connection that links the nasopharynx to the meninges, as opposed to 
being solely driven by receptor-mediated mechanisms. Furthermore, this process operates in a 
size-dependent manner as microspheres of the same size as pneumococci were able to 
translocate to the meninges, whilst larger microspheres were unable to, suggesting a size-
restricted mechanism is at play (Audshasai et al., 2022).  

1.3. Pneumococcal virulence determinants 

1.3.1. The capsular polysaccharide 
The capsular polysaccharide (CPS) forms the outermost layer of encapsulated pneumococci; it is 
considered the most important virulence factor, with a role in both protection and virulence. 
Currently there have been more than 100 structurally and serologically distinct capsular serotypes 
identified, with each serotype having different propensities to cause localised or invasive disease 
(Ganaie et al., 2021). The capsule ranges from 200 to 400 nm thick (Sørensen et al., 1988), 
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however nutrient availability can affect the thickness in some serotypes (Hathaway et al., 2012). In 
the majority of capsular serotypes CPS is covalently attached to the cell wall peptidoglycan 
(Sørensen et al., 1990), with the exception of serotypes 3 and 37, which attach through interactions 
with cell membrane phosphatidylglycerol (Cartee et al., 2005). Conversely to the other serotypes, 
biosynthesis of serotype 3 and 37 CPS utilises a synthase dependent mechanism, resulting in the 
capsule for serotype 37 only being composed of one sugar (glucose) and serotype 3 capsule being 
composed of two sugars (glucose and glucuronic acid). Serotypes 3 and 37 display the largest 
capsules of the known serotypes, predominantly appearing as mucoid colonies, however serotype 
3 pneumococci are amongst the most virulent whilst serotype 37 pneumococci are less virulent 
(Austrian, 1981).  
The CPS can exist in simple forms as linear polymers composed of repeating units of two or more 
monosaccharides, while more complex structures involve branched polysaccharides with repeat 
units comprising of up to six monosaccharides and additional side chains (Geno et al., 2015). 
 
In the context of disease, CPS contributes to pneumococcal pathogenesis through various 
mechanisms. Within a given strain and serotype, capsular thickness has been found to directly 
correlate with virulence (MacLeod & Kraus, 1950). In turn, this correlates with the differences 
observed between pneumococcal serotypes in their capacity to cause IPD. Non-encapsulated 
pneumococci can colonize the upper respiratory tract and cause superficial eye infections; 
however, they rarely cause IPD (Keller et al., 2016). 
 
The distinct CPS serotypes differ in their ability to inhibit opsonophagocytosis in vitro and their 
ability to elicit a humoral immune response. CPS is capable of interfering with both the classical 
and alternative complement pathways, acting as a physical barrier to inhibit the binding of 
immunoglobulins, C-reactive protein, and complement components to deeper surface structures. 
The CPS reduces the opsonisation with C3b/iC3b components of the complement pathway, 
consequently preventing the interaction between bound C3b/iC3b or Fc regions of 
immunoglobulins with their respective receptors on phagocytic cells (Abeyta et al., 2003; Hyams 
et al., 2010). 
 
Although the CPS plays an important role in preventing immune clearance, the CPS impedes the 
adherence and invasion of host cells by sterically hindering the interactions between cell wall 
surface proteins and host receptors, preventing successful colonisation (Talbot et al., 1996; 
Hammerschmidt et al., 2005; Zafar et al., 2017). Therefore, the capacity to regulate capsule 
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expression at different times in the course of colonisation and infection is critical. Importantly, it has 
been found that during the infection progression from colonisation to invasion the pneumococci 
can greatly reduce the CPS thickness during invasion of host cells (Hammerschmidt et al., 2005), 
with significant changes in the expression of various virulence determinants to adapt to different 
host environments (Orihuela et al., 2004; Ogunniyi et al., 2012). 

1.3.2. Other virulence factors 
Streptococcus pneumoniae possesses an extensive repertoire of factors that play crucial roles in 
its virulence, including several surface and non-surface proteins that enhance its pathogenicity. 
Although there are numerous proteins that have been implicated in virulence, there are several 
notable examples that may have promise as potential vaccine candidates, including Pneumolysin 
(Ply), Choline-binding proteins (PspA, PspC/CbpA and LytA), transporters such as PsaA, PiaA and 
PiuA, as well as various LPXTG-anchored proteins. Importantly, it has been found that the 
expression of capsular polysaccharide (CPS) and Ply have been shown to enhance pneumococcal 
survival ex vivo for less nutrient-rich environments like airway surfaces (Zafar et al., 2017; 
Hamaguchi et al., 2018). 
 
Pneumolysin (Ply), a potent and broad-acting virulence factor, is a soluble protein weighing 52 kDa 
(van Pee et al., 2017). Cholesterol-dependant cytolysins, such as Ply, are produced by Gram-
positive bacteria, with Ply itself being present in nearly all pneumococcal isolates, with a highly 
conserved amino acid sequence and only a few variants (Mitchell et al., 1990; Lock et al., 1996; 
Kirkham et al., 2006; Yun et al., 2015). Within the membranes of target cells, Ply forms oligomers 
that are made up of approximately 40 monomer subunits. These oligomers create large ring-
shaped pores that transverse the cell membrane and are approximately 260 Å in diameter (Tilley 
et al., 2005; Vögele et al., 2019). It is the pore-forming oligomers that are believed to be responsible 
for the various cytolytic and cell-modulatory activities exhibited by Ply (Badjugar et al. 2020). These 
cell-modulatory activities are exhibited at sub-lytic concentrations and include inhibiting ciliary 
beating on the respiratory and brain epithelia, suppressing phagocyte respiratory burst, inducing 
cytokine synthesis, and the subsequent activation and chemotaxis of CD4+ T-cells (Paton & 
Ferrante, 1983; Hirst et al., 2004; Kadioglu et al., 2004). Furthermore, it has been demonstrated, 
through site-directed mutagenesis, that Ply can activate the classical complement pathway even 
in the absence of antibodies and independently of its cell-modulatory activities, hence reducing 
serum opsonic activity (Paton et al., 1984; Mitchell et al., 1991).  
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Numerous in vivo studies, using mutagenesis of the ply gene, have unequivocally demonstrated 
that Ply significantly contributes to the virulence of pneumococci in mice, providing clear evidence 
for its role in pathogenesis (Berry et al., 1989; Berry et al., 1995; Feldman et al., 1991; Canvin et 
al., 1995; Rubins et al., 1996; Alexander et al., 1998; Jounblat et al., 2003; McNeela et al., 2010). 
Specifically, studies have investigated the impact of both complement activation and cell-
modulatory functions of Ply on pneumococcal virulence in vivo (Canvin et al., 1995; Rubins et al., 
1996; Alexander et al., 1998; Jounblat et al., 2003). However, certain isolates of pneumococci that 
produce a non-haemolytic variant of Ply have been found to be equally or even more virulent than 
isolates with strains with fully functional Ply, implying the presence of additional unknown functions 
of this virulence factor (Alexander et al., 1998; Kirkham et al., 2006), with non-haemolytic isolates 
provoking TLR4 or IFN-� responses (Baba et al., 2002; Malley et al., 2003). Further indirect 
evidence supporting Ply’s importance in pathogenesis comes from immunisation studies with 
native pneumolysin (Paton et al., 1983) or non-toxic recombinant Ply derivatives (Paton et al., 
1991; Alexander et al., 1994), which conferred significant protection against multiple serotypes of 
pneumococci. 
 
The Choline-binding proteins PspA, PspC/CbpA and LytA are pivotal pneumococcal virulence 
factors extensively characterised for their roles in pathogenesis. These proteins are attached to 
the cell wall through phosphorylcholine (ChoP) moieties present in the cell wall teichoic acid and 
lipoteichoic acid. Choline-binding proteins typically contain 20 amino acid repeat sequences that 
facilitate their attachment to the cell surface via ChoP, with significant variability in their N-terminal 
sequences (Jedrzejas, 2001a; Maestro & Sanz, 2016).   
 
PspA consists of three structural domains, with an N-terminal region composed of repeated alpha-
helices that protrude from the surface of pneumococci (Jedrzejas et al., 2001b). Notably, due to 
the high variability exhibited by PspA among different pneumococcal strains, the N-terminal 
sequence is used to classify it into three families, which are further divided into 6 clades 
(Hollingshead et al., 2000). Its mechanism of action involves inhibiting complement component C3 
from binding to the pneumococcal cell surface, potentially due to its highly electronegative 
properties, effectively inhibiting opsonisation (Jedrzejas et al., 2001b; Kadioglu et al., 2008). 
Moreover, it acts as a lactoferrin binding protein, conferring protection against the bactericidal 
activity of apolactoferrin (Shaper et al., 2004). Whilst the contributions of PspA to these processes 
have been well-established, its in vivo role has been more challenging to decipher. Studies on 
serotype 3 and serotype 4 pneumococci have shown that PspA is essential for in vivo growth, but 
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this was not consistently observed in serotype 2 strains (Berry & Paton, 2000; Abeyta et al., 2003; 
Orihuela et al., 2004). 
 
PspC, also known as choline binding protein A (CbpA) and secretory pneumococcal surface protein 
A (SpsA), is a multifunctional cell-surface protein with diverse roles (Kadioglu et al., 2008). It plays 
a vital role in pneumococcal adherence and colonisation, with pspC knockout mutants showing 
decreased binding to epithelial cells and sialic acid, resulting in diminished nasopharyngeal 
colonisation compared to wildtype strains and reduced virulence in murine pneumonia and sepsis 
models (Rosenow et al., 1997; Jounblat et al., 2003; Iannelli & Pozzi, 2004; Quin et al., 2005). 
PspC can also bind to the polymeric immunoglobulin receptor, a crucial step in facilitating the 
translocation of secretory IgA across the respiratory epithelium (Hammerschmidt et al., 2000; 
Zhang et al., 2000; Asmat et al., 2014). Furthermore, PspC can bind to factor H (Janulczyk et al., 
2000; Dave et al., 2004) to prevent C3b formation via the alternative pathway of the complement 
system, thereby interfering with opsonisation and complement-mediated clearance (Quin et al., 
2005). 
 
LytA is a pivotal amidase that plays a critical role in pneumococcal cell autolysis by cleaving 
peptidoglycan N-acetylmuramoyl-L-alanine bonds (Howard & Gooder, 1974), particularly evident 
during pneumococcal growth in batch culture (Svendsen et al., 1979). Beyond its autolytic function, 
LytA is implicated in essential processes such as cell-wall biosynthesis and turnover. The 
importance of LytA in pneumococcal virulence is well-established, with strong evidence indicating 
its association with pathogenicity. Deletion of lytA has resulted in mutants that consistently 
displayed reduced virulence in both pneumonia and sepsis murine models of infection (Berry et al., 
1989; Canvin et al., 1995; Berry & Paton, 2000; Orihuela et al., 2004). The contribution of LytA to 
virulence is likely due, in part, to the release of Ply, lipoteichoic acids and inflammatory 
peptidoglycan fragments upon pneumococcal lysis (Kadioglu et al., 2008; Mellroth et al., 2012). 
 
Streptococcus pneumoniae possess 45 pneumococcal cell-surface lipoproteins (Bergmann & 
Hammerschmidt, 2006), with several playing a critical role in pneumococcal virulence. Among 
these, key contributions come from the metal-binding lipoproteins, pneumococcal surface antigen 
A (PsaA), pneumococcal iron acquisition A (PiaA) and pneumococcal iron uptake A (PiuA) 
(Kadioglu et al., 2008). 
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PsaA functions as the divalent metal-ion-binding lipoprotein component of the ATP-binding 
cassette (ABC) transport system with a primary role in the uptake of manganese ions (Dintilhac et 
al., 1997; Lawrence et al., 1998; McAllister et al., 2004). PsaA knockout mutants exhibit impaired 
growth in the absence of manganese (Dintilhac et al., 1997), reduced adherence to mammalian 
cells in vitro (Berry and Paton, 1996; Briles et al., 2000), and are avirulent in murine sepsis, 
pneumonia and colonisation models (Berry & Paton, 1996; Johnson et al., 2002; Marra et al., 2002; 
McAllister et al., 2004). Notably, studies on psaA mutants have suggested that manganese uptake 
is critical for resistance of pneumococci to oxidative stress. This is due to the importance of 
manganese for the function of the SodA enzyme, which aids in the detoxification of hydrogen 
peroxide produced during pneumococcal metabolism and reactive oxygen species generated 
during host innate immune responses (Yesilkaya et al., 2000; Tseng et al., 2002; McAllister et al., 
2004).   
 
PiaA and PiuA are lipoprotein metal-binding proteins associated with two ABC iron and iron-carrier 
uptake transporters (Whalan et al., 2005; Cheng et al., 2013; Kohler et al., 2016). The transporters 
demonstrate some redundancy, as deletion of either one results in a minor reduction in growth in 
iron-deficient medium, with deletion of both piu and pia resulting in significantly attenuated growth. 
Nevertheless, mutations in either of these transporters lead to decreased virulence in murine 
models of pneumoniae and sepsis, with the double mutant displaying the most significant reduction 
in virulence (Brown et al., 2002). Interestingly, it has also been noted that deletion of luxS, encoding 
a S-ribosylhomocysteine lyase, from the pneumococcal D39 strain results in a reduction of piuA 
expression and consequently leading to less iron being present in the luxS deletion mutant 
(Trappetti et al., 2013). 
 
Gram-positive bacteria, including S. pneumoniae, employ sortase transpeptidases to covalently 
anchor certain surface proteins to their peptidoglycan. The pneumococcal sortase transpeptidase 
(SrtA) is responsible for recognising the LPXTG amino acid motif in certain surface proteins and 
anchoring them covalently to the peptidoglycan. The recognition of the LPXTG amino acid 
sequence, where “X” represents any amino acid, within the surface proteins is crucial for this 
anchorage. Whilst some pneumococci strains contain a single sortase gene, others encode 
multiple sortase-like genes (Bergmann & Hammerschmidt, 2006). In strains with multiple sortase-
like genes, SrtA is primarily responsible for anchoring most LPXTG-containing protein, while other 
sortase proteins mediate the anchorage of specific subsets of surface proteins (Hava & Camilli, 
2002). Studies utilising murine, chinchilla and in vitro adhesion models have demonstrated the SrtA 
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plays pivotal roles in pneumococcal colonisation, pneumonia and septicaemia (Kharat & Tomasz, 
2003; Chen et al., 2005; Paterson & Mitchell, 2006b). Up to 20 pneumococcal proteins, including 
neuraminidases and Hic in some serotypes, are believed to be anchored by an LPXTG motif 
(Iannelli et al., 2002; Bergmann & Hammerschmidt, 2006). 
 
Neuraminidases, also known as sialidases, play a vital role in cleaving terminal sialic acid residues 
off of various glycoproteins, glycolipids, cell surface oligosaccharides, and even soluble proteins 
such as lactoferrin and IgA2 (King et al., 2004; Yesilkaya et al., 2008). Pneumococci typically 
produce at least three neuraminidases: NanA, NanB and NanC. Of these, NanA is present in all 
strains, NanB is found in most and NanC is only present in approximately 50% of strains (Pettigrew 
et al., 2006). Whilst all neuraminidases can be secreted from the pneumococcal cell, only NanA 
contains an LPXTG motif, suggesting differing functions. This is further supported by NanB having 
a drastically lower optimum pH than NanA (Berry et al., 1996). Studies utilising loss-of-function 
neuraminidase mutants in acute pneumonia murine models have demonstrated the importance of 
both NanA and NanB in pneumococcal persistence in the respiratory tract and bloodstream (Manco 
et al., 2006). Furthermore, this study also found that the NanA mutant was rapidly cleared from the 
respiratory tract, whilst the NanB mutant was able to persist without any increase in bacterial load, 
indicating different roles for these enzymes (Manco et al., 2006). Whilst experimental evidence for 
the significance of NanC is lacking, sequence analysis of nanC across pneumococcal isolates 
suggested that any role it plays may be tissue-specific, with nanC being more common in isolates 
from cerebrospinal fluid (CSF) compared to carriage isolates (Pettigrew et al., 2006).  
 

1.4. Vaccines and therapeutic strategies 

1.4.1. Antibiotics and emerging resistance 
Following the introduction of penicillin, a beta-lactam antibiotic, in the 1940s antibiotics have been 
widely used for the treatment of pneumococcal infections. However, the emergence of penicillin- 
resistant strains, first reported in a paediatric patient in 1967 (Hansman & Bullen, 1967), ushered 
in a dramatic increase in antibiotic resistance rates (Lynch & Zhanel, 2009; Cherazard et al., 2017). 
The inappropriate administration and overuse of beta-lactam antibiotics played a substantial role 
in the development and perpetuation of this resistance (Cherazard et al., 2017). This resistance 
primarily arises due to mutations in penicillin-binding proteins, rendering penicillin ineffective in 
inhibiting peptidoglycan production (van der Poll & Opal, 2009). The rates of pneumococcal 
penicillin resistance vary greatly across regions. Non-susceptibility rates exceed 50% in East Asia 
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and the Middle East, and 30% in Spain. In contrast, rates remain below 5% in Finland, Germany, 
and Sweden (Bruinsma et al., 2004; Lynch & Zhanel, 2009; Mamishi et al., 2014; Cherazard et al., 
2017; El Moujaber et al., 2017).  
 
In addition to beta-lactams, macrolide antibiotics like erythromycin, azithromycin, and 
clarithromycin have become standard in the treatment of pneumococcal infections (Cherazard et 
al., 2017). Macrolides are characterised by a large lactone ring ranging from 12 to 16 atoms in size 
(Zhanel et al., 2001). They function by binding to the 23S rRNA, consequently inhibiting RNA-
dependent protein biosynthesis and leading to cell death (Cherazard et al., 2017). However, 
studies have shown a correlation between penicillin resistances and resistance to macrolide 
antibiotics, fluoroquinolones, and tetracycline (Lynch & Zhanel, 2009; Cherazard et al., 2017). The 
current global resistance rates to macrolides, ranging from 10 to 70%, continue to rise due to the 
persistent overuse of antibiotics (Zhanel et al., 2014). Furthermore, the SENTRY Antimicrobial 
Surveillance Program has reported a steady increase in resistance rates against erythromycin and 
clindamycin in pneumococcal isolates in the United States since 1998 (Jones et al., 2013). The 
high genetic transformability of pneumococci facilitates the rapid spread of antibiotic resistance 
through lateral transfer of resistance genes and cassettes. Moreover, the misuse of antibiotics 
exerts strong selective pressure that is driving the escalating rates of resistance and resulting in 
reliance on new and more costly treatment regimens. Consequently, there is a growing need for 
improved prevention and treatment strategies to combat pneumococcal disease and reduce the 
reliance on antibiotics.  

1.4.2. Vaccines and serotype replacement 
Pneumococcal disease poses a significant health challenge, and vaccination has been a vital 
strategy to prevent invasive diseases. The CPS of S. pneumoniae plays a crucial role in the 
colonisation and virulence of the bacterium and is highly immunogenic in adults. As a result, it has 
become the primary antigen target in current vaccine formulations (Bogaert et al., 2004). Early 
efforts by Robert Austrian and his team in the United States led to the licensure and release of a 
14-valent purified CPS vaccine in 1977, offering protection against 14 of the most common invasive 
pneumococcal serotypes (Austrian et al., 1976; Smit et al., 1977). This vaccine effectively reduced 
morbidity and mortality in the healthy adult population. However, it had limited impact on overall 
pneumonia rates (Riley et al., 1977) and was very poorly immunogenic in young children (Douglas 
et al., 1983). 
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In 1983, an expanded coverage 23-valent polysaccharide vaccine (PPSV23) that provided 
coverage against 80-90% of the virulent pneumococcal serotypes was introduced. PPSV23 
successfully reduced the incidence of IPD within the target population (older adults) and remains 
in use today. However, similar to the 14-valent purified CPS vaccine it did not have the same impact 
on carriage and pneumonia rates (Fine et al., 1994; Stanek et al., 2016). Notably, a major limitation 
of PPSV23 is its relatively low levels of immunogenicity in vulnerable populations, such as young 
children, the elderly and immunocompromised individuals. This diminished response is due to the 
CPS being a T-cell independent antigen, resulting in the majority of antibody response arising from 
the expansion of cognate B cells (Daniels et al., 2016). Therefore, whilst PPSV23 can induce an 
immune response, these vulnerable populations cannot mount an effective T-cell independent 
immune response, resulting in compromised vaccine efficacy (Heilmann, 1990; Shapiro et al., 
1991).  
To address these limitations, the development of polysaccharide-protein conjugate vaccines 
(PCVs), was undertaken, in which each of the included polysaccharide serotypes is conjugated to 
a protein carrier, promoting a T-cell dependent immune response, antibody maturation and the 
generation of memory cells. Initially, a 7-valent CPS conjugate vaccine (PCV7) was developed, 
covering serotypes 4, 6B, 9V, 14, 18C, 19F and 23F, with the CPS conjugated to CRM197, a non-
toxic variant of diphtheria toxin. This vaccine was licensed in 1999 and elicited a T-cell dependent 
antibody response, even in children under 2 years old. It was highly protective against IPD caused 
by included serotypes, whilst providing additional herd immunity benefits in associated adult 
populations. However, despite its success against IPD, it provided very little protection against 
incidences of OM (Whitney et al., 2003; Hammitt et al., 2006; von Gottberg et al., 2014). 
 
The effectiveness of CPS conjugate vaccines against the included serotypes is undeniable; 
however, their overall serotype coverage is limited. This has led to a concerning phenomenon 
known as “serotype replacement”, in which the rates of carriage and disease caused by non-
vaccine serotypes has increased. This occurrence happens when the non-vaccine serotypes take 
advantage of the unoccupied nasopharyngeal niche and subsequently cause disease. Since the 
introduction of PCVs, this phenomenon has been reported, with the overall reductions in morbidity 
and mortality due to PCV introduction being offset by serotype replacement (Ghaffar et al., 2004; 
Lipsitch et al., 2007; Grivea et al., 2008; Dagan, 2009; van Gils et al., 2009; Gladstone et al., 2017; 
Corcoran et al., 2019; Kandasamy et al., 2020). 
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In 2010, due to this increase in the incidence of disease caused by non-vaccine serotypes, the 
serotype coverage of PCV7 was expanded to include six additional serotypes (1, 3, 5, 6A, 7F and 
19A) in addition to the original seven serotypes, resulting in a 13-valent conjugate vaccine 
(PCV13). Notably, the inclusion of types 6A and 19A aimed to address the lower-than-anticipated 
cross-protection elicited by the 6B and 19F antigens present in PCV7 (Bryant et al., 2010).  
In 2021, a 15-valent conjugate vaccine (PCV15) was approved for use in adults over the age of 18 
years, following safety and immunogenicity trials in adults over the age of 50 (Peterson et al., 2018; 
Stacey et al., 2019). PCV15 contains two serotypes, 22F and 33F, in addition to those in the PCV13 
formulation, following an increase in the diseases caused by these serotypes. PCV15 has also 
recently been approved in the US for use in persons under the age of 19 years, following a study 
in which PCV15 elicited similar immunogenicity and displayed similar safety and tolerability in 
children under 2 years (Platt et al., 2020). Following the development of PCV15, an additional five 
serotypes (8, 10A, 11A, 12F and 15B) were added to the formulation to create the 20-valent 
conjugate vaccine, PCV20, further protecting against more virulent serotypes. In October 2021, 
the PCV20 was approved for use in all adults over 65 years of age or in adults between the ages 
of 19 to 64 with underlying medical conditions following safety trials (Essink et al., 2021; Hurley et 
al., 2021). 
 
The improvements in pneumococcal vaccines by the development of PCVs has significantly 
improved the protection against pneumococcal diseases, especially in vulnerable populations. The 
promotion of a more effective immune response, with greater serotype coverage, has resulted in 
these vaccines contributing to the reduction of pneumococcal disease burden, whilst 
simultaneously enhancing global public health efforts.  
 
However, in light of the concerning trends of serotype replacement observed in pneumococcal 
carriage and IPD, coupled with the rising antibiotic resistance rates, the need for broader 
preventative strategies is becoming increasingly urgent.  
Colonisation is known to trigger natural immunisation events by elevating anti-capsular and anti- 
protein antibody levels (McCool et al., 2002; Richards et al., 2010; Ferreira et al., 2013), with recent 
studies emphasising the pivotal roles of anti-protein antibodies in conferring natural immunity to 
pneumococci (Wilson et al., 2017; Ramos-Sevillano et al., 2019). Consequently, protein antigens 
that exhibit high conservation across multiple pneumococcal serotypes hold the potential to provide 
serotype-independent protection against IPD, mitigating the risk of serotype replacement (Stanek 
et al., 2016). Numerous protein antigens have been investigated as potential vaccine targets, 
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including neuraminidase, LytA, Ply, CbpA, PspA, pneumococcal surface antigen A (PsaA), and 
polyhistidine triad protein D (PhtD) (Lock et al., 1988; McDaniel et al., 1991; Paton et al., 1993; 
Sampson et al., 1997; Chen et al., 2015; Pichichero, 2017; Afshar et al., 2020). These protein 
antigens are predicted to elicit a T-cell dependent response, resulting in long-term immunological 
memory.  
 
Another promising approach to elicit non-serotype dependent protection involves using whole cell 
vaccines (WCVs). Modern WCVs are based on killed, non-encapsulated pneumococci, in which a 
wide range of surface protein antigens are exposed. Immunisation with these vaccines elicits a 
broad protection against pneumococcal surface proteins, resulting in an immune response that 
mimics natural human immunity, which develops in late childhood via natural exposure to 
pneumococci. Notably, the natural human immunity arises predominantly from anti-protein 
antibodies rather than anti-capsular antibodies (Wilson et al., 2015). Recent studies with a strain 
of un-encapsulated pneumococci, Rx1, expressing non-toxic Ply with a lytA-deletion have 
demonstrated that generating antibodies against a range of pneumococcal antigens can be 
effective in providing protection against both nasopharyngeal carriage and sepsis in murine models 
(Malley et al., 2001; Lu et al., 2010; Babb et al., 2016). WCVs have the potential for affordable, 
broad range protection against all pneumococci, irrespective of serotype (Morais et al., 2019), 
making them more suitable for widespread use, especially in developing countries. Both chemically 

killed (Moffit and Malley, 2016) and g-irradiated (Babb et al., 2016; Babb et al., 2017; David et al., 

2019; David et al., 2022) pneumococcal WCVs have been developed and have undergone or are 
currently undergoing clinical trials to assess their safety and efficacy in providing serotype-
independent protection.  

1.4.3. Host immune responses 

1.4.3.1. Innate immunity 
The innate immune system provides the first line of defence against infection by S. pneumoniae, 
by producing a rapid yet non-specific response that is initiated against any foreign invaders. This 
important defence mechanism is triggered by the recognition of pathogens, mediated by pattern 
recognition receptors (PRRs) located on the surfaces of host cells or within them. These receptors 
can identify pathogen-associated molecular patterns (PAMPs), resulting in the activation of a 
signalling cascade leading to what is known as the innate immune response (Paterson & Mitchell, 
2006a; Murphy et al., 2008). Within the multiple PRRs identified, Toll-like receptors (TLRs) are 
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widely distributed across human immune cells and play critical roles in the recognition and 
response to pneumococcal infection (Koppe et al., 2012). Typically located bound to the cell 
membrane, with the exception of TLR9 (located on endosomes within cells), TLR2, TLR4 and 
TLR9, have a critical role in recognising pneumococci (Srivastava et al., 2005; Richard et al., 2014; 
Tomlinson et al., 2014). TLR2, TLR4 and TLR9 identify essential components of S. pneumoniae 
such as pneumococcal lipoproteins, the pneumococcal toxin Ply, and CpG-DNA, respectively. 
Upon recognition of these components, TLRs initiate an innate immune response to help combat 
infection. Beyond their role in the innate immune response, TLRs also play a vital role in shaping 
the adaptive immune response. Specifically, they facilitate the release of co-stimulatory molecules 
necessary for T-cell activation, a critical step in mounting an effective and long-lasting immune 
defence (Rahman et al., 2009). 
 
Another important class of PRRs are the nucleotide-binding and oligomerisation domain- (NOD-) 
like receptors (NLRs), which play a crucial role in innate immunity with their ability to recognise 
bacterial cell wall components. Upon ligand binding, NLRs initiate several critical immune 
response, including the activation of NF-kB dependent proinflammatory gene expression, 
stimulation of the inflammasome, promotion of cytokine production and induction of inflammation 
(Franchi et al., 2009; Murray, 2009; Koppe et al., 2012; Rabes et al., 2016). 
 
In response to the production of inflammatory mediators, various innate immune cells are recruited 
to the site where the pathogen was encountered. These cells include basophils, dendritic cells, 
eosinophils, Langerhans cells, mast cells, monocytes, macrophages, neutrophils, and natural killer 
(NK) cells. Of these cells, neutrophils and macrophages are of particular importance for the 
clearance of pneumococcal infection (Paterson & Mitchell, 2006a; Murphy et al., 2008; Craig et al., 
2009; Dockrell & Brown, 2016). As the most abundant innate cell type, neutrophils are among the 
first responders to the site of infection (Craig et al., 2009; Kolaczkowska & Kubes, 2013). They are 
highly phagocytic cells that produce granules capable of breaking down the cell walls of pathogens 
(Falloon & Gallin, 1986; Kolaczkowska & Kubes, 2013). Moreover, neutrophils are capable of 
trapping pneumococci extracellularly using fibres made from DNA (Gardiner & Andrews, 2012). 
Macrophages, similarly phagocytic in nature, play a critical role in engulfing and eliminating 

pneumococci. They target opsonised cells through the complement system and Fcg receptors 

(Dockrell and Brown, 2015), but they can also phagocytose non-opsonised antigens through their 
receptor, MARCO (macrophage receptor with a collagenous structure) (Kraal et al., 2000). 
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In addition to neutrophils and macrophages, respiratory epithelial cells contribute significantly to 
the defence against pneumococci. They have the ability to produce antimicrobial peptides, such 
as aoplactoferrin and lysozyme, which are capable of lysing bacterial cells, preventing growth and 
sequestering iron from pneumococci (André et al., 2015; Whitsett & Alenghat, 2015). These 
respiratory epithelial cells also release cytokines and chemokines, which play a critical role in the 
recruitment of additional immune cells to the site of infection (Whitsett & Alenghat, 2015).  

1.4.3.2. Adaptive immunity 
The adaptive immune response, also known as acquired immunity, takes longer to develop and 
initiate compared with the innate immune response, however it is highly effective, robust and 
pathogen-specific. There are two main types of adaptive response: cell-mediated immunity 
involving T-cells and humoral immunity involving the production of antigen-specific antibodies by 
B-cells.  
 
The activation of B-cells and subsequent class switching are essential for producing highly 
functional and specific antibodies, primarily IgG and IgA, which promote phagocytosis by 
opsonising the target pathogen. In pneumococcal infections, control at mucosal sites is also 
achieved through secretory IgA, which also opsonise bacteria to promote phagocytosis (Mook-
Kanamori et al., 2011).  
 
Cell-mediated immunity relies on T-cells, which play a pivotal role in clearing pneumococcal 
infections. T-cells are further divided into two broad classes: helper CD4+ T-cells and cytotoxic 
CD8+ T-cells (Mook-Kanamori et al., 2011). T-cell activation occurs when they recognise their 
specific antigen presented on the major histocompatibility complex (MHC) of professional antigen-
presenting cells (APCs), including macrophages, dendritic cells, and B-cells (Brooks & Mias, 2018). 
After activation, helper T-cells can differentiate into Th1, Th2 or Th17 subsets, each playing unique 
roles in the immune response. Th1 cells primarily produce anti-inflammatory cytokines that drive 
an inflammatory immune response and recruit additional immune cells to the site of infection. Th2 
cells interact with B-cells to promote class switching and antibody production (Romagnani, 1999) 
The interleukin- (IL-) 17 producing T-helper cells, Th17 cells, have a significant role in anti-
pneumococcal immunity. The release of IL-17 from these cells recruits monocytes, neutrophils, 
and macrophages to the infection site, facilitating pneumococcal clearance. Furthermore, Th17 
responses have been linked to reduced pneumococcal carriage (Hoe et al., 2017). In contrast, 
CD8+ T-cells directly kill infected host cells, similar to NK T-cells (van der Poll & Opal, 2009).   
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Following an infection, subsets of both B-cells and T-cells differentiate into memory cells that 
continue to circulate within the body. In the event of re-infection, these memory cells can be rapidly 
activated, enabling a faster, pathogen-specific adaptive immune response, leading to enhanced 
pathogen clearance (Sprent, 1994).  

1.5. Carbohydrate metabolism 
S. pneumoniae, a strictly fermentative bacterium, relies solely on glycolysis for energy production 
due to the absence of genes involved in the tricarboxylic acid cycle and an electron transport chain 
(Hoskins et al., 2001; Tettelin et al., 2001). This metabolic characteristic underscores the critical 
role of carbohydrates as an energy source, as evident from the extensive array of sugar 
transporters encoded within the genomes, with over 30% of all transporters dedicated to 
carbohydrate uptake (Hoskins et al., 2001; Bidossi et al., 2012). 
It is known that pneumococci import at least 32 different carbohydrates through 21 
phosphotransferase systems (PTS) and 8 ATP-binding cassette (ABC) transporters (Puyet et al., 
1993; Brown et al., 2002; R. Iyer & Camilli, 2007; McKessar & Hakenbeck, 2007; Marion, et al., 
2011a; Marion, et al., 2011b; Bidossi et al., 2012). These two transporter families differ primarily in 
their mechanism of cargo translocation. ABC transporters consist of an extracellular solute binding 
domain, responsible for binding the solute and delivering it to the transporter. Subsequently, the 
solute transverses the membrane through the transmembrane domain (TMD). Situated directly 
beneath the TMD, is the nucleotide binding domain that hydrolyses ATP, providing the energy 
required for transportation (Marion, et al., 2011a; Buckwalter & King, 2012). On the other hand, the 
PTS are composed of two cytoplasmic proteins, Enzyme I and Histidine Protein (HPr) (Deutscher 
et al., 2005). These facilitate the transfer of phosphate groups from phosphoenolpyruvate to the 
multi-domain Enzyme II, a sugar-specific transporter responsible for importing the desired carbon 
source (Postma et al., 1993; Buckwalter & King, 2012). 
 
The imported carbohydrates then undergo glycolysis, a process through which one molecule of 
glucose is converted into two molecules of pyruvate, yielding two ATP molecules and two NADH 
molecules in the process. Subsequently, pyruvate is primarily metabolised to lactate through the 
action of lactate dehydrogenase, a process that regenerates NAD+ and helps maintain redox 
balance (Harris & Harper, 2005). The balance between NADH and NAD+ appears to play a crucial 
role in regulating pneumococcal fermentation. When there is an excess of easily convertible 
sugars, like glucose, or when oxygen tension is low, there is a high NADH-NAD+ ratio, leading to 
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homolactic fermentation, where two molecules of lactic acid are produced (Ganzle, 2015). In 
contrast, when glycolytic flux is low, as seen during an excess of non-readily convertible sugars, 
and oxygen tension is high, pneumococci undergo mixed acid fermentation, resulting in the 
production of ethanol, acetate, and formate (Kandler, 1983; Yesilkaya et al., 2009). 
 
During colonisation and infection, S. pneumoniae encounters diverse environmental niches with 
varying nutrient compositions, including carbohydrates. As a result, pneumococci have developed 
the ability to ferment a wide range of carbohydrates (Bidossi et al., 2012). Among the available 
carbon sources, glucose stands out as the preferred choice for the pneumococcus, closely followed 
by sucrose (Carvalho et al., 2011). Glucose is typically found in the blood of the human host, with 
concentrations ranging from 3.5 mM to 5.5 mM in healthy adults and inflamed tissues, although its 
availability varies between different niches (Güemes et al., 2016). The uptake of glucose into the 
cell is primarily facilitated by the PTS MalN-MalLM system, in which the incoming glucose is 
phosphorylated to Glucose-1-phosphate, enabling its entry into the glycolytic pathway. 
Alternatively, it can be transported via an ABC transporter, in which it undergoes phosphorylation 
to become Glucose-6-phosphate by the glucokinase Gki before entering the glycolytic pathway 
(Bidossi et al., 2012). 
 
When glucose or sucrose are present in the niche in which the pneumococcus is, the metabolic 
pathways required for utilising other non-preferred carbon sources are supressed to optimise 
growth so that only preferred carbon sources, such as glucose and to a lesser extent sucrose, may 
be used. This phenomenon, known as ‘Carbon Catabolite Repression’ (CCR), ensures metabolic 
efficiency by preventing simultaneous utilisation of sugars. This process involves the 
phosphorylation of the phosphoprotein Hpr by the kinase HPrK, mediating CCR via both carbon 
catabolite protein A- (CcpA-) dependent and independent mechanisms (Iyer et al., 2005; Carvalho 
et al., 2011; Fleming et al., 2015). During CCR mediated by CcpA-dependent mechanisms, the 
transcription factor CcpA binds to catabolite repression elements (cre) found in the promoter region 
of genes responsible for non-preferred carbon source utilisation, leading to their repression. This 
regulatory process plays a crucial role in pneumococcal disease progression, as demonstrated by 
murine model studies where ccpA deletion mutants were severely attenuated in nasopharyngeal 
colonisation and lung infection, suggesting a link between carbohydrate metabolism and 
pneumococcal virulence (Iyer et al., 2005). 
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However, glucose is not abundant in all anatomical niches of the human host. In niches such as 
the nasopharynx and respiratory tract, where pneumococci primarily reside, glucose 
concentrations are typically below 1 mM, as an important part of the lungs’ defence against 
bacterial infection (Philips et al., 2003). Subsequently, S. pneumoniae scavenge for other 
carbohydrate sources in these anatomical niches where glucose concentrations are low. 
Pneumococci utilise a range of extracellular glycosidases, such as NanA, BgaA and StrH, which 
have the capability to cleave sugars from N-linked glycoconjugates present on host epithelial cells 
(King, 2010). This enzymatic activity liberates sugars that can be subsequently taken up by their 
corresponding PTS or ABC transporters, providing essential substrates to support energy 
production in the bacterium. The glycosidases in pneumococci also exhibit specificity towards 
particular sugar structures. The galactose, a monosaccharide sugar cleaved from N-linked 
glycoconjugates present on host epithelial cells in the upper respiratory tract, is then metabolised 
by pneumococci through either the Leloir pathway or the Tagatose-6-Phosphate (T6P) pathway 
during homolactic fermentation (Paixão et al., 2015). Recently, it has also been shown that during 
mixed acid fermentation, pneumococcal galactose catabolism is controlled by several 
transcriptional regulators acting on pyruvate formate lyase, with both feed-back inhibition and 
activation being involved in the process (Al-Bayati et al., 2017). 
 
S. pneumoniae also demonstrates its adaptability by being able to grow solely on mucins, which 
are glycosylated macromolecules predominantly composed of carbohydrates, serving as an 
alternative carbon source (Rose and Voynow, 2006). Additionally, studies have shown that 
pneumococci can modify the lipopolysaccharide structures of other bacteria, such as Neisseria 

meningitidis and Haemophilus influenzae, via the neuraminidase NanA to compete for surface 
carbohydrates on the host (Shakhnovich et al., 2002). S. pneumoniae are also capable of utilising 
the purified capsule of Group A Streptococcus as a carbon source for growth (Marion et al., 2012). 
Furthermore, as a human-adapted bacterium, S. pneumoniae demonstrates the ability to take up 
and metabolise various plant-derived sugars, consumed by humans, indicating its ability to adapt 
to diverse environments and utilise various carbohydrate sources (Hiss, 1905; Rosenow et al., 
1999; McKessar and Hakenbeck, 2007; Shafeeq et al., 2011; Bidossi et al., 2012). 
 
The ability of S. pneumoniae to adapt its carbohydrate utilisation strategy depending on the 
concentrations of the available carbohydrates in different host niches underscores its metabolic 
versatility and its capacity to thrive in diverse environments. Other airway commensal and 
pathogenic bacteria, such as N. meningitidis, H. influenzae and Moraxella catarrhalis, have more 
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limited carbohydrate utilisation abilities, except for Staphylococcus aureus, impacting their ability 
to survive in different host niches, with a competitive disadvantage against other bacterial species 
(Egan and Morse, 1966; Macfadyen et al., 1996; Leighton et al., 2001; de Vries et al., 2010). It is 
likely that pneumococci’s capacity to utilise a wider variety of carbohydrates confers a competitive 
advantage against other bacteria within human host niches.  

1.5.1. Impact of carbohydrate utilisation on pneumococcal disease 
A recent study by Im et al. (2022) compared the effect of the carbohydrates available in the human 
nasopharynx compared with the blood on pneumococcal virulence and fitness during colonisation 
and disease. It was found that when the pneumococcal strain TIGR4 was grown in chemically 
defined media (CDM) with carbohydrates (galactose and sialic acid) mimicking the nasopharyngeal 
environment the pneumococci displayed reduced metabolic activity and slower growth, engaging 
in mixed acid fermentation with notable hydrogen peroxide production. They were also in a state 
of carbon-catabolite de-repression compared to cells cultured in CDM with carbohydrates (glucose 
and sialic acid) mimicking the blood. Transcriptome sequencing further revealed that changes in 
gene expression primarily were related to carbohydrate metabolism, with these genes also 
including those encoding key virulence factors, including capsule and surface adhesins. Notably, 
anatomical site-specific carbohydrate availability directly influenced well-established 
pneumococcal virulence traits. Cells grown in the blood-mimicking medium formed shorter chains, 
produced more capsule, exhibited reduced adhesiveness and demonstrated higher resistance to 
macrophage attacks in opsonophagocytosis assays. Importantly, the pre-growth of pneumococci 
in nasopharynx or blood-mimicking media significantly affected their fitness in colonisation and 
disease murine models. Specifically, pneumococci grown in nasopharynx-mimicking media were 
4.9-fold more abundant in the nasal wash fluid, whilst there were greater numbers of pneumococci 
pre-grown in blood-mimicking media in the blood of infected mice. Together, these results 
demonstrate that site-specific carbohydrate availability influences pneumococci’s physiology and 
virulence, ultimately impacting its fitness at specific anatomical sites (Im et al., 2022).   
 
The most prevalent localised pneumococcal disease is otitis media, however our understanding of 
the sugar availability within the middle ear remains limited. Furthermore, the precise mechanisms 
and the specific genes necessary for the development of OM are still shrouded in mystery, primarily 
due to the scarcity of dependable in vivo and in vitro models. However, recent research has 
highlighted that variation in the uptake and utilisation of the plant-derived trisaccharide raffinose, 
appears to have an impact on disease outcome in a murine model, although the exact mechanism 
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behind its role in disease has yet to be fully discerned (Minhas et al., 2019; Minhas et al., 2020; 
Agnew et al., 2022).  
A separate systematic review of five clinical trials revealed that xylitol, a five-carbon sugar alcohol 
commonly present in various fruits and vegetables, successfully lowered the incidence of acute 
OM in healthy children from 30% to 22%. However, the results remain inconclusive as to the 
efficacy in preventing OM in children with respiratory infections or children prone to OM infections 
(Azarpazhooh et al., 2016). 
 
As discussed earlier (Section 1.5), although glucose is readily available in both blood and inflamed 
tissues, it undergoes fluctuations in concentration as invasive disease progresses to different 
anatomical niches (Philips et al., 2003). While pneumococci may form static biofilms during 
nasopharyngeal carriage and OM, they adopt a more planktonic lifestyle during IPD (Oggioni et al., 
2006). As a result, the metabolic requirements for pneumococci causing IPD differ from those 
during nasopharyngeal colonisation or middle ear infection.  
In a signature-tagged mutagenesis screen followed by murine competition assays, it was 
discovered that transporter and metabolic genes associated with the utilisation of various sugars, 
such as glucose, galactose, lactose, cellobiose, mannitol, galactitol, fructose, and mannose, were 
essential for successful establishment of lung infections (Hava and Camilli, 2002). Furthermore, 
certain carbohydrate-related factors crucial for nasopharyngeal colonisation were also found to be 
indispensable during IPD. For instance, the sucrose-6-phosphate hydrolase, SusH, and its 
corresponding sucrose ABC transporter were identified as critical factors in murine lung infections 
(Iyer and Camilli, 2007). Meanwhile, the deletion of lacD and galK, encoding the tagatose-1,6-
bisphosphate aldolase and galactokinase, respectively, were associated with increased survival 
times in intranasally infected mice (Paixão et al., 2015). Another study found that blocking 
phosphorylation at key sites of GalR, a galactose operon repressor, had a significant impact on 
both the Leloir and tagatose 6-phosphate galactose metabolic pathways, diminishing the 
pneumococci’s capacity to successfully colonise the nasopharynx, middle ear and lungs of 
intranasally infected mice (McLean et al., 2020).  
The deacetylation of sialic acid via esterases also resulted in greater survival time for mice infected 
intranasally (Kahya et al., 2017).  Furthermore, a separate study found that the administration of 
free sialic acid before intranasal challenge resulted in elevated numbers of bacteria in the central 
nervous system, likely facilitated through spread from the nasopharynx via the olfactory neurons 
(Hatcher et al., 2016). Notably, individual gene deletions encoding proteins responsible for 

cleaving/trimming N-glycans, such as endo-b-N-acetylglucosaminidase and a-(1,2)-mannosidase, 



 27  
 

also led to reduced pneumococcal counts in the blood whilst prolonging survival in murine models 
(Robb et al., 2017).  
As mentioned earlier, the ability to metabolise the carbohydrate raffinose influenced pneumococcal 
survival in the ears of intranasally infected mice (Minhas et al., 2019; Agnew et al., 2022). In the 
study by Minhas et al. it was found that in closely related (serotype 14 ST15) blood and ear isolates 
a SNP in the rafR gene led to reduced raffinose utilisation in the ear isolates, allowing these strains 
to spread into the brain of intranasally infected mice. Conversely, the clonally related blood isolates 
with enhanced raffinose utilisation were able to persist in the lungs of mice following intranasal 
challenge (Minhas et al., 2019). In a subsequent study (Minhas et al., 2020) using dual RNAseq 
analysis during early infection of murine lungs, the rafR SNP not only influence bacterial genes 
related to raffinose but also impacted multiple sugar transporters and enzymes for other 
carbohydrates. Additionally, this genetic variation caused significant alterations in the host’s 
transcriptional responses to infection, particularly in genes related to cytokines, chemokines, and 
receptors. The differing virulence characteristics of blood and ear isolates were largely attributed 
to their distinct abilities to activate IL-17 signalling pathways and recruit neutrophils to the lungs in 
the early stages of infection (Minhas et al., 2020).  

1.6. Fatty acids  
Host-derived free fatty acids play pivotal roles in the host’s defence against a spectrum of 
pathogenic agents, including bacteria, viruses and fungi (Kohn et al., 1980; Zheng et al., 2005; Ells 
et al., 2009; Desbois and Smith, 2010). Their primary function lies in comprising the integrity of 
cellular membranes, as they are key components of phospholipids, which are the building blocks 
of cell membranes, influencing the fluidity and stability of membranes. However, a wealth of 
research spanning diverse bacterial species has unveiled the multifaceted impact of free fatty acids 
on various cellular processes. These include not only membrane disruption but also intricate 
modulation of energy production, nutrient uptake, and enzyme activity, all of which occur in context- 
specific and organism-dependent manners (Desbois and Smith, 2010). The versatile influence of 
free fatty acids extends to thwarting the colonisation efforts of pathogenic microbes at the host-
pathogen interface, as evidenced by compelling findings (Barakat et al., 2015; Mil-Homens et al., 
2016). However, the assessment of the antimicrobial effectiveness of free fatty acids is a nuanced 
challenge. The complexity arises from the fact that many bacterial pathogens possess the capacity 
to harness host fatty acids both as an energy source and as building blocks for their own membrane 
synthesis (Balemans et al., 2010). 
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The current understanding of the impact of fatty acids on S. pneumoniae’s disease-causing 
capabilities is an area still being explored. The synthesis of essential pneumococcal cell membrane 
fatty acids is orchestrated through the type II fatty acid synthase (FASII) system (Zhang and Rock, 
2008), an intricate process encoded within a singular gene cluster (fab-cluster) that involves the 
covalent attachment of an acyl carrier protein (ACP) to the carboxyl end of the fatty acid. This 
unique arrangement facilitates the enzymatic elongation steps and the incorporation of double 
bonds (desaturation). The ultimate length of the fatty acid chain is a product of both transcriptional 
feedback loops and enzymatic preferences, culminating in the production of specific fatty acids 
with distinct functions such as protein acylation, polyketide synthesis, and the formation of complex 
lipid molecules like membrane phospholipids. A MaR-type regulator, known as FabT, governs the 
regulation of the fab-cluster, inhibiting fab-cluster transcription upon fatty acid binding (Jerga and 
Rock, 2009).  
 
Notably, the FASII system does not work in isolation, as the pneumococcus also exhibits the ability 
to assimilate exogenous fatty acids into its membrane using the FakA/B system (Parsons et al., 
2015). The initial recognition and binding of free fatty acids are orchestrated by FakB, a fatty acid 
binding protein. This event is followed by the linkage of a phosphate headgroup, achieved through 
the kinase activity of FakA, a kinase domain protein. These crucial actions transpire on the 
intracellular side of the cell membrane (Parsons et al., 2014).  
Of particular significance is the activation triggered by FakA and FakB, which triggers PlsX, a 
soluble acyl-acyl carrier protein (ACP):PO4 transacylase, to attach exogenously acquired fatty 
acids to ACP (Parsons et al., 2015). This process allows pneumococci to bypass the FASII pathway 
entirely in the presence of exogenous fatty acids (Yao and Rock, 2017).   
Importantly, the functionality of both the FASII system and FakA/B system is critical for the 
organism’s survival in vivo (van Opijnen and Camilli, 2012).  

1.6.1. Correlation between fatty acids and bacterial quorum sensing 
Studies conducted within a range of different bacterial species, both Gram-negative and Gram-
positive have indicated that fatty acids can also affect quorum sensing and subsequent biofilm 
formation. In the Gram-negative species Acinetobacter baumannii, mono-unsaturated chain fatty 
acids are able to reduce bacterial biofilm formation by up to 38%, whilst also exhibiting a capacity 
to disperse existing biofilms and significantly impair bacterial motility. Strikingly, this reduction in 
biofilm formation was linked to the downregulation of the abaR regulator within the LuxIR-type QS 
system present in A. baumannii, resulting in a decrease of the signalling molecule produced by this 
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QS system. Another aspect of this study investigated the impact of these fatty acids on 22 clinical 
isolates. Importantly, the antibiofilm activity of the fatty acids was revealed to be strain-dependent 
(Nicol et al., 2018). 
 
In Vibrio harveyi and Escherichia coli, both medium and long chain fatty acids, such as palmitic 

acid (C16:0), stearic acid (C18:0), oleic acid (C18:1w9) and linoleic acid (C18:2w6) were capable of 

inhibiting AI-2 based cell signalling and biofilm formation included. In V. harveyi the inhibitory 
effects of these fatty acids on AI-2 signalling ranged from 25 to 90%, with a mixture of fatty acids 
resulting in 52 to 65% inhibition of AI-2 activity. In E. coli K-12 cells, fatty acids derived from ground 
beef were found to interfere with biofilm formation without exerting any adverse effects on bacterial 
cell viability (Soni et al., 2008). 
 
In the Gram-positive bacteria Streptococcus gordonii short-chain fatty acids (SCFAs) have been 
found to inhibit biofilm formation. SCFAs, including sodium acetate, sodium propionate and sodium 
butyrate, demonstrated effective inhibitory activity against the formation of biofilms in S. gordonii, 
without causing any reduction in bacterial growth. Notably, these SCFAs exhibited a prominent 
suppression of S. gordonii biofilm formation during its early stages yet had no impact on pre-
existing biofilms (Park et al., 2021b). One regulatory mechanism for biofilm formation that exists 
within streptococcal species, including S. gordonii, is the quorum-sensing mechanism mediated by 
competence stimulating peptide (CSP) (Loo et al., 2000). In S. gordonii SCFAs significant decrease 
in the mRNA expression of both comD and comE, which respectively encode the CSP-sensing 
protein and its associated response regulator, crucial components of the CSP pathway. This effect 
is especially noteworthy as these components play pivotal roles in the regulation of biofilm 
formation. Notably, even when exogenous synthetic CSP was employed to enhance S. gordonii 
biofilm formation, the presence of SCFAs counteracted this effect. The exact mechanism of how 
SCFAs negatively regulating the CSP pathway results in poor biofilm formation for S. gordonii, has 
not been established (Park et al., 2021b). One theory suggested that when CSP is present it may 
result in the production of a biofilm regulation peptide, such as BriC, resulting in enhanced biofilm 
formation as seen in S. pneumoniae (Aggarwal et al., 2020), thus when the CSP pathway is 
negatively by SCFAs in S. gordonii, this pathway may be suppressed, ultimately resulting in less 
biofilm formed (Park et al., 2021b).   
 
Adjacent to the S. pneumoniae FASII locus, responsible for fatty acid biosynthesis, lies the compact 
peptide BriC (biofilm regulator induced by competence), an integral player in pneumococcal 
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physiology. BriC, is classified within the family of ribosomally synthesised peptides with double- 
glycine motifs, assumes significance in the pneumococcal context (Aggarwal et al., 2020). 
Remarkably, the induction of briC expression is orchestrated by ComE, the quintessential 
orchestrator of competence, establishing a direct link between two pivotal regulatory pathways. 
The secretory route of BriC involves utilisation of the competence-associated ABC transporter, 
ComAB, as a means of dissemination. The synthesis and subsequent secretion of BriC act as 
catalysts for the advancement of late-stage biofilm development in vitro, indicating it is a key player 
in the intricate orchestration of these biofilm structures. This influence extends to the complex 
landscape of nasopharyngeal colonisation, as affirmed by murine models of pneumococcal 
carriage (Aggarwal et al., 2018).  
Importantly, it has been found that briC is co-transcribed alongside the genes within the fab gene 
cluster and its expression regulates the composition of membrane fatty acids in S. pneumoniae. 
Consistent with BriC’s role in promoting the formation of biofilms, reducing the levels of briC 
expression by uncoupling it from the fab gene cluster has a negative impact on biofilm 
development. Strains in which briC is knocked out show decreased fabT expression, leading to a 
noticeable shift in the composition of molecular species of membrane phospholipids. This indicates 
that BriC plays a role in regulating the FASII process in pneumococci, either directly or indirectly, 
through its influence on the transcription of the FabT regulon. Alternatively, it is possible that the 
increased cell-to-cell signalling via quorum sensing associated with biofilm growth mode intensifies 
the effects of BriC on lipid composition, thereby establishing a connection between biofilms and 
lipid makeup in S. pneumoniae (Aggarwal et al., 2021).  

1.7. Biofilms 
A crucial factor in the pathogenesis of S. pneumoniae is their remarkable ability to form biofilms. 
Biofilms comprise a diverse population of highly organised bacterial cells enclosed within a matrix 
of extracellular polymeric substances. These substances consist of a mixture of extracellular DNA, 
proteins and polysaccharides produced by the bacteria themselves. Pneumococci have been 
found to colonise the nasopharynx in the form of biofilms. This plays a critical role in the subsequent 
development of pneumococcal infections (Stoodley et al., 2004). Furthermore, studies have 
identified specific niches within the body that provide optimal conditions for biofilm formation 
(Oggioni et al., 2006; Muñoz-Elías et al., 2008; Marks et al., 2012a; Chao et al., 2014). Both the 
nasopharynx and middle ear are such locations, providing reservoirs from which pneumococci can 
disseminate from to cause disease (Chao et al., 2014). 
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These complex biofilm structures serve as a protective shield for bacteria, enabling their 
persistence within the human host by providing resistance against host immune responses and 
antimicrobial agents. Adding to this, the intricate channel system within biofilms allows for the 
exchange of nutrients and signalling molecules, facilitating genetic exchange amongst 
pneumococci (Costerton et al., 1999; Donlan and Costerton, 2002; Cho et al., 2007; Lewis, 2008; 
Marks et al., 2012b). Unfortunately, this can lead to increased antibiotic resistance, as the drugs 
are unable to penetrate these biofilm structures effectively, resulting in shifts in pneumococci’s 
phenotype (Nguyen et al., 2011; de la Fuente-Núñez et al., 2013). Furthermore, within biofilms, 
bacterial replication can become quiescent, occurring at an extremely slow rate (Allan et al., 2014). 
This characteristic is significant as many antibiotics primarily target bacterial replication pathways. 
As a result of both the slowed replication and the protective biofilm matrix, pneumococci within 
biofilms become over a thousand times more resistant to antibiotics, contributing to the recurrence 
of diseases (Chao et al., 2014). 
 
In practice, biofilms present a major challenge in medical treatment. As many bacterial species 
persist within the nasopharynx even after antibiotic treatment, it is difficult to completely clear 
infections (Cohen et al., 1997; Dabernat et al., 1998; Dagan et al., 1998; Garcia-Rodriguez and 
Fresnadillo Martinez, 2002). This is especially concerning in conditions like otitis media or chronic 
rhinosinusitis, where biofilms can act as reservoirs for virulent bacteria, allowing them to reseed 
and trigger infections under favourable conditions (Weimer et al., 2010; Sanchez et al., 2011). 
 
Bacterial cells within biofilms exhibit close proximity to each other and to the surrounding DNA, 
creating an optimal environment for genetic material exchange, which facilitates their survival and 
adaptation to the host environment. Notably, studies have highlighted that pneumococci that 
disperse from biofilms have distinct phenotypes. In in vivo murine models, biofilm-dispersed 
pneumococci demonstrated a remarkable ability to colonise the nasopharynx at higher levels 
compared to pneumococci grown in broth (Trappetti et al., 2011b). Additionally, these dispersed 
bacteria showed heightened dissemination to the middle ear and lungs (Marks et al., 2013). 
Histological examinations further revealed that mice infected with biofilm-dispersed pneumococci 
experiences increased levels of inflammation and leukocyte infiltrates in the lungs, blood and 
middle ear, when compared to counterparts infected with planktonic S. pneumoniae (Blanchette-
Cain et al., 2013). These differences in virulence between biofilm, planktonic and biofilm-dispersed 
bacteria suggest significant transcriptomic variations (Sanchez et al., 2011). The regulation of 
biofilm dispersal appears to be influenced by various environmental changes, which trigger 
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transcriptional alterations. These environmental changes include factors such as fever, ion 
concentrations, nutrient availability and pro-inflammatory cytokines present in the host (Grebe et 
al., 2010; Weiser, 2010; Marks et al., 2013).  

1.8. Quorum sensing 
Quorum sensing (QS) is a communication process employed by both Gram-negative and Gram-
positive bacteria to orchestrate population-wide responses, commonly within biofilms. This 
mechanism is governed by the coordinated sensing and release, in a density dependent manner, 
of small signalling molecules called autoinducers or pheromones (Miller and Bassler, 2001; von 
Bodman et al., 2008). QS is intimately linked to several critical features in the pneumococcus. It 
enables the bacteria to synchronize their activities and behaviour based on the local population 
density. As the biofilm grows and cell numbers increase, the concentration of autoinducers rises, 
triggering specific responses within the bacterial community. These responses include regulation 
of competence and gene expression, biofilm development, symbiosis, sporulation, secretion of 
virulence factors and initiation of dispersal events (Johnston et al., 2014). In essence, QS acts as 
a sophisticated communication system, allowing the pneumococcus to act collectively as a unified 
entity, efficiently adapting to changing environments and optimising survival strategies during 
infection.  
 
There are three main types of QS systems used by bacteria: LuxI/LuxR-type in Gram-negative 
bacteria, oligopeptide two-component type in Gram-positive bacteria and LuxS-mediated 
autoinducer 2 (AI-2) QS system in both Gram-negative and Gram-positive bacteria (Rutherford and 
Bassler, 2012).  

1.8.1. Oligopeptide two-component type QS 
The oligopeptide two-component type QS system is a communication mechanism unique to Gram-
positive bacteria, relying on an Autoinducer signalling peptide (AIP) and a two-component signal 
transduction system (TCSTS) (Novick, 2003; Claverys et al., 2006). TCSTSs are composed of a 
histidine kinase and a response regulator protein. Upon sensing the AIP, the histidine kinase 
transfers a phosphate group to the response regulator protein, leading to differential gene 
expression (Stock et al., 2000).  
 
One of the well-known examples of the QS system is the CSP/Com system that controls genetic 
competence in pneumococci. In the CSP/Com system, when the AIP, competence stimulating 
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peptide (CSP), is detected by the histidine kinase, ComD, which initiates a cascade of molecular 
events. The phosphate group is transferred to the response regulator protein, ComE, resulting in 
the activation of specific genes that play a crucial role in the regulation of genetic competence 
(Stock et al., 2000; Vidal et al., 2013) (Section 1.8.1.1).  

1.8.1.1. Competence and natural transformation 
Competence is a key feature that governs the natural transformability of the pneumococcus, as 
well as various other bacterial species (Lee and Morrison, 1999; Claverys and Håvarstein, 2002; 
Håvarstein et al., 2006). This critical process enables bacterial cells to take up extracellular DNA 
(eDNA) and integrate it into their genomes through homologous recombination. This process not 
only facilitates the repair of damaged DNA but also allows the acquisition of new advantageous 
traits, such as antibiotic resistance and virulence proteins, from neighbouring cells (Alioing et al., 
1996; Johnston et al., 2014; Moreno-Gámez et al., 2017). 
 
In S. pneumoniae, the regulation of competence is controlled by the comABCDE operon. The 
process starts with ComC, which is encoded as pre-CSP and exported via the ComAB ABC 
transporter/protease. Upon entering the extracellular space, ComC is cleaved into the competence 
stimulating peptide (CSP) (Håvarstein et al., 1995). CSP accumulates outside the cell and binds to 
the ComD histidine kinase receptor, which is part of the ComDE two-component signal transduction 
system. This binding triggers ComD auto-phosphorylation and the subsequent transfer of the 
phosphoryl group to ComE to form ComE-P. ComE-P then activates early competence genes that 
contain the Ceb promoter sequence, including comABCDE genes, comM (providing cellular 
immunity against lytic enzymes), and comX (encoding an alternative sigma factor) (Peterson et al., 
2004; Håvarstein et al., 2006; Martin et al., 2013). ComX, in turn, controls the activation of late 
competence genes required for DNA uptake, transformation and fratricide.  
Fratricide is the process by which competent pneumococci selectively lyse non-competent siblings, 
facilitating access to highly homologous DNA (Steinmoen et al., 2002). This mechanism is essential 
for gene integration between pneumococci and contributes to their pathogenicity by regulating the 
release of virulence factors like Ply (Claverys and Håvarstein, 2007). Key players in the lysis of 
target cells during fratricide are the murein hydrolase choline binding protein D (CbpD) and the 
early immunity protein ComM (Kausmally et al., 2005; Eldholm et al., 2009). Recent research has 
shown that fratricide can also lead to the release by closely related species, such as S. mitis and 
S. oralis, through CbpD binding to choline-containing teichoic acids (Johnsborg et al., 2008; 
Eldholm et al., 2010). Interestingly, the competence genes comD, comX, comW, cglA, dltA and the 
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murein hydrolase cbpD, which is associated with fratricide-dependent DNA release, were all 
directly related to luxS expression, a component of another bacterial communication system 
(Trappetti et al., 2011c). 
 
Furthermore, bacteriocins, which are small ribosomal peptide antibiotics, play a role in promoting 
antagonistic interactions between different bacterial species within the same ecological niches. 
This competitive advantage benefits pneumococci (Wang and Kuramitsu, 2005). Notably, 
competence in S. pneumoniae has been tightly linked to bacteriocin production through various 
regulatory pathways (Shanker and Federle, 2017). For instance, lysis of non-competent 
pneumococci is mediated by the two-peptide bacteriocin CibAB, which targets cells lacking the 
corresponding immunity factor CibC (Guiral et al., 2005). 
 
Whilst competence has long been recognised as critical for the acquisition of new virulence genes 
(Zhu and Lau, 2011), recent studies have revealed that the competence regulon can also cross-
regulate virulence (Lau et al., 2001; Ibrahim et al., 2004; Guiral et al., 2005; Claverys and 
Håvarstein, 2007; Kowalko and Sebert, 2008). Notably, investigations focusing on the role of 
ComB, a component of the ABC transporter essential for CSP export, have shown that loss of 
function of this protein results in the attenuation of S. pneumoniae in a murine model of infection 
(Lau et al., 2001). Similarly, pneumococci mutants lacking the histidine kinase ComD also exhibit 
attenuation in virulence (Lau et al., 2001).  

1.8.1.2. BlpABCSRH system 
In addition to the CSP/Com pathway, another significant QS system in the pneumococcus is the 
BlpABCSRH pathway. This pathway plays a comparable role as it regulates the production of class 
II bacteriocins and their corresponding immunity proteins (Knutsen et al., 2004). The BlpABCSRH 
pathway is activated by the peptide BlpC, which binds to and activates the histidine kinase receptor 
BlpH. This leads to the phosphorylation of the response regulator BlpR (de Saizieu et al., 2000). 
Upon BlpC induction, several genes, including blpABC, blpXYZ and blpSRH, along with various 
putative bacteriocins and related immunity proteins that constitute the Bacteriocin Immunity Region 
(BIR), are upregulated (de Saizieu et al., 2000; Dawid et al., 2007; Dawid et al., 2009). 
 
Notably, it has been found that there is a link between the CSP/Com and BlpABCSRH QS systems. 
Exogenous CSP can upregulate the blp operon, even in the absence of the comAB locus, 
suggesting a crosstalk between these two QS pathways (Wholey et al., 2016). 
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1.8.2. S-ribosyl-homocysteine lyase (LuxS)-mediated Autoinducer 2 QS 
The LuxS-mediated autoinducer 2 (AI-2) QS system represents a common communication 
mechanism shared by both Gram-negative and Gram-positive bacteria, enabling them to interact 
with neighbouring cells (Surette et al., 1999; Wang et al., 2012). This QS system relies on the 
synthesis of a keto-pentose sugar-like molecule called Autoinducer-2, and its production is 
dependent on the metabolic enzyme S-ribosyl-homocysteine lyase (LuxS). In the pneumococcus, 
LuxS generates the precursor to AI-2, called 4,5-dihydroxy-2,3-pentanedione (DPD), as a by-
product of the conversion of S-ribosyl-homocysteine to homocysteine, which is an integral part of 
the activated methyl cycle (Winzer et al., 2003; Yadav et al., 2018). 
 
LuxS homologues have been discovered in nearly all bacterial species, emphasising the highly 
conserved nature of this cell-to-cell communication method (Kaur et al., 2018). Despite its 
widespread occurrence, the specific mechanism by which AI-2 accumulation mediates 
transcriptional responses remains poorly understood, particularly in Gram-positive bacteria.  
 
The AI-2 QS system plays a crucial role in bacterial adaptation and behaviour, influencing various 
cellular processes such as virulence regulation, biofilm formation, and interspecies interactions. 
Specifically, studies have shown that pneumococcal strains lacking luxS are less invasive during 
murine intranasal challenge compared with the parent strain (Stroeher et al., 2003). Furthermore, 
strains lacking luxS exhibit significant reductions in biofilm formation, whilst strains overexpressing 
luxS demonstrate enhanced biofilm formation (Trappetti et al., 2011, 2017). In a rat model of 
infection, it was demonstrated that luxS is essential for biofilm formation and colonisation of the 
middle ear epithelium, with wildtype D39 being able to infect the middle ears of rats, whilst the luxS 
deletion strain was less prominent in the middle ear (Yadav et al., 2018). 

1.8.2.1. The interplay between galactose metabolism and QS 
In a study by Trappetti et al. (2017), the relationship between the pneumococcal quorum sensing 
system LuxS/AI-2 and sugar metabolism was elucidated. Using a serotype 2 strain (D39) with the 
luxS gene deleted (∆luxS), they discovered that the mutant exhibited reduced growth in the 
presence of galactose compared to the wildtype D39. Interestingly, the growth of the ∆luxS mutant 
in galactose could be “rescued” by the addition of the QS molecule AI-2 in finite amounts. This 
finding provided the first indication of a link between QS and carbohydrate metabolism, specifically 
in the context of galactose (as the ∆luxS mutant grew as well as the wildtype D39 in glucose).  
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Further investigations confirmed this link by quantifying the total capsule present on both the 
wildtype and ∆luxS strains in the presence of galactose. Whilst capsule is primarily produced from 
glucose metabolism, it able to be generated through the metabolism of galactose via the Leloir 
pathway. This metabolic pathway results in an important precursor for the synthesis of various 
nucleotide sugars required for CPS biosynthesis (Carvalho et al., 2011; Paixão et al., 2015). The 
∆luxS mutant showed a significant decrease in the amount of total capsule compared to the 
wildtype, indicating less galactose is being metabolised via the Leloir pathway. Intriguingly, the 
addition of AI-2 resulted in an increase in total capsule on the ∆luxS strain, bringing it to a level 
comparable to that of wildtype D39, indicating that the Leloir pathway was being utilised for 
galactose metabolism. This observation reinforced the proposed connection between quorum 
sensing and sugar metabolism (Trappetti et al., 2017). 
 
Another study by Yadav et al. investigated the role of LuxS/AI-2 on biofilm formation, colonisation 
and gene regulation in D39 and D39∆luxS. Here similar results, in regard to biofilm formation and 
virulence, to those previously observed were found (Trappetti et al., 2011c; Trappetti et al., 2017), 
with 117 genes being differentially regulated between the wildtype and mutant strains. Of these, 
the galactose pathway genes, such as lacB, lacC, lacD, and lacA (of the tagatose-6-phosphate 
pathway), and galM (of the Leloir pathway) were downregulated in D39∆luxS compared to wildtype 
D39, further highlighting the likelihood that LuxS/AI-2 is linked to galactose metabolism in 
pneumococci (Yadav et al., 2018). 
 
Additional RNA sequencing, performed by Trappetti et al., in the presence of AI-2 revealed 
candidate genes potentially involved in this relationship. Among them, fruA exhibited a 1.7-fold 
change in expression between the wildtype and the ∆luxS mutant. Further capsule studies in a 
∆fruA mutant strain revealed no change in the total amount of capsule in the presence or absence 
of AI-2, while gene expression studies showed no change in the expression of the Leloir pathway 
genes (galR, galK and galT), required for capsule biosynthesis, in the ∆fruA mutant in the presence 
of AI-2. These findings led to the proposal that FruA might play a role in the sensing and uptake of 
AI-2 into the cell. Specifically, it has been suggested that FruA-mediated import of AI-2 results in 
phosphorylation of the signalling molecule, preventing it from diffusing freely out of the cell and 
effectively trapping it intracellularly. This phosphorylated AI-2 (AI-2-P) may then directly or indirectly 
facilitate phosphorylation of GalR, the activator of the Leloir pathway, potentially by acting as a 
phosphate donor (McLean et al., 2020). This would lead to the upregulation of the Leloir pathway 
and an increase in galactose metabolism, subsequently resulting in heightened capsule production 
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and a hypervirulent phenotype (Nelson et al., 2007; Carvalho et al., 2011; Paixão et al., 2015; 
Trappetti et al., 2017).  

1.9. Genetic diversity  
S. pneumoniae boasts an astonishingly diverse genome, exhibiting over 12,000 distinct clonal 
clusters identified through multi-locus sequence typing (ST) as established by Enright and Spratt 
in 1990. The species’ genomic composition is further enriched by the concept of the pangenome, 
wherein pneumococcal genes are distributed across the population. Notably, at least 20% of coding 
sequences in a given pneumococcal isolate are unique to that strain, forming part of the accessory 
genome, which is unevenly distributed among all isolates (Hiller et al., 2007; Donati et al., 2010). 
The presence of such an extensive accessory genome equips the pneumococcus with additional 
sets of accessory genes, facilitating optimal adaptation to various environmental conditions. The 
first pneumococcal genome sequenced, TIGR4, is approximately 2 megabases in length and 
contains roughly 2200 coding sequences (Tettelin et al., 2001). The pneumococcal genome is 
believed to encode 500-1100 clusters of orthologous genes, while the pangenome encompasses 
between 5000-7000 orthologous clusters (Donati et al., 2010; Croucher et al., 2013; Gladstone et 
al., 2015; van Tonder et al., 2017). This indicates that around 75% of all pneumococcal genes 
exhibit differential distribution across the species.  
 
The accessory genome significantly influences pneumococcal characteristics, particularly its ability 
to exchange DNA in biofilm settings within the nasopharynx. This exchange often results in strains 
with novel gene combinations, offering potential advantages such as evading host immune 
responses, outcompeting other colonisers or evading antibiotics (Ehrlich et al., 2005). However, it 
is essential to recognise that the accessory genomes are not exclusively derived from 
pneumococcal genes; other upper respiratory tract colonisers like S. mitis, S. pseudopneumoniae, 
S. oralis and S. infantis also play a substantial role in shaping the pneumococcal pangenome 
(Kilian et al., 2008; Donati et al., 2010).   
Plasmids additionally contribute to the genetic variation observed within pneumococcus. For 
instance, the plasmid pDP1 has been identified in approximately 3% of all tested isolates (Smith 
and Guild, 1979; Sibold et al., 1991). However, the specific function of this plasmid, as well as other 
unrelated plasmids, remains largely unknown (Oggioni et al., 1999). 
 
S. pneumoniae’s remarkable capacity for genetic exchange arises from a combination of intrinsic 
and extrinsic factors, as discussed earlier. The species’ natural competence and biofilm lifestyle in 
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the upper respiratory tract play crucial roles in this process. Furthermore, human intervention, such 
as antibiotic use, can activate competence by indirectly increasing local CSP concentrations 
(Prudhomme et al., 2006; Stevens et al., 2011; Domenech et al., 2018). 
 
Additionally, pneumococci employ a sophisticated mechanism to safeguard and utilise internalised 
single-stranded DNA (ssDNA). The production of single-stranded DNA binding proteins (SsbB) 
enables the protection of a significant amount of intracellular DNA, roughly equivalent to half a 
genome. These ssDNA-SsbB complexes act as reservoirs for subsequent recombination events 
(Attaiech et al., 2011). The recombination machinery of S. pneumoniae exhibits flexibility, allowing 
for the integration of highly divergent alleles or novel genes without requiring extended runs of 
identical sequences (Prudhomme et al., 2002). 
 
Another important avenue for genetic exchange in S. pneumoniae is transduction, which involves 
horizontal gene transfer mediated by prophages with lytic and lysogenic life cycles. Prophages, 
present in up to 76% of tested strains, are integrates into the pneumococcal genome during the 
lysogenic phase and are excised during the lytic phase to infect other bacterial cells (Ramirez et 
al., 1999). The phage integrase governs the location where the prophage integrates into the 
genomes, with most pneumococcal prophages found in a few conserved locations (Brueggemann 
et al., 2017). The significance of prophage genes in the pneumococcal genome has been 

highlighted through numerous studies. For instance, the fMM1-like phage has been shown to 

increase adherence to pharyngeal cells and inert surfaces (Loeffler and Fischetti, 2006). The phage 
tail protein PblB promotes adherence to human epithelial cells and enhances nasopharyngeal 
colonisation and lung infection in murine pneumococcal disease models (Harvey et al., 2011; Hsieh 
et al., 2015). Moreover, the Spn1 prophage leads to defects in pneumococcal autolysis, increased 
chain length of pneumococci, decreased fitness in murine colonisation models and increased 
resistance to penicillin-mediated lysis (DeBardeleben et al., 2014). The genomes of S. pneumoniae 
also contain phage-related chromosomal islands (PRCIs) that are believed to hitchhike with 
prophages, although they lack lytic cycles (Novick et al., 2010). However, the distribution of PRCIs 
is less diverse compared to prophages, likely due to limited lateral transfer or specificities between 
PRCIs and subsets of prophages.  
 
Pneumococci employs various mechanisms, including conjugation, for horizontal gene transfer, 
which contributes significantly to its genetic diversity and evolution. Conjugation involves direct 
contact between bacteria, enabling the transfer of genetic material, particularly integrative and 
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conjugative elements (ICEs). ICEs consist of conjugative transposons or integrative plasmids, 
which, once inserted into the genome, can be vertically transferred or horizontally exchanged 
between strains after excision from the recipient genome (Burrus et al., 2002). The presence of 
several kilobases of genomic material in ICEs allows for the emergence of significant genetic 
diversity from just one transfer event. Notably, ICEs have a marked tendency to carry drug 
resistance genes, including those conferring resistance to antibiotics likes macrolides, tetracycline 
and chloramphenicol (Ayoubi et al., 1991; Croucher et al., 2009; Chancey et al., 2015).  

1.9.1. Phase variation 
In 1994, Weiser and colleagues made a significant observation regarding colony morphologies of 
S. pneumoniae isolates.  Two distinct phenotypes, based on opacity, were identified when the 
isolates were viewed on a transparent agar surface under oblique, transmitted light. These 
phenotypes were termed “transparent” and “opaque” (Weiser et al., 1994). Intriguingly, the isolates 
demonstrated spontaneous and reversible switching between these two phenotypes. The 
frequency of this phenomenon, known as phase variation, varied between 10-3 and 10-6 per 
generation, depending on the strain. Interestingly, phase variation had previously been described 
in other pathogenic bacteria, such as Neisseria gonorrhoeae and Haemophilus influenzae 
(Swanson, 1982; Weiser et al., 1990). Further analyses were performed by Weiser and others 
(Weiser et al., 1994; Chai et al., 2017) to understand the differences between the opaque and 
transparent variants. Electron micrographs of the transparent variant revealed several distinct 
features compared to the opaque variant. Notably, the transparent exhibited less well-defined 
surface structures and displayed cytoplasm separation from the cell, along with the presence of 
extracellular debris. These observations suggested that the transparent variant was more prone to 
autolysis, a process in which cells self-destruct.  
In addition to morphological differences, variations in the levels of specific components in the two 
phenotypes was found (Weiser et al., 1994). The transparent variant showed reduced levels of 
PspA and CPS. On the other hand, the opaque variant exhibited decreased levels of teichoic acid 
(a component of the cell wall) and increased amounts of CPS and PspA (Weiser et al., 1994; Kim 
and Weiser, 1998). The differences in CPS content between the two phenotypes revealed that the 
CPS content of the opaque phenotypes was up to 5.6-fold higher than that of the transparent 
variant. Conversely, the teichoic acid content of the transparent strain was up to 3.8-fold higher 
than that of the opaque phenotype (Kim and Weiser, 1998). 
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In vivo studies have provided valuable insights into the distinct virulence phenotypes of the 
transparent and opaque variants of pneumococci (Weiser et al., 1994). When equal doses of 
transparent and opaque variants were separately introduced into the nasopharynx of infant rats, it 
was observed that the transparent variant displayed higher levels of colonisation at all time points 
(days 1, 3 and 7) compared to the opaque variant. Interestingly, by day 7, no opaque colonies were 
identified from the nasal washes of rats given the opaque phenotype. Moreover, in vitro 
experiments demonstrated that transparent variants exhibited greater adherence to buccal 
epithelial cells (Cundell et al., 1995).  
In an intraperitoneal mouse challenge model, where the nasopharynx was bypassed, the opaque 
phenotype of the serotype 2 strain D39 showed significantly higher mortality rates compared to 
their transparent counterparts (Kim and Weiser, 1998). Together, with the results of the 
colonisation model, indicates that the virulence potential of the two phenotypes varies depending 
on the route of infection, with opaque phase colonies causing more invasive disease and the 
transparent variants being more likely to colonise the infected individual. This disparity in infection 
outcome is likely due to the opaque phenotype having more CPS compared with the transparent 
colonies, with higher levels of CPS previously being shown to aid in virulence and less capsule 
aiding in colonisation (Weiser et al., 1994; Wen et al., 2016; Zafar et al., 2017). 
 
A comprehensive analysis of over 300 pneumococcal clinical isolates from cases of invasive 
disease belonging to over 10 serotypes revealed interesting patterns (Serrano et al., 2006). 
Approximately, 52% of the isolates were of the opaque phenotype, whilst only 26% were 
transparent. The remaining 22% consisted of either mixtures of different phenotypes or an 
intermediate phenotype. This study also confirmed predictions from animal models, showing that 
isolates recovered from invasive infections in humans predominantly display the opaque 
phenotype. However, it was noted that the recovery frequencies of each phase variant were 
heterogenous between serotypes, suggesting that specific serotypes may preferentially express 
distinct variant phenotypes (Weiser et al., 1994; Serrano et al., 2006). The differential prevalence 
of the transparent and opaque variants in the nasopharynx versus invasive sites underscores the 
importance of phase variation in pneumococcal pathogenesis. Both variants represent adaptations 
to different host niches encountered by the pneumococcus during the transition from carriage to 
disease.  
Furthermore, it was found that pneumococci isolates from cases of otitis media, displayed a 10- 
fold higher frequency of the opaque phenotype compared to the transparent phenotype (Long et 
al., 2003). 
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Strikingly, it was found that the increased expression of CPS in the opaque variants confers high 
resistance to complement-mediated opsonophagocytosis. On the other hand, transparent variants 
with higher teichoic acid content are better equipped to adhere to the nasopharyngeal mucosa. 
Teichoic acid, a major component of the cell wall, is adorned with phosphorylcholine (ChoP), 
facilitating bacterial attachment to the receptor for platelet-activating factor on respiratory epithelial 
cells (Kadioglu et al., 2008). 
 
The molecular basis for pneumococcal phase variation remains a complex and incompletely 
understood phenomenon. It has been shown that the differences in colony opacity between the 
transparent and opaque variants could not be directly attributed to environmental conditions, 
expression and type of CPS, or differences in the function/expression of the major amidase lytA 
(Weiser et al., 1996). However, repetitive intergenic box elements A and C, located immediately 3’ 
to the glpF termination codon, were identified as important factors contributing to the high 
frequency of phase switching, although they were not directly responsible for the opacity phenotype 
itself (Saluja and Weiser, 1995). Previous studies have shown that another protein that is 
differentially expressed between opaque and transparent variants of serotypes 4, 6B, 9V and D39 
is SpxB, a pyruvate oxidase (Overweg et al., 2000; Belanger et al., 2004; Allegrucci and Sauer, 
2008; Chai et al., 2017). The deletion of spxB in D39 has been shown to result in a larger and 
hyper-opaque phenotype (Pericone et al., 2002; Allegrucci and Sauer, 2008; Ramos-Montañez et 
al., 2008; Carvalho et al., 2013; Chai et al., 2017), attributed to an increase in capsule production 
or as a result of reduced hydrogen peroxide production, consequently leading to more biomass 
production due to less cell death. However, despite the deletion of spxB resulting in opaque 
phenotype, it is unlikely that reduced spxB expression drives the switch between opaque and 
transparent phenotypes, as ectopic over-expression of SpxB in opaque variants of D39 did not 
results in a transparent phenotype, as would be expected if SpxB was driving the opacity phase 
variation (Chai et al., 2017). Further supporting that SpxB is not the sole driver of phase variation 
is the finding that opaque or transparent colonies transformed with the spxB from the opposing 
phase variant, reverted back to their original opacity phase variant. Together, these results suggest 
that spxB is not solely responsible for the opacity variation witnessed in pneumococci but may work 
together with other proteins to produce the opaque and transparent colony variants (Chai et al., 
2017). 
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1.9.1.1. SpnIII Restriction modification system 
Restriction-modification (RM) systems play a pivotal role in the defence mechanisms of 
prokaryotes against invading viral or foreign DNA, first being described in the 1950s (Luria and 
Human, 1952; Bertani and Weigle, 1953). RM systems typically operate via a restriction enzyme, 
which cleaves specific unmethylated DNA sequences, and a methyltransferase, that methylates 
specific DNA sequences to protect from cleavage (Rodic et al., 2017). DNA methylation can be 
described as a heritable phenomenon characterised by the binding of a DNA-binding protein and 
DNA methylase to a specific DNA sequence with an overlapping target methylation site. The 
methylation process subsequently regulates expression of certain genes within the organism 
(Loenen et al., 2014). The RM systems present in bacteria can be broadly categorised into 4 main 
types (I-IV), each characterised by distinct features such as subunit composition, sequence 
recognition, cleavage site, co-factor requirements, and substrate specificity (Roberts et al., 2003). 
Among these types, Type I systems stand out as the most intricate. They consist of three essential 
subunits encoded by host-specificity-determinant (hsd) genes. Specifically, the hsdR gene is 
responsible for the restriction activity, the hsdM gene encodes the methylase and hsdS determines 
the DNA sequence specificity (Boyer and Roulland-dussoix, 1969; Hubacek and Glover, 1970). In 
Streptococcus pneumoniae there exists a type I restriction-modification (RM) system, SpnD39III. 
This type I system consists of multiple duplicated hsdS genes, each containing inverted repeats 
(IRs). These hsdS genes possess two unique 5’ target recognition domains (TRDs) and three 
distinct 3’ TRDs (Manso et al., 2014). As a result, the SpnD39III system can transition between six 
distinct specificities through homologous recombination events involving the variable TRDs found 
in the expressed (hsdS), and silent (hsdS’ and hsdS’’) forms of these specificity genes. This 
recombination event is facilitated by a recombinase associated with the locus, creX (Li et al., 2016), 
as well as a recombinase not linked to the locus (Li et al., 2019). The six methyltransferase 
specificities attributed to the SpnD39III locus, designated as alleles A to F, each target a distinct 
DNA sequence, thus governing separate phasevarions. Consequently, this intricate mechanism 
gives rise to a population of pneumococci comprised of six distinct cellular subtypes (Manso et al., 
2014). 
 
Notably, a series of mutants, each locked in one of the six alternative SpnD39III arrangements, 
exhibited marked differences in the expression of several virulence-associated genes, including 
luxS and the cps operon (Manso et al., 2014). These changes in gene expression were also 
associated with differences in colony opacity in vitro and variations in virulence in murine models, 
wherein either carriage or invasive disease was favoured. Of note, the spnIIID39A allele was 
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associated with higher quantities of opaque phenotype pneumococci and were more invasive in 
mice. Conversely, the spnIIID39B allele was associated with greater nasopharyngeal colonisation 
and downregulation of genes involved in capsule production and carbohydrate metabolism, 
including luxS, which has a role in quorum sensing (Manso et al., 2014).   
 
However, it is noteworthy that both the expressed SpnD39III allele and strain-specific differences, 
such as differences in serotype or sequence type, play a role in virulence factors such as opacity 
phenotype, capsule and biofilm formation. Studies across different strains, such as D39 and 
TIGR4, have shown varying colony opacity phenotypes even when the same SpnD39III allele is 
being expressed (Manso et al., 2014; Li et al., 2016; Oliver et al., 2017). This finding underscores 
the intricate interplay between the expression of different SpnD39III alleles and unique strain-
related factors, ultimately contributing to the enhanced phenotypic diversity observed within 
different population of S. pneumoniae.  
 
It is essential to note that SpnD39III-locked strains do not exist in nature. Instead, the rate of 
switching between the SpnD39III variants in vivo is sufficiently high, leading to the existence of 
pneumococci as mixed populations with heterogeneous genomic methylation patterns. Therefore, 
this diversity in methylation patterns may contribute to the coexistence of transparent and opaque 
variants in various host niches, due to differential gene expression. In line with the observations 
regarding the selection for opaque versus transparent phase variants in different host niches, 
changes in SpnD39III allele frequencies were detected during the course of experimental 
pneumococcal infection and between different host niches (Manso et al., 2014). 
 
Despite these advances, the precise molecular mechanisms governing pneumococcal phase 
variation and its impact on virulence and adaptation to various host environments remain complex 
and require further investigation.  

1.9.2. Serogroup 15 
The landscape of IPD has shifted following the introduction of pneumococcal conjugate vaccines 
(PCVs), resulting in a notable alteration in its epidemiology. Specifically, on a global scale there 
has been a discernible rise in infections attributed to pneumococcal serotypes that were not 
encompassed within the conjugate vaccine formulations, including those of serogroup 15.  
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Serogroup 15 of Streptococcus pneumoniae stands as a distinctive and clinically relevant subset 
within the diverse pneumococcal serotype landscape. It encompasses a cluster of five distinct 
capsular polysaccharides: 15A, 15B, 15C, 15F and the more recently identified 15D (Pimenta et 
al., 2021). Among these serotypes, at least four (Perry et al., 1982; Caroff and Perry, 1984; Jones 
and Lemercinier, 2005; Li et al., 2021) exhibit a repeating unit composed of the same quintet of 
monosaccharide constituents. The identical pentasaccharide repeat unit gives rise to a consistent 
linear structure in both 15A and 15F serotypes, while adopting a distinguishable branched 
configuration in the cases of 15B and 15C (Mavroidi et al., 2007). The fundamental structural 
divergence between these two sets of closely related serotypes is primarily rooted in the presence 
of two distinct repeat oligosaccharide polymerase genes, namely wzy15BC and wzy15AF (Mavroidi 
et al., 2007). Notably, the variation between serotypes 15B and 15C emerges from the O-
acetylation of the polysaccharide in 15B, orchestrated by the wciZ-encoded enzyme. Intriguingly, 
these two serotypes exhibit a propensity to interconvert, a phenomenon attributed to the reversible 
frameshifting of a TA repeat within wciZ (van Selm et al., 2003). A parallel scenario unfolds in the 
realm of serotype 15A, where the wciZ gene harbours multiple inactivating mutations in contrast to 
its functionally intact counterpart in serotype 15F (Aanensen et al., 2007; Mavroidi et al., 2007). 
Furthermore, at the terminus of the cps15F operon resides the putative O-acetyltransferase gene 
wcjE (Mavroidi et al., 2007), which has recently been shown to contribute to the discernible 
serological distinctions between serotypes 15A and 15F (Li et al., 2021). 
 
Recent findings have shed light on the newly discovered serotype 15D, revealing intriguing 
parallels in its molecular makeup to the other members of serogroup 15. Specifically, investigations 
have shown that serotype 15D possesses remarkable similar Wzy polymerase and WciZ O-
acetyltransferase to those found in serotype 15F, indicating that it also possesses the wzy15AF 
polymerase gene shared by serotypes 15A and 15F. Notably, the distinguishing factor lies in the 
absence of the WcjE O-acetyltransferase in serotype 15D, which is found in serotype 15F (Pimenta 
et al., 2021). As a consequence of these shared and unique elements, it is plausible to anticipate 
that the CPS structure of serotype 15D closely resembles that of 15F rather than 15A.  

1.9.2.1. Emergence of Serogroup 15 in disease after vaccine introduction 
As mentioned in Section 1.4.2, the introduction of PCV vaccines resulted in the phenomenon of 
serotype replacement, in which non-vaccine serotypes, including serogroup 15, have begun to 
cause higher incidences of disease. 
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In 2010, PCV7 was introduced in Japan, resulting in escalating instances of IPD in children due to 
non-PCV7 serotypes including 19A. 15A, 15B, 15C and 24 (Chiba et al., 2014). A similar trend was 
observed in the United States post PCV13 debut, where slight increments in non-PCV13 serotype 
isolates were recorded in 2011 among eight paediatric hospitals. Notably, common non-vaccine 
types (NVTs) encompassed serotypes 33F, 22F, 12, 15B, 15C, 23A and 11 (Kaplan et al., 2013). 
In Belgium, IPDs attributed to non-PCV13 surged from 31% to 49%, associated with serogroups 
12, 8 and 15 (Henckaerts et al., 2021). In India, NVT cases accounted for 21% of IPD cases in 
children under 5 years, featuring serotypes such as 10F, 9N, 11A, 20 and 15B across seven 
national surveys from 2007 to 2016 (Singh et al., 2017). Japan’s Hokkaido, the main northern 
island, experienced a dramatic surge in NVTs, particularly serotypes 15A, 23A, 11A, 10A and 35B, 
escalating from 39.7% to 75.1% between 2013 and 2014. Notably, serotypes 15A, 15B, 23A, 24 
and 33F contributed to 27.9% of isolates from children (Kawaguchiya et al., 2016). Following 
PCV13 introduction in 2013, a nationwide outbreak of NVT-related pneumococcal disease was 
observed, with prominent serotypes including 19A, 24F and 15A. The prevalence of non-PCV13 
serotypes surged from 51.6% in 2012 to 71.4% in 2014. Among non-IPD isolates, types 19A, 15A 
and 3 were frequently identified, with a worrisome increase in antimicrobial-resistant strains of 
serotype 15A (Nakano et al., 2016).  
A continuous investigation in Hong Kong showcased the steady rise in NVT isolates among 
children under five years over many years. The proportion increased from 27.4% (1999-2000) to 
56.4% (2010-2013). Common non-PCV13 types included 15B (10.3%), 15C (9.6%), 6C (7.1%) and 
15A (5.1%), with a notable presence of serogroup 15 among vaccinated children (Ho et al., 2015). 
An investigation in Taiwan also revealed that the prevalent NVTs were primarily serotypes 15A/F 
and 15B/C (13.3%) followed by serotype 23A (6.7%) (Janapatla et al., 2017). Of significance, NVTs 
such as serotypes 15B/C, 6C, 23A, 23B and 24F, which previously had low IPD incidence, 
appeared to be emerging as significant causes of meningitis in adults in Israel (Regev-Yochay et 
al., 2015).  
In addition to causing more incidences of IPD, serotype 19A and serogroups 11 and 15 took the 
lead as major nasopharyngeal-colonising bacteria in Korean children with otitis media, following 
PCV7 introduction (Han et al., 2017). Furthermore, Iceland observed a substantial rise in NVTs 
(serotypes 6C, 15B/C, 23A and 23B) in pneumococci isolates from middle ear infections in children 
between 2009 and 2017. Particularly noteworthy were the increases of serotypes 15B/C and 6C in 
children under 2 as well as children aged 2-4, post-PCV introduction (Quirk et al., 2018). In 
summary, the introduction of different pneumococcal vaccines (PCV7, PCV10 and PCV13) 
prompted notable shifts in the prevalence and impact of serotypes 15A, 15B, 15C and 15F, with 
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varying degrees of association with invasive diseases, colonisation and otitis media in different 
regions globally.  
 
As these serotypes have emerged as prominent players in causing disease, with serotype 15B 
being associated with elevated case-fatality rates, instances of meningitis and antibiotic resistance 
(Harboe et al., 2009; Thigpen et al., 2011; Van Hoek et al., 2012; Olarte et al., 2015; Metcalf et al., 
2016; Stanek et al., 2016; Tomczyk et al., 2016; Oligbu et al., 2017), 15B has been included in the 
latest version of the pneumococcal conjugate vaccine (PCV20) (Hao et al., 2022). Immunisation 
studies found that subjects immunised with PCV20, inclusive of the 15B capsular polysaccharide 
conjugate, exhibited considerable cross-functional opsonophagocytic antibody titres against 15C 
strains, whilst there were limited responses against 15A. Therefore, it is likely that PCV20 is 
capable of inducing a cross-functional immune response against serotype 15C, reflecting the 
genetic relatedness and structural similarity between the capsular polysaccharides of serotypes 
15B and 15C, whilst only providing limited efficacy against serotype 15A, due to the diverse 
conformations of the random coil found in serotype 15A, which would evoke functionally distinct 
antibodies from those responsive to serotypes 15B and 15C (Hao et al., 2022).  

1.10. Clinical isolates and laboratory strains: key phenotypical differences 
Understanding the intricate complexities of diseases caused by Streptococcus pneumoniae, a 
bacterium of paramount medical significance, requires a meticulous and comprehensive approach. 
Central to this endeavour is the choice between investigating clinical isolates or laboratory-adapted 
strains. Whilst both avenues offer valuable insights, the investigation of clinical isolates stands as 
a pivotal and irreplaceable method in unravelling the true nature of the diseases caused by this 
pathogen. By delving into the genetic, phenotypic and epidemiological variations present within 
clinical isolates, we can attain a deeper comprehension of S. pneumoniae’s adaptive strategies, 
virulence factors and the challenges posed by antibiotic resistance. This approach not only 
enhances our understanding of the spectrum of diseases caused by pneumococci, but also informs 
targeted interventions, treatment strategies and vaccine development, ultimately striving for 
improved public health outcomes. 

1.10.1. Carbohydrate and vitamin metabolism in clinical isolates 
The complex interplay of mechanisms governing pneumococcal disease remain a subject of 
intense scrutiny, with a notable gap in the investigation of carbohydrate metabolism within clinical 
S. pneumoniae isolates. While numerous studies have delved into various facets of pneumococcal 
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behaviour, a scarcity of research has focused on unravelling the implications of carbohydrate 
metabolism in clinical isolates and its potential role in shaping the course of pneumococcal 
diseases. Fortunately, in more recent years the investigation into carbohydrate metabolism in 
clinical isolates has made some headway. 
 
In 2018, a study carried out by Hartmann et al., used clinical isolates to shed light on the role of 
riboflavin metabolism in S. pneumoniae and its implications for the host immune response, 
specifically how riboflavin metabolism affects mucosal-associated invariant T (MAIT) cells. 
Prominently present in the peripheral blood and tissues such as the lung, MAIT cells are a 
specialised subset of primarily CD8+ T cells, which play a critical role in immune surveillance and 
defence against microbial pathogens. Upon maturation and emigration from the thymus, these cells 
are immediately able to release cytokines and other cytolytic factors (Gold et al., 2013). Their 
unique immunosurveillance mechanism relies of the recognition of small molecules that originate 
from the riboflavin metabolic pathway, presented by the nonpolymorphic major histocompatibility 
complex class I-like molecule MR1 (Kjer-Nielsen et al., 2012; Corbett et al., 2014). Many fungal 
and bacterial species, including S. pneumoniae encode the enzymes responsible for the synthesis 
of these small molecules (Tettelin et al., 2001). To delve into whether pneumococci were capable 
of producing the riboflavin-derived molecules necessary for the subsequent activation of MAIT 
cells, a comprehensive study was undertaken, involving 35 clinical isolates of serotype 19A 
(Hartmann et al., 2018). These isolates were characterised based on their origin – colonisers from 
the nasopharynx or invasive strains from sterile sites like blood or pleural fluid. Fascinatingly, 
although MAIT cells demonstrated MR1-dependent recognition and response to S. pneumoniae-
infected cells, the clinical serotype 19A isolates exhibited differential recognition patterns, not due 
to differences in phagocytosis or bacterial killing. A closer examination revealed potential links 
between MAIT cell response and genetic background – highlighted by multilocus sequence typing 
(MLST). Specifically, isolates with similar MLST groups showcased consistent MAIT cell 
responses, suggesting a correlation between genetic makeup and MAIT cell reactivity. Further 
investigation into the molecular underpinnings brought to light the pivotal role of riboflavin 
metabolism. MAIT cell ligands, essential for their activation, emerge as products of this pathway. 
Notably, the expression of riboflavin-related genes, particularly ribD, emerged as a critical factor. 
Clinical isolates that triggered robust MAIT cell responses exhibited higher ribD expression, 
potentially leading to enhanced production of MAIT cell ligands.  
Interestingly, it was found that the environment in which the pneumococci was grown in played a 
significant role in modulating riboflavin metabolism. Importantly, varying the availability of riboflavin 
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in culture media resulted in alterations of ribD expression and consequently the abundance of MAIT 
cell ligands. Crucially, these findings underscore the inherent diversity within clinical isolates of S. 

pneumoniae, where distinct genetic requirements for riboflavin metabolism drive the intricate dance 
of MAIT cell activation. Indeed, the differential expressions of riboflavin biosynthesis and transport 
genes across clinical isolates speak to the unique riboflavin needs that define their individual 
characteristics. Moreover, a multifaceted array of regulatory factors come into play, orchestrating 
the dynamic regulation of riboflavin metabolism across these isolates. The results of a murine in 

vivo model suggest that the influence of riboflavin availability is similar to what was observed in 

vitro. However, the translation of these observations to the complex human pulmonary environment 
remains an enigma, particularly given the potential influence of diet on riboflavin availability.  
The results of this study yields two pivotal insights. Firstly, it underscores the genetic heterogeneity 
in riboflavin metabolism across clinical isolates of the same serotype. Secondly, this genetic 
divergence intricately shapes the MAIT cell response upon S. pneumoniae infection. These 
disparities emerge as crucial factors in delineating the role of MAIT cells in early responses to 
pneumococcal infections and predicting the development of invasive disease (Hartmann et al., 
2018). 
 
Another study that investigated the role of carbohydrate metabolism in determining disease 
outcome of clinical isolates discovered that raffinose metabolism may dictate the nature of the 
disease caused (Minhas et al., 2019). This study followed on from a study that found closely related 
pneumococci, which share the same capsular serotype and sequence type (ST), can exhibit 
different disease-causing behaviours in mice based on where they were isolated from in the human 
host (e.g., blood or ear), indicating specialised adaptation within a clonal lineage (Trappetti et al., 
2013). In the study performed by Minhas et al., genetic analysis revealed differences in specific 
DNA variations (SNPs or Indels) between blood and ear isolates taken from different patients with 
different serotypes (serotype 14 ST15 or serotype 3 ST180). In both pairs, genetic variations in the 
raffinose uptake and utilisation genes, rafR or rafK, were present. Notably, ear isolates had 
consistent deficiencies in their ability to grow in media where raffinose was the sole carbon source 
and in the expression of genes related to the raffinose pathway (aga, rafG and rafK) compared to 
their blood counterparts with the matching serotypes and STs. Similar differences were also 
observed in serotype 23F ST81 isolates from blood and ear. Further investigations using mutants 
that had swapped the rafR gene between the blood and ear isolates in serotype 14 ST15 
demonstrated that the specific genetic variation in rafR was solely responsible for the distinct 
behaviour observed in the lab. This genetic variation also determined whether the bacteria would 
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cause lung-related disease or affect the ear and brain in a mouse challenge model after intranasal 
challenge. These findings suggest that the capability of pneumococci to use raffinose as an energy 
source is a key factor influencing the nature of diseases they cause (Minhas et al., 2019). A further 
study was conducted in 2020 by Minhas et al., to determine how the variation in the ability to 
metabolise raffinose resulted in the different disease types. In this investigation, a dual RNA-seq 
approach was utilised to unveil the impact of the SNP in rafR on various facets of pneumococci 
disease progression, using the lungs of mice intranasally infected with pneumococci. The SNP was 
found to significantly impact the expression of genes encoding a range of transmembrane 
transporters, encompassing those responsible for various sugars. Moreover, it intricately refines 
the carbohydrate metabolism of pneumococcal strains. This effect underscores the notion that 
distinct expression profiles of sugar catabolism pathways confer specific advantages in diverse 
host niches, highlighting the varying availability of distinct carbohydrate sources within these 
niches. These variances, and their ensuing ramifications in pneumococci, ultimately register within 
host cells, including epithelial and immune cell. This phenomenon culminates in the discernible 
divergence of host responses to distinct strains, particularly in terms of the expression of genes 
governing cytokines and chemokine ligands, as well as those linked to programmed cell death. 
Through detailed analysis of the dual RNA-seq data, it was found that there was an enrichment in 
the expression of IL-17-related genes in mice infected with the ear strain carrying the D249 rafR 
allele, allowing the pneumococci to be cleared from the lungs within 24 hours post-challenge. It 
has been well established that IL-17 stimulates the recruitment of neutrophils to the lungs after 
infection (Lindén et al., 2005; Ritchie et al., 2018). Additionally, it was found that genes associated 
with neutrophil extravasation exhibit heightened activity in murine lungs within 48 h of challenge 
with pneumococci. Importantly, this study confirmed that neutrophils were more abundant in the 
lungs at 6 h post-challenge in mice infected with the ear strain compared to those infected with the 
blood strain (Minhas et al., 2020). The results of this study have used clinical pneumococci isolates 
to underscore the profound influence that even a solitary SNP can exert, steering the trajectory of 
disease outcomes based on carbohydrate metabolism. Furthermore, it emphasises the pivotal role 
that early-stage modulation of neutrophil recruitment assumes in shaping a specific S. pneumoniae 
strain’s ability to endure within the lung environment, consequently influencing the eventual disease 
outcome.  

1.10.2. Biofilm in clinical isolates 
A particular aspect that has remained relatively unexplored in the realm of Streptococcus 

pneumoniae research is biofilm formation by clinical isolates. One of the first studies focusing on 
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biofilm formation in clinical isolates shed light on the connection between biofilm matrix degradation 
via DNase treatment and the consequential downregulation of the pathogen’s capsule – a key 
virulence factor (Hall-Stoodley et al., 2008). This study used 6 clinical isolates from nasal washes 
of paediatric patients that were of 6 different serotypes: 9V, 14, 3, 23F, 6A and 19F.  
The composition of biofilm matrix formed by clinical isolates varied between isolates. Those with a 
high biofilm forming index (BFI) exhibited biofilm composition that was more structurally complex 
and exhibited greater colocalization with a mix of five lectins: ConA (from Canavalia ensiformis), 
WGA (wheat germ agglutinin), GS II (from Griffonia simplicifolia), SBA (soybean agglutinin) and 
PNA (peanut agglutinin). Secondly, the study investigated the impact of DNase treatment on the 
biofilm matrix formed by the various clinical isolates. Here it was found that the DNase treatment 
led to a significant reduction in the biofilm matrix stability and biomass of all strains, indicating the 
pivotal role of extracellular DNA in maintaining the integrity of the pneumococcal biofilm, which has 
previously been seen for the bacteria Pseudomonas aeruginosa (Whitchurch et al., 2002). 
Finally, an intriguing connection between decreased biofilm formation and the downregulation of 
capsule was discovered. Specifically, it was observed that the expression of the capsule gene, 
cpsA, among the clinical isolates was downregulated in bacteria in biofilms compared to those from 
planktonic growth. This suggests that biofilm formation and capsule expression may be interlinked 
and that disrupting the biofilm matrix could influence the virulence properties of S. pneumoniae 

(Hall-Stoodley et al., 2008). 
 
Another study conducted using clinical isolates found that both biofilm formation and virulence 
phenotypes of S. pneumoniae strains was affected based on the anatomical niche from where the 
sample was obtained (Trappetti et al., 2013). The isolates used in this study were serotype 3, 
obtained from both blood (12 isolates) and ear (13 isolates) infections. The isolates were further 
categorised based on their MLST to remove differential genetic bias that could affect the 
interpretation of results, thus ensuring that any observed differences were due to factors that 
influenced the type of disease caused in the patient and consequent site of pneumococcal isolation. 
Interestingly, despite similar MLST distributions between blood and ear isolates, they displayed 
significant differences in their traits. Blood isolates were found to develop robust biofilms primarily 
under neutral pH conditions (pH 7.4), with enhanced growth when exposed to Fe (III) 
supplementation. In contrast, ear isolates formed biofilms under slightly acidic conditions (pH 6.8), 
but their growth was inhibited by Fe (III). Furthermore, using clinical isolates it was determined that 
there is a correlation between biofilm formation, the expression of luxS and genetic competence of 
the isolates. To assess whether site of isolation impacted their virulence, the isolates were tested 
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in an intranasal murine model, mimicking pneumonia. Here it was found that blood isolates did not 
efficiently colonise the nasopharynx but instead spread to the bloodstream without causing ear 
infections. On the other hand, ear isolates were better at nasopharyngeal colonisation and 
exhibited the ability to spread to the ear compartment. However, these ear isolates did not lead to 
bloodstream infections. This divergence in phenotypes among clinical isolates of the same 
serotype and MLST indicates a stable adaptation to specific anatomical niches within a clonal 
lineage.  

1.10.3. Quorum sensing systems in clinical isolates 
The exploration of quorum sensing systems within clinical S. pneumoniae strains remains a 
relatively uncharted territory, with a significant scarcity of studies delving into this subject. However, 
recently a study conducted by Tikhomirova et al. (2022) showed that the role of luxS in a 
pneumococcal clinical isolate obtained from the middle ear, labelled 947, differed from what has 
previously been seen in the laboratory strain D39 (Trappetti et al., 2011c). Within the middle ear 
isolate 947, it was discovered to have heightened expression of key genes, luxS and fruA, 
associated with AI-2 mediated QS when compared to the closely related blood isolate 4559. 
Intriguingly, the introduction of exogenous of external AI-2 had different impacts on isolates 
obtained from the middle ear and the blood. Specifically, while it curtailed the growth of 947 (middle 
ear isolate) when cultivated in galactose media, it conversely bolstered the growth of 4559 (blood 
isolate). This contrast in growth suggests the possibility of dose-dependent effects of AI-2 in strains 
that initially display varying expression patterns of QS-related genes. Moreover, these findings 
emphasise the strain-specific nature of luxS effects within these clinical isolates.  
To further investigate the role of the LuxS/AI-2 QS system, a 947 luxS- (deletion) mutant was 
generated (Tikhomirova et al., 2022). Of note it was found that the 947 luxS- mutant had 
significantly diminished capacity for adherence to human respiratory cells. Intriguingly, this 
reduction in adherence did not correlate with a parallel attenuation in in vitro biofilm formation 
capabilities, suggesting a potentially more complex relationship between adherence and 
downstream biofilm formation within the in vivo milieu. Interestingly, it was demonstrated that while 
luxS exhibited no discernible impact on capsule production, with the wildtype and luxS deletion 
mutant displaying similar amounts of capsule, it did wield a notable influence on infection dynamics 
within our murine model. Notably, the 947 luxS- strain showcased heightened transit to the ear, a 
trend toward increased nasopharyngeal colonisation and an elevated propensity for passage to 
the brain. This increased migration of the luxS- strain to the ear and brain, coupled with its 
diminished adherence to epithelial cells, implicates functional luxS in promoting an adherent 
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lifestyle in vivo while mitigating transit to other host niches. These findings resonate with the 
characteristic patterns observed in localised or systemic invasive diseases such as meningitis or 
OM. Intriguingly, these dynamics contrast with the role of luxS in the invasive D39, where it appears 
to drive the transition to invasive disease (Trappetti et al., 2011c). Thus, these results underscore 
the divergent roles of luxS across strains, highlighting its strain-specificity, which may be intricately 
linked to the genomic makeup of the isolate and its ecological niche.  
As an isolate originating from the middle ear, strain 947 appears to rely on luxS to foster adherence 
and restrict dissemination to more invasive sites. In contrast, the case of D39, a laboratory strain 
initially isolated from the blood, luxS seems to orchestrate the transition to invasive disease. 
Together the results of this study underpin the need for studying QS systems in clinical isolates, 
as they have diverse roles across both localised and invasive strains.  

1.11. Research project 

1.11.1. Rationale 
As discussed in “Clinical isolates and laboratory strains: key phenotypical differences” (Section 
1.10) studies using clinical S. pneumoniae isolates offers a unique perspective into many factors 
of this bacteria that influences their lifestyle and ultimate disease outcome. 
Of particular interest are the studies that have used clinical isolates that have come from different 
incidences of disease or from different anatomical niches within a single patient. In these studies, 
various in vitro and in vivo behaviours were observed that were associated with their site of isolation 
in humans (Silva et al., 2006; Hall-Stoodley et al., 2008; Croucher et al., 2013; Trappetti et al., 
2013; Amin et al., 2015; Hartmann et al., 2018; Minhas et al., 2019; Minhas et al., 2020; 
Tikhomirova et al., 2022). These studies explored the influence of niche adaptation on 
carbohydrate metabolism, biofilm formation, virulence in murine models and host immune 
responses. Notably, some of the differences observed in vitro and in vivo were found to be the 
result of small genetic variations between the closely related strains (Croucher et al., 2013; Amin 
et al., 2015; Minhas et al., 2019).  
 
Through an international collaboration with the German National Reference Center for Streptococci 
in Aachen (Germany), our laboratory has acquired a valuable collection of clinical S. pneumoniae 
isolates. This comprehensive dataset spans a 20-year period, encompassing the years 2002 to 
2022, and originates from diverse regions within Germany. These isolates, meticulously gathered 
from a range of medical cases, offer a unique window into the epidemiology and clinical impact of 
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pneumococcal infections. The cases encompass a broad spectrum of age groups, from infants as 
young as 4 months to children over 6 years old, who were admitted to hospitals due to various 
manifestations of disease, including otitis media, pneumonia, sepsis, and meningitis.  
Of particular significance, children diagnosed with OM were subject to the collection of isolates 
from both their middle ear and nasopharynx, granting us a holistic view of colonisation dynamics 
and potential transmission routes. In instances of more severe conditions such as sepsis or 
meningitis, isolates were procured from both the blood and cerebrospinal fluid (CSF), offering a 
unique glimpse into the pathogen’s behaviour within differing anatomical niches. 
The compelling aspect of this collection is its dichotomy, encapsulating strains from both localised 
and invasive disease contexts.  
By delving into the phenotypic, genetic and epigenetic characteristics of these isolates, key insights 
into the factors that underlie the choice of disease manifestation by S. pneumoniae may be 
uncovered. This investigative endeavour holds immense promise for deciphering the intricate 
interplay between bacterial traits and host susceptibility, ultimately shedding light on the intriguing 
phenomenon of disease tropism.  
 
Initial characterisation of growth was performed on a range of closely related blood and ear isolates 
obtained from children with meningitis or otitis media, respectively. Based on these initial results 
(Appendix C), isolates (blood, CSF, ear and nasopharynx) of serotype 15C ST8711 were chosen 
to be investigated further due to their differential ability to metabolise raffinose, a similar finding to 
what was observed by Minhas et al. in 2019. However, in this case it was interesting to note that 
the blood and ear isolates (denoted 60B and 101E) displayed the opposite metabolic ability to what 
was observed by Minhas. Here, the blood isolate was unable to metabolise raffinose, whilst the 
ear isolate could – a direct contrast to what was observed in pairs of blood and ear isolates of both 
serotype 3 and serotype 14 (Minhas et al., 2019). Fascinatingly, the CSF isolate (60CSF) obtained 
from the same meningitis paediatric patient as 60B displayed the ability to metabolise raffinose, 
whilst the blood isolate was unable to.  
This finding therefore formed the basis for this research project investigating two clinical strains, 
possessing identical serotype, sequence type, and antibiotic sensitivity profiles, isolated at the 
same time from the blood and CSF of a single paediatric patient presenting with meningitis.  

1.11.2. Hypothesis and aims 
The hypothesis and aims underpinning this investigation are as follows:  
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Hypothesis: Closely related strains isolated from the blood and cerebrospinal fluid at the same 
time from a single paediatric meningitis patient may contain distinct molecular differences that have 
arisen during the course of disease that could contribute to a change in lifestyle, resulting in the 
differential niche adaptation. 
 

Aim 1: Characterise the in vitro phenotypic profile of clinical isolates taken from different 
anatomical niches that are of the same serotype and ST. 
 

Aim 2: Characterise the in vivo phenotypic profile of clinical isolates taken from different 
anatomical niches that are of the same serotype and ST. 
 

Aim 3: Determine the molecular features of the clinical isolates that dictate changes in 
phenotype.  
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Chapter 2: Streptococcus pneumoniae Strains Isolated From a 
Single Pediatric Patient Display Distinct Phenotypes 

2.1 Statement of authorship 



 56  
 

 

 



 57  
 

2.2 Purpose of the article 
 
As mentioned in Section 1.11.1, closely related S. pneumoniae isolates obtained from the blood 
and cerebrospinal fluid of a single paediatric meningitis patient exhibited variations in the 
metabolism of raffinose, a carbohydrate source previously associated with differences in niche 
adaptation (Minhas et al., 2019). The primary aim of this article is to investigate whether the 
capacity to utilise raffinose induces similar effects on niche adaptation within these clinical isolates, 
as previously observed, and to elucidate the molecular mechanisms underpinning these observed 
differences. 
 

2.2.1 Thesis research aims addressed 
 

Aim 1: Characterise the in vitro phenotypic profile of clinical isolates taken from different 
anatomical niches that are of the same serotype and ST. 
 

Aim 2: Characterise the in vivo phenotypic profile of clinical isolates taken from different 
anatomical niches that are of the same serotype and ST. 
 

Aim 3: Determine the molecular features of the clinical isolates that dictate changes in 
phenotype.  
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2.3 Article 
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2.4 Supplementary material 
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Chapter 3: Uncovering the link between the SpnIII restriction 
modification system and LuxS in Streptococcus pneumoniae 

meningitis isolates 
3.1 Statement of authorship 
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3.2 Purpose of the article 
 

In Chapter 2 distinct in vivo disparities between strains 60B and 60CSF were uncovered, with 60B 
demonstrating an inability to survive within the ears of intranasally infected mice, as opposed to 
60CSF. As genomic analysis failed to provide a definitive explanation for these distinctions, this 
study delves into the potential influence that variants of a methyltransferase might exert on the 
virulence phenotype of these clinical S. pneumoniae isolates. As described in the introduction 
(Section 1.9.1.1), the spnIII restriction-modification type I system can give rise to subpopulations 
of S. pneumoniae due to different methylation patterns, with the resulting subpopulations being 
characterised by unique virulence phenotypes. For example, the spnIIIB allele has been associated 
with the downregulation of luxS, a gene of the LuxS/Autoinducer-2 quorum sensing system that 
has been shown to have a role in biofilm formation. In turn biofilm formation can act as a reservoir 
from which pneumococci can disseminate to cause more invasive pneumococcal disease. 
Therefore, this article has characterised the variants of the methyltransferase within the spnIII 
restriction-modification type I system in these strains. Furthermore, greater insight into the poorly 
understood link between the spnIII system and the LuxS/Autoinducer-2 system was gained, 
uncovering the role of LuxS in enabling these strains to cause disease.   

 

3.2.1 Thesis research aims addressed 
 

Aim 3: Determine the molecular features of the clinical isolates that dictate changes in 
phenotype.  
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3.3 Article 
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3.4 Supplementary material 
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Chapter 4: Final Discussion 
Streptococcus pneumoniae poses a global health threat, causing significant morbidity and mortality 
each year. Despite extensive research, the mechanisms governing its transition from colonization 
to disease, along with the specific diseases it causes, remain unclear. The bacterium's extensive 
genomic diversity, with over 100 capsular serotypes, 12,000 sequence types, and 30% of the 
genome varying among clonal lineages, complicates the issue (Donati et al., 2010; Cremers et al., 
2019; Ganaie et al., 2021). 
To address these challenges, researchers have begun to focus on using clinical isolates from a 
range of carriage and disease instances in humans (Silva et al., 2006; Hall-Stoodley et al., 2008; 
Croucher et al., 2013; Trappetti et al., 2013; Amin et al., 2015; Hartmann et al., 2018; Minhas et 
al., 2019; Minhas et al., 2020; Tikhomirova et al., 2022). The choice between laboratory-adapted 
and clinical isolates is crucial, with clinical isolates offering unique insights into the bacterium's 
lifestyle and disease progression. To circumvent the genomic disparity still present between 
pneumococcal clinical isolates, recent studies have begun to explore closely related (same 
serotype and sequence type) isolates from different types of disease or anatomical niches within a 
single patient (Trappetti et al., 2013; Amin et al., 2015; Minhas et al., 2019; Tikhomirova et al., 
2022). Employing closely related isolates provides an opportunity to explore various factors, 
including biofilm formation capacity, carbohydrate metabolism profiles, and antibiotic sensitivity, 
that are relevant in a disease context. Subsequent research conducted using murine infection 
models can help elucidate the role of these factors in the pathogenic process (Trappetti et al., 2013; 
Amin et al., 2015; Minhas et al., 2019).  
This thesis has used closely related clinical isolates of Streptococcus pneumoniae taken at the 
same time from the blood and cerebrospinal fluid (CSF) of a single paediatric meningitis patient 
provided through a collaboration with the German National Reference Center for Streptococci 
(Aachen). Initial characterisation of the collection of isolates (Appendix C) revealed that the 
serotype 15C, sequence type 8711 blood and CSF isolates obtained from a single paediatric 
meningitis patient, displayed differences in carbohydrate metabolism. These differences may have 
influenced host adaptation and disease type. Consequently, it was hypothesised that these isolates 
could possess distinct molecular variations that emerged during disease progression, leading to a 
change in lifestyle and ultimately impacting differential niche adaptation. As a result, phenotypic, 
genetic and epigenetic characteristics were investigated in both in vitro and in vivo settings to 
uncover the factors influencing disease progression.  
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In Chapter 2 of this thesis, an investigation was conducted to discern the unique phenotypic 
characteristics of the blood and CSF isolates, referred to as 60B and 60CSF, respectively. Analysis 
of carbohydrate metabolism revealed that 60CSF metabolised the carbon sources raffinose and 
melibiose, while 60B did not. The ability to metabolise different carbohydrates is crucial for niche 
adaptation and disease progression, as demonstrated in a recent study by Im et al. (2022). This 
study found that carbohydrate availability in different anatomical sites influenced pneumococcal 
physiology and virulence, promoting site-specific fitness. Specifically, when the pneumococcal 
strain TIGR4 was cultured in chemically defined media (CDM) containing carbohydrates (galactose 
and sialic acid), mimicking the nasopharyngeal environment, the pneumococci exhibited 
decreased metabolic activity and a slower growth rate. This environment induced a mixed acid 
fermentation pathway with a pronounced production of hydrogen peroxide. Additionally, these cells 
were found to be in a state of carbon-catabolite de-repression compared to cells cultured in CDM 
with carbohydrates (glucose and sialic acid), which mimic the conditions in the blood. Furthermore, 
alterations in gene expression, primarily centred around carbohydrate metabolism, included critical 
virulence factors such as capsule and surface adhesins. This study exemplified how site-specific 
carbohydrate availability can significantly impact the physiology, virulence, and overall fitness of 
pneumococci (Im et al., 2022). Moreover, the ability to metabolise specific carbohydrate sources 
has been shown to influence disease outcome (Paixão et al., 2015; Hatcher et al., 2016; McLean 
et al., 2020). For instance, one study found that the administration of free sialic acid prior to 
intranasal challenge led to an increase in bacterial counts within the central nervous system of 
mice. This phenomenon is likely facilitated by the spread of bacteria from the nasopharynx through 
the olfactory neurons (Hatcher et al., 2016). Preventing the metabolism of galactose has also been 
found to prevent nasopharyngeal colonisation, as well as ear and lung infections in a murine model 
(McLean et al., 2020), resulting in increased survival times in intranasally infected mice (Paixão et 
al., 2015). Importantly, past research in closely related blood and ear isolates has suggested a role 
of raffinose metabolism in tissue tropism (Minhas et al., 2019), indicating that this metabolic 
difference may have driven the differential niche adaption in the human patient.  
To delve deeper, we studied strain growth in a chemically defined medium (CDM) with the clinically 
relevant carbon sources: glucose, raffinose, melibiose, galactose, and lactose. Glucose is the 
primary carbon source available in the blood (Güemes et al., 2016), whilst galactose is the primary 
carbon source in the upper respiratory tract, after cleavage from N-linked glycoconjugates present 
on host epithelial cells, and necessary for colonisation (Paixão et al., 2015). Importantly, both 
galactose and lactose have been shown to be essential for successful establishment of lung 
infections (Hava and Camilli, 2002), whilst the ability to metabolise raffinose has influenced niche 
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adaptation in a murine model (Minhas et al., 2019).Growth in glucose was similar for both strains, 
indicating no significant defects. In CDM with lactose and galactose, both 60B and 60CSF grew 
similarly, though slower than in glucose. Surprisingly, neither strain could grow with melibiose as 
the sole carbon source, differing from previous findings with a lab-adapted strain (D39, serotype 
2), possibly due to varying media and sugar concentrations (Bidossi et al., 2012). It should be noted 
that melibiose is an alpha-galactoside commonly derived from raffinose, and subsequently is 
imported and metabolised through the same pathway as raffinose (Rosenow et al., 1999).  
Despite being unable to grow in CDM with melibiose, 60CSF displayed the ability to grow when 
raffinose was the sole carbon source, whilst 60B was unable to grow. This discovery suggests that 
even though these strains originated from the same patient and caused similar diseases, variations 
in their metabolic profiles might have played a role in how the disease progressed and adapted 
within the host's specific environment. Intriguingly, our results contrast with earlier research that 
showed blood isolates were better at raffinose metabolism compared to ear isolates (Minhas et al., 
2019). Here, the closely related ear isolate, 101E, of 60B/60CSF could metabolise and grow with 
raffinose (Appendix C). In the study by Minhas et al. (2019), the differential raffinose metabolism 
was attributed to a SNP in either rafR (for serotype 14 ST15 isolates) or rafK (for serotype 3 ST180 
isolates), neither of which are present in the clinical isolates investigated in this thesis. The disparity 
between the two studies may be due to a variety of reasons, including the isolates being different 
serotypes and STs. Furthermore, the isolates in this study were obtained from patients with either 
meningitis or otitis media, whilst the blood isolates in Minhas et al. (2019) study were from cases 
of sepsis, which may have had different environmental conditions to cause raffinose metabolism. 
This uncertainty underscores the importance of using clinical isolates to investigate factors 
affecting tissue tropism, as multiple factors seem to influence disease outcomes. Indeed, in a study 
investigating vitamins metabolism by clinical pneumococcal strains, it was found that the ability to 
metabolise riboflavin resulted in increased clearance by the mucosal-associated invariant T (MAIT) 
cells of the human immune system. Importantly, this finding was associated with specific ST groups 
within serotype 19F strains, and expression of riboflavin metabolism genes was also dependent 
on the levels of riboflavin in the environment, subsequently impacting immune response and 
disease outcome (Hartmann et al., 2018). This underscores the variability in metabolism within 
pneumococcal strains, highlighting the intricate interplay between bacterial metabolism, host 
immunity, and the potential impact on disease dynamics.  
 
Sequencing the genes responsible for raffinose metabolism, including aga, rafR, rafE, rafF, rafG, 
and rafK, revealed identical sequences in both 60B and 60CSF. However, an important finding was 
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an early stop codon in the aga gene, relative to the published D39 and TIGR4 sequences (Tettelin 
et al., 2001; Lanie et al., 2007), resulting in a truncated Aga protein that would lack the C-terminal 
region harbouring the catalytic and active sites, suggesting this protein would function poorly if at 
all. 
Strikingly, despite the shared early stop codon in aga, 60CSF could metabolise raffinose and grow, 
whereas 60B could not. Whole genome sequencing performed on the Illumina revealed no genetic 
variations in the raffinose locus or other loci between the two strains. However, further analysis 
unveiled fragments of an alternative alpha-galactosidase gene, GH36, in both 60B and 60CSF, 
which showed no similarity in sequence to the aga gene at the raf locus. 
Whilst the sequencing results from Illumina revealed 60B and 60CSF had different fragments of 
the gene, indicating potential differences in the functionality, Sanger sequencing of this alternative 
alpha-galactosidase in both strains revealed no differences (Appendix D), indicating it was likely 
not responsible for the metabolic difference. The observed different fragments of the alternative 
alpha-galactosidase were likely due to using the Illumina sequencing platform, which generates 
short reads ideal for SNP analysis but are less ideal for larger DNA modifications due to the large 
number of gaps (Nakamura et al., 2011).  
Deletions of the aga gene were introduced in both strains to validate that the observed differences 
were indeed due to the presence of aga in the raf locus. Growth experiments demonstrated that 
neither strain could thrive solely on raffinose (Appendix E), providing confirmation of the essential 
role played by the aga-encoded alpha-galactosidase in raffinose metabolism (Rosenow et al., 
1999). However, the mechanism by which 60CSF could metabolise raffinose despite the early stop 
codon in aga remained unclear, especially as the truncated protein was predicted to lack the C-
terminal region that harbors the catalytic and active sites, implying that this protein would lack 
functionality. Further long-read sequencing using the Nanopore platform (Appendix H) and genome 
analysis suggested that 60CSF might have multiple copies of aga, potentially one without the early 
stop codon, thus enabling raffinose metabolism. Unfortunately, due to being unable to successfully 
generate a complete genome of 60CSF, this is still uncertain and requires further investigation. 
 
Analysing the gene expression levels of rafR, aga, rafK, and rafG mRNA, essential components of 
the RafR-regulated transcriptional units, through qRT-PCR unveiled notable distinctions between 
the strains. Unexpectedly, rafR expression was absent in both strains. However, the expression 
level of rafG, encoding a cognate permease of the ABC transporter, remained consistent in both, 
suggesting the functionality of the raffinose ABC transporter in both strains. However, aga and rafK 
expression was significantly higher in 60CSF compared to 60B. The reduced rafK expression in 



 109  
 

60B, in comparison to 60CSF, may limit raffinose import into the cell, as RafK is crucial for 
energizing the ABC transporter (Marion et al., 2011a). Consequently, this may explain why 60B 
cannot metabolise and grow with raffinose, as it lacks the necessary RafK function for efficient 
raffinose import. Furthermore, previous work has found that pneumococci lacking RafK showed a 
significant reduction in expression of aga and rafEFG (Tyx et al., 2011). This suggests that the 
diminished expression of aga in strain 60B could be attributed to a lower level of RafK.  
Notably, the transcriptional activator of the raf operon, RafR, was undetectable in both 60B and 
60CSF. rafR and rafS are co-transcribed, and they regulate the raffinose-dependent stimulation of 
a second promoter controlling aga expression (Rosenow et al., 1999). This suggests that the 
operon's regulation is highly influenced by cellular raffinose levels. Therefore, the decreased 
transcription of raffinose uptake genes in 60B might be due to an excess accumulation of raffinose, 
possibly stemming from a lack of alpha-galactosidase activity. This surplus raffinose may interact 
with the regulatory protein, RafR, leading to the repression of these genes in 60B when compared 
to 60CSF. Alternatively, 60B may be lacking functional dihydrolipoamide dehydrogenase (DLDH) 
which has been demonstrated to have a role in raffinose metabolism (Smith et al., 2002; Tyx et al., 
2011). Specifically, it has been shown that pneumococci lacking DLDH have reduced ability to 
metabolise alpha-galactosides, such as raffinose and stachyose (Smith et al., 2002). The nanopore 
sequencing (Appendix H) indicates that 60B does encode DLDH, however, further studies will need 
to be conducted to determine if the DLDH is functional, which could be driving the differences in 
raffinose metabolism observed between these two clinical isolates.      
 
In an effort to understand the impact of raffinose metabolism on disease tropism in closely-related 
pneumococcal isolates, as previously observed (Minhas et al., 2019; Minhas et al., 2020), we 
conducted in vivo experiments using an intranasal murine infection model with strains 60B and 
60CSF, and bacterial counts were assessed in the blood, brain, ears, lungs, and nose of mice. 
Surprisingly, neither strains were detected in the blood at 24 h. Subsequent studies, based on 
exploring the transition of pneumococci from the nasopharynx to the brain (Audshasai et al., 2022), 
were carried out in which groups of 6 to 8 mice were intranasally infected with either 60B or 60CSF 
and bacteria enumerated in the nasopharynx, lungs, blood, ears and brain at different time points 
(5 min, 5 hour, 10 hour and 24 hour) post-infection (Appendix F). Here, both strains were detected 
in the blood at 5 h post-infection but not at 24 h post-infection, indicating they may be unable to 
survive for long in this niche (Appendix F). Both strains were present at similar levels after in the 
brain and lungs at 24 h. However, in the nose at 24 h, mice infected with 60B had a higher bacterial 
burden compared to those infected with 60CSF. Notably, 60B was not detected in the ears of any 
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mice at 24 hours, whereas 60CSF was found in over 85% of the mice. This suggested that 60B 
either couldn't migrate to or survive in the ear following intranasal challenge. However, the results 
of the time course experiment indicated that 60B was present in the ears up to 10 hours post-
infection but became undetectable at 24 hours, signifying its inability to thrive in the ears of mice 
(Appendix F). This finding aligns with prior research showing that regardless of serotype and 
sequence type, pneumococci isolated from the blood displayed lower bacterial burdens in the ears 
compared to those from other isolation sites (Trappetti et al., 2013; Amin et al., 2015; Minhas et 
al., 2019). 
In a previous study by Minhas et al. (2019), increased raffinose metabolism was linked to fewer 
bacteria in the ears of infected mice, with the defect attributed to SNPs in rafR or rafK. However, 
in this investigation, utilising isolates derived from the same patient exhibiting significantly reduced 
genetic disparities and no detected SNPs in genes related to raffinose uptake and metabolism, it 
suggests that raffinose metabolism alone is unlikely to be the singular factor accountable for the 
observed niche adaptation in mice for strains 60B and 60CSF. To further validate this theory, a 
series of mutants employing gene-swap mutations, where genes from the raf operon are 
interchanged between 60B and 60CSF, could be employed to ascertain whether the observed in 

vivo and metabolic variances switch between strains, similar to prior studies (Minhas et al., 2019). 
 
In order to investigate if other factors, such as capsule – the major virulence factor (Austrian, 1981; 
Ganaie et al., 2021), were potentially contributing to the observed in vivo differences between 
strains 60B and 60CSF, a series of in vitro tests were conducted. Previously it has been shown 
that the ability to metabolise various carbohydrates, such as galactose and uracil, can influence 
capsule production (Carvalho et al., 2011; Trappetti et al., 2017; Carvalho et al., 2018). 
Furthermore, it has been observed that as pneumococci transition from colonisation to host cell 
invasion during infection progression, they exhibit a substantial reduction in capsular 
polysaccharide (CPS) thickness, a phenomenon documented in studies like Hammerschmidt et al. 
(2005). Additionally, there are notable alterations in the expression of various virulence 
determinants, allowing pneumococci to adapt to the diverse host environments encountered 
throughout this process, as demonstrated in studies such as Orihuela et al. (2004) and Ogunniyi 
et al. (2012). 
Therefore, it may have been possible that the ability to metabolise raffinose had a previously 
unknown impact on capsule production, resulting in the in vivo differences. However, it was found 
that there were no significant differences between strains in their capsule abundance and 
adherence capability, all of which have previously been demonstrated to have major impacts on 
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virulence (MacLeod and Kraus, 1950; Rosenow et al., 1997; Stoodley et al., 2004; Hammerschmidt 
et al., 2005). The ability to form biofilm also influences virulence, with biofilm-dispersed 
pneumococci displaying a remarkable capacity for colonising the nasopharynx at significantly 
higher levels in murine infection models compared to pneumococci cultured in broth (Trappetti et 
al., 2011b). Moreover, these dispersed bacteria exhibited an enhanced ability to disseminate to the 
middle ear and lungs, as documented in previous studies (Marks et al., 2013). Therefore, it may 
have been possible that the in vivo results were due to 60CSF being capable of forming biofilm, 
with pneumococci dispersing to the ears whilst 60B could not form biofilm. However, it was found 
that both 60B and 60CSF formed comparable levels of biofilm, indicating that this was not the 
cause of the in vivo differences observed.  
In summary, the findings of Chapter 2 indicate that the observed in vivo differences between 60B 
and 60CSF were not associated with variations in capsule, adherence, or biofilm formation. While 
the differential ability to metabolise raffinose might contribute to the observed niche adaptation, 
this finding does not align with results from previous studies in blood and ear isolates of serotype 
3 ST180 and serotype 14 ST15. In those studies, the blood isolates displayed the ability to 
metabolise raffinose (Minhas et al., 2019). Moreover, the absence of detectable SNPs or genetic 
differences in the genomes of 60B and 60CSF implies that the differences in niche adaptation are 
attributable to other unknown factors. To explore the possibility of epigenetic changes driving the 
observed in vivo distinctions, Chapter 3 investigates the spnIII Type I restriction-modification (RM) 
system in 60B and 60CSF (Agnew et al., 2023). 
 
As previously discussed in Chapter 1, the spnIII Type I RM system can generate six distinct 
methyltransferase specificities (A-F), through recombination, with each specificity targeting a 
unique DNA sequence, thus governing different phasevarions. This can result in a single culture of 
pneumococci containing a mixture of six distinct cellular subtypes, with the cellular subtypes 
displaying phenotypic variations that favour either carriage or invasive disease. This system serves 
as a pivotal contingency mechanism enabling pneumococcal adaptation to dynamic environmental 
changes, particularly those encountered during the transition from asymptomatic colonisation to 
invasive pneumococcal disease. Evidently, the SpnD39III system emerges as a central regulatory 
mechanism that governs the fitness of the pneumococcus in various host niches (Manso et al., 
2014).  
Since the observed in vivo differences between 60B and 60CSF could not be attributed to genomic 
variations, the distribution of spnIII alleles in these strains was assessed using pneumococcal DNA 
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obtained from the nasopharynx of intranasally infected mice, as well as the inoculum used for the 
challenge. 
It is noteworthy that the inoculum of 60B used to challenge the mice was primarily composed of 
spnIIIB, while the inoculum of 60CSF was mostly spnIIIA. Interestingly, the bacteria recovered from 
the nasopharynx of the infected mice showed no significant changes in spnIII allele proportions. 
60B still predominantly displayed spnIIIB, and whilst 60CSF exhibited a similar proportion of both 
spnIIIA and spnIIIB, with a slight increase in spnIIIB compared to the inoculum. This suggests a 
slight shift in allele proportions during nasopharynx colonisation for 60CSF. Interestingly, it was 
previously demonstrated in a murine infection model that SpnD39IIIB-locked strains, only 
expressing spnIIIB, were able to colonise the nasopharynx to a greater extent than the other 
SpnD39III-locked variants (Manso et al., 2014). However, a fascinating study using a 
pneumococcal strain of serotype 6B (BHN418) investigated the shift of spnIII alleles during 
nasopharyngeal colonisation of humans found slightly different results (De Ste Croix et al., 2020). 
Here healthy volunteers were inoculated with 80000 CFU in 100 µl saline per nostril, and nasal 
wash samples were collected pre-inoculation and post-inoculation (days 2, 7, 14, and 21). 
Interestingly, in this study it was found that the bacteria obtained from human carriage were 
predominantly spnIIID, indicating that this phenotype is better suited to adherence in the human 
nasopharynx or is more able to avoid detection by the immune system. Importantly, the results of 
the human carriage study were not the same as what they found in their murine intranasal infection 
study, wherein spnIIIB and spnIIIA were the dominant alleles 7-days post-infection (De Ste Croix 
et al., 2020). Together, the results of the studies by Manso et al. and De Ste Croix et al., indicate 
that although spnIIIB may not be required for nasopharyngeal colonisation in humans, this spnIII 
variant is likely important in murine nasopharyngeal colonisation. It is crucial to emphasise that the 
human colonisation study utilised a serotype 6B clinical isolate (De Ste Croix et al., 2020), as 
opposed to a laboratory-adapted strain, again underscoring the significance of examining clinical 
isolates and exploring potential distinctions from extensively studied pneumococcal strains.  
Moreover, the disparate outcomes observed in the in vivo studies using distinct models (Manso et 
al., 2014; De Ste Croix et al., 2020) underscore the limitations associated with using mice as a sole 
source of information to infer the behaviour of pathogens in humans. 
Thus, with the implication that spnIIIB aids in murine nasopharyngeal colonisation, the slight 
increase of spnIIIB in 60CSF may have contributed to the bacteria’s survival in this niche. 
 
The spnIIIB allele has also been linked to the LuxS/AI-2 quorum-sensing system (Section 1.8.2) 
with SpnD39IIIB-locked strains exhibiting significant downregulation of the luxS gene compared to 
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wildtype D39 and other SpnD39III-locked variants (Manso et al., 2014). Given the higher proportion 
of spnIIIB in the original 60B inoculum compared to 60CSF, luxS expression was measured, finding 
a significant downregulation of the luxS gene in 60B relative to 60CSF. As mentioned in Section 
1.8.2, luxS encodes the metabolic enzyme S-ribosyl-homocysteine lyase, which converts S-ribosyl-
homocysteine to homocysteine, an integral part of the activated methyl cycle. During this 
conversion, LuxS also generates the precursor to AI-2, called 4,5-dihydroxy-2,3-pentanedione 
(DPD), as a by-product, which is essential for the LuxS/AI-2 quorum-sensing system (Schauder et 
al., 2001; Winzer et al., 2003; Yadav et al., 2018). Hence, LuxS can regulate critical aspects of 
carbohydrate metabolism in pneumococci with the ability to metabolise various carbon sources 
being essential for successful nasopharyngeal colonisation and subsequent disease progression 
(Minhas et al., 2019; McLean et al., 2020). Comparison of the carbohydrate metabolic profiles of 
60B and 60CSF, obtained from the nasopharynx of mice infected with the original 60B and 60CSF 
inoculums (Chapter 2)(Agnew et al., 2022), revealed that the strains recovered from the 
nasopharynx were now capable of metabolising L-fucose but unable to metabolise D-psicose. This 
suggests that during nasopharyngeal colonisation, 60B and 60CSF may have adjusted their 
carbohydrate metabolism to enhance their survival in this environment. Similar adaptations have 
been observed in the pneumococcal strain TIGR4 when grown in media mimicking the 
nasopharyngeal environment compared to when grown in media mimicking the blood (Im et al., 
2022).  
 
There are multiple examples of quorum sensing systems in pneumococci that have been shown to 
be critical for carbohydrate metabolism and adaptation to the host (Motib et al., 2019; Shlla et al., 
2021). Furthermore, it has also been demonstrated in the TprA/PhrA quorum sensing system that 
sugar availability was able to regulate the expression of TprA, which in turn controls the expression 
of nine operons for galactose and mannose metabolism (Motib et al., 2019).  
To further investigate whether the downregulation of the luxS gene contributed to the observed 
differences between 60B and 60CSF, luxS deletion mutants for both strains were generated, 
referred to as 60B∆luxS and 60CSF∆luxS. Interestingly, following carbohydrate metabolism 
analyses, it was found that both mutants exhibited metabolic profiles similar to those of 60B and 
60CSF recovered from the nasopharynx of infected mice, rather than resembling the profiles of the 
original inoculum. These findings further support the theory that 60B and 60CSF undergo 
alterations within the nasal environment of mice, in which an increase of the spnIIIB allele to aid 
colonisation occurs, coupled with a decrease in luxS expression, thus resulting in similar metabolic 
profiles.   



 114  
 

 
Importantly, the similar carbohydrate metabolic profiles of 60B and 60CSF recovered from the 
murine nasopharynx and the luxS mutants supports the notion of a connection between LuxS and 
the spnIIIB allele, as previously implicated (Manso et al., 2014). Further evidence of the link 
between spnIIIB and LuxS was uncovered by quantifying spnIII alleles in the 60B∆luxS and 
60CSF∆luxS mutants. This analysis revealed a significant impact of luxS deletion on the 
proportions of spnIII alleles, with both 60B∆luxS and 60CSF∆luxS primarily containing spnIIIC, 
with a smaller proportion of spnIIID and little to no spnIIIA and spnIIIB. Unfortunately, little research 
has been conducted on spnIIIC and spnIIID (Manso et al., 2014), therefore a future avenue of 
research would be to gain a better understanding of the roles these alleles have in pneumococcal 
pathogenesis. Potentially, in vivo dual RNA sequencing using locked spnIIIC and spnIIID variants 
of 60B and 60CSF may reveal the interactions taking place between the pneumococci and host 
during disease in an intranasal murine infection model, as previously described (Minhas et al., 
2020). 
For the first time, these results indicate that in addition to the spnIII locus influencing luxS 
expression, LuxS is able to influence the switching of spnIII alleles.  The exact nature of this 
unknown connection between the spnIII RM I system and luxS calls for further investigation to 
elucidate its precise nature and function. This unknown link is similar to what has previously been 
observed between the LuxS/AI-2 QS system and competence (CSP/Com) QS system in the 
laboratory strain D39 (Trappetti et al., 2011c) (Appendix B). Specifically, the deletion of luxS in D39 
resulted in the downregulation of essential competence genes, including ciaR, comD, comX, 
comW, cglA and dltA (Trappetti et al., 2011c; Yadav et al., 2018). The CSP/Com QS system has 
been demonstrated to have multiple roles in pneumococcal virulence, such as aiding biofilm 
formation, and importantly genetic transformability, DNA uptake, recombination, production of 
bacteriocins, and fratricide (Håvarstein et al., 2006; Oggioni et al., 2006; Trappetti et al., 2011a; 
Martin et al., 2013; Vidal et al., 2013). Recently it has also been uncovered that activation of 
competence is important for adherence to the host (Minhas et al., 2023). This mechanism is 
facilitated through the action of the fratricin choline-binding protein D (CbpD). CbpD plays a pivotal 
role in exposing key virulence factors, PspA and PspC, on the cell surface (Rosenow et al., 1997; 
Iovino et al., 2017; Park et al., 2021a). Specifically, CbpD is predicted to cleave peptidoglycan, 
resulting in the shedding of the capsule and exposing PspA and PspC for binding, as proposed in 
Minhas et al. (2023). This theory finds support in previous studies that have demonstrated a 
reduced amount of capsule promotes adherence and colonization by exposing adhesive molecules 
(Hammerschmidt et al., 2005). Here, using wildtype D39 and D39 with luxS deleted we found that 
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deletion of luxS resulted in poorer adherence and invasion of Detroit 562 nasopharyngeal cells 
under certain conditions (Appendix B). Importantly, the addition of CSP-1 (100 ng/µL) drastically 
enhanced both the adhesion and invasion capabilities of D39 and complemented the defects in 
D39∆luxS, supporting the findings of Minhas et al. (2023) for the role of complementation 
activation, through administration of CSP-1, in being essential for adherence.  
Further studies into the link between the competence and LuxS/AI-2 QS systems using D39 
mutants with deletion of either luxS, comD (encoding the CSP histidine kinase receptor) or comE 
(encoding the response regulator) revealed that comE may be able to indirectly regulate the 
LuxS/AI-2 QS system through an unknown mechanism (Appendix B). Specifically, it was found that 
the addition of exogenous CSP-1 produced a unique growth phenotype and increased AI-2 
production in wildtype D39, that was not present in both the luxS and comE deletion mutants, 
implying that comE may be able to regulate AI-2 production (Appendix B).  
 
In addition to potential regulation of the LuxS/AI-2 QS system by the competence QS system, fatty 
acids may also affect these QS systems in Streptococcus pneumoniae. Studies conducted within 
a range of different bacterial species, both Gram-negative and Gram-positive have indicated that 
fatty acids can affect quorum sensing systems (Soni et al., 2008; Nicol et al., 2018; Park et al., 
2021b). In S. pneumoniae, it has been found that briC, encoding the biofilm regulator induced by 
competence, is co-transcribed alongside the genes within the fab gene cluster and its expression 
regulates the composition of membrane fatty acids in S. pneumoniae. Strains in which briC is 
knocked out show decreased fabT expression, leading to a noticeable shift in the composition of 
molecular species of membrane phospholipids. This indicates that BriC plays a role in regulating 
the FASII process in pneumococci, either directly or indirectly, through its influence on the 
transcription of the FabT regulon, importantly indicating there is a link between fatty acids and the 
competence QS system (Aggarwal et al., 2021). Although the link between the competence QS 
system and fatty acids has been identified, the effect of fatty acids on other QS systems, such as 
the LuxS/AI-2 QS system. Therefore, we have performed a preliminary investigated into the effect 
of fatty acids on the LuxS/AI-2 QS system in 60CSF and its respective luxS deletion strain. 
Preliminary results found that when grown in CDM with glucose as the sole carbon source, the 
addition of stearic acid (18:0) at a concentration of 62.5 µM resulted in impaired growth for both 
60CSF and 60CSF∆luxS (Appendix G). Strikingly, the addition of AI-2 (10 µM) restored the growth 
defect caused by the addition of the fatty acid, indicating that AI-2 may be able to inhibit the 
mechanism by which the fatty acid caused growth defects. In addition to impairing growth of both 
60CSF and 60CSF∆luxS, the supplementation of stearic acid impacts expression of genes within 
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the FakA/B system, which acts to assimilate exogenous fatty acids into the pneumococcal 
membrane (Parsons et al., 2014), and those involved in the LuxS/AI-2 QS system (Appendix G). 
Specifically, it was found that in 60CSF, the addition of both stearic acid and AI-2 appeared to 
result in increased fruA, fakB1, fakB2 and fakB3 expression. The expression of fakB1, fakB2 and 
fakB3 was also increased in 60CSF∆luxS with the addition of both AI-2 and stearic acid, although 
not to the extent as what was seen for 60CSF. In 60CSF the expression of luxS also appeared to 
have slightly increased with supplementation of AI-2 and stearic acid. The upregulation of the fakB 
genes when both strains were supplemented with stearic acid is not entirely unexpected as fakB 
genes encodes the fatty acid binding proteins, that are essential for the incorporation of external 
fatty acids into the cell membrane (Parsons et al., 2014). Importantly, detection of exogenous AI-2 
has been shown to rely on FruA, a fructose-specific phosphoenolpyruvate-phosphotransferase 
system that exhibits high conservation among Gram-positive pathogens (Trappetti et al., 2017). 
The upregulation of fruA by 60CSF when both AI-2 and stearic acid is present has not been 
observed before and indicates that there may interplay occurring between the fatty acid uptake 
system and the predicted AI-2 receptor, FruA. Furthermore, the potential upregulation of luxS in 
the presence of both stearic acid and AI-2 further supports the hypothesis of a link between fatty 
acids and the LuxS/AI-2 QS system. 
 
Past research has highlighted the connection between galactose metabolism and the LuxS/AI-2 
QS system (Trappetti et al., 2017; Yadav et al., 2018; Tikhomirova et al., 2022)(see Appendix A). 
Using CDM with galactose as the primary carbon source it was found that 60B∆luxS displayed 
slower growth compared to 60B, while 60CSF∆luxS exhibited faster growth compared to 60CSF. 
These results suggest that the LuxS/AI-2 QS system has distinct roles in these two isolates. Earlier 
research conducted on the clinical ear isolate 947 (serotype 14 ST15) revealed distinctions in the 
effects of the LuxS/AI-2 QS system compared to those observed in the laboratory-adapted strain 
D39, suggesting a strain-specific role for LuxS/AI-2 (Trappetti et al., 2011c; Trappetti et al., 2017; 
Tikhomirova et al., 2022). To validate this theory, additional exploration involving strains of various 
serotypes and sequence types is necessary. 
 
We examined the role of LuxS in the quorum-sensing system by introducing exogenous AI-2. 
Previous studies on D39∆luxS indicated that the addition of 10 µM AI-2 could restore growth, 
which was negatively impacted by the deletion of luxS (Trappetti et al., 2017). In contrast, serotype 
14 blood and ear isolates displayed AI-2-dependent growth reduction in a dose-dependent manner 
(Tikhomirova et al., 2022)(see Appendix A). 
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Our investigation revealed that, in CDM with galactose, the addition of AI-2 disrupted the growth of 
wildtype 60CSF and 60B, consistent with observations in serotype 14 blood and ear isolates 
(Tikhomirova et al., 2022). However, in the case of 60B∆luxS, the addition of 10 µM AI-2 improved 
growth in galactose-containing media, similar to previous findings with D39∆luxS (Trappetti et al., 
2017). 
 
Biofilm formation has been shown to be impacted by the LuxS/AI-2 QS system (Trappetti et al., 
2011c; Vidal et al., 2011; Vidal et al., 2013; Yadav et al., 2018). In CDM with glucose, 60B∆luxS 
formed biofilm more quickly than the wildtype 60B, whilst 60CSF∆luxS displayed delayed biofilm 
formation compared to wildtype 60CSF. Of note, the addition of AI-2 to glucose-containing media 
enhanced biofilm formation in wildtype 60B and 60CSF but had no effect on the luxS mutants. In 
CDM with galactose, both luxS mutants exhibited delayed biofilm formation compared to their 
wildtype counterparts (60B and 60CSF), with 60CSF∆luxS eventually forming more biofilm than 
60CSF. Again, the introduction of AI-2 increased biofilm formation in wildtype 60B and 60CSF but 
minimally affected biofilm formation in the luxS mutants. These results contrast with previous 
observations in D39 luxS deletion mutants has reduced biofilm, with the supplementation of AI-2 
restoring biofilm production (Vidal et al., 2011; Trappetti et al., 2017) These findings suggest that 
in 60B and 60CSF, LuxS likely plays a metabolic role rather than a quorum-sensing role, which is 
a departure from what was observed in D39 (Vidal et al., 2011; Trappetti et al., 2017; Yadav et al., 
2018) but more similar to what was observed in the serotype 14 ear isolate 947 (Tikhomirova et 
al., 2022). However, there are also differences to the study with strain 947, which found that luxS 
had an effect on adherence to epithelial cells, wherein the luxS mutant had reduced adherence 
(Tikhomirova et al., 2022). Notably, a difference in adherence was not observed with the 60B∆luxS 
and 60CSF∆luxS strains, regardless of AI-2 presence. Instead, these results aligned with 
observations from a D39∆luxS mutant, which showed no differences in adherence to lung or 
larynx-derived cell lines (Stroeher et al., 2003). Importantly, it has previously been theorised that 
LuxS signalling in S. pneumoniae is not dependent upon high cell density, thus is not mediated by 
a quorum-sensing mechanism (Joyce et al., 2004), which is likely what is being observed in 60B 
and 60CSF. Together, these results underscore the strain-specific roles of LuxS.  
 
Due to the established role of LuxS in the pathogenesis of D39 (Stroeher et al., 2003; Joyce et al., 
2004; Trappetti et al., 2017; Yadav et al., 2018) and middle ear strain 947 (Tikhomirova et al., 
2022), an intranasal murine infection model was used to assess the 60B and 60CSF luxS deletion 
mutants in vivo. As seen in Chapter 2 (Agnew et al., 2022), 60B was unable to survive in the middle 
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ear, whilst 60CSF thrived. Remarkably, 60B∆luxS exhibited significantly higher bacterial burdens 
in the ears of infected mice compared to both 60B (P < 0.0001) and 60CSF (P < 0.05), similar to 
what was seen for the serotype 14 ST15 middle ear isolate 947 luxS deletion mutant (Tikhomirova 
et al., 2022). While the number of 60CSF∆luxS and 60CSF pneumococci in the ears showed no 
significant difference, the lungs of infected mice had a significantly higher abundance of 
60CSF∆luxS (P < 0.05). 
The increased bacterial burden of 60B∆luxS in the murine ear compared to wildtype 60B, suggests, 
that for 60B, functional LuxS hampers survival in the ear up to 24 h (Appendix F). Previous studies 
with a D39 luxS deletion mutant found that luxS is required for persistence in the murine 
nasopharynx (Joyce et al., 2004; Trappetti et al., 2017). Therefore, it could be that in wildtype 60B, 
functional LuxS may act to facilitate adherence to the nasopharynx for 60B, whilst interfering with 
survival in other host niches, such as the ear. In contrast, the absence of LuxS in 60CSF∆luxS 
contributed to its persistence in the murine lung, differing from observations in D39 luxS deletion 
mutants (Trappetti et al., 2017), indicating distinct roles for LuxS in the disease progression of 
these two clinical isolates. 
 
The findings in Chapter 3 suggest that the distinct pathogenic profiles observed in Chapter 2 are 
likely influenced by multiple factors, potentially involving both luxS and the spnIII restriction-
modification I system. Moreover, the results presented in Chapter 3 provide further evidence of an 
unidentified connection between luxS and the spnIII locus. This connection demands further 
investigation to uncover the precise underlying mechanism and its impact on disease progression. 
 
This PhD project employed clinical pneumococcal isolates from a single paediatric meningitis 
patient to investigate factors affecting disease progression within the human body. The use of 
serotype 15C ST8711 strains from the blood and cerebrospinal fluid, derived from the same patient 
and instance of disease, minimised the impact of genomic diversity. This allowed for a detailed 
exploration of pneumococcal factors influencing disease progression within an individual patient. 
Initial in vitro analysis revealed significant differences in carbohydrate metabolism between the 
strains, unrelated to genetic disparities. Subsequent in vivo investigations indicated the strains had 
distinct survivability in different anatomical niches of mice, potentially linked to the observed 
carbohydrate metabolism distinctions. 
Further exploration into potential epigenetic factors unveiled the possible involvement of the spnIII 
restriction-modification I system in these two isolates. Additionally, a connection between the spnIII 
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locus and luxS in these clinical isolates was identified, suggesting for the first time that they may 
mutually influence the other and in turn influence the disease progression within a murine model. 
Notably, rather than its role in quorum sensing, LuxS appears to mainly have a metabolic role in 
these isolates, which may contribute to the observed differences in carbohydrate metabolism. 
However, further studies are needed to confirm that it is the role of LuxS in the activated-methyl 
cycle that is affecting these clinical isolates.  
While not all the mechanisms governing disease progression and niche adaptation in these isolates 
have been fully elucidated, this research represents a significant leap in our comprehension of the 
strain-specific roles within Streptococcus pneumoniae. As the importance of using clinical isolates, 
as opposed to laboratory adapted strains, in traditional laboratory settings has been well 
demonstrated, combining these methods in combination with novel human infection challenges, 
may allow us to delve even more into a range of novel factors that affect disease progression. As 
an example, Minhas et al. (2019, 2020) examined clinical isolates identified as serotype 3; a 
serotype commonly linked to numerous instances of pneumococcal disease. Another research 
team has recently focused on creating a human infection challenge model specific to serotype 3 
(Robinson et al., 2022). Potentially, these challenge models may become more widely utilised and 
enable us to fully elucidate how the factors identified in traditional laboratory settings influence 
pneumococcal disease in humans, with the subsequent promise for novel drug design and potential 
vaccine candidates.  
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Appendices 
Appendix A: Published article (middle author) 
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Abstract  
Streptococcus pneumoniae, the pneumococcus, is a major cause of morbidity and mortality each 
year, causing over 1 million deaths. Despite being a part of the normal nasopharyngeal flora in 
humans, it can switch to invasive pathogen through unknown mechanisms. Essential to disease 
progression is colonisation of the nasopharynx, which often includes the formation of biofilms on 
host mucosal surfaces. Pneumococci employ different types of quorum sensing (QS) systems to 
adhere on host mucosal surfaces, including the competence QS, which is modulated by the 
competence stimulating peptide (CSP), and the LuxS/Autoinducer-2 (AI-2) QS system. In this work 
we have investigated the regulatory link between the competence and LuxS/AI-2 QS systems in 
S. pneumoniae in the well characterised laboratory strain, D39. Growth analyses revealed a 
distinctive growth phenotype in wildtype D39 when synthetic CSP-1 was introduced into acidic pH 
media. However, this phenotype was absent in the luxS and comE mutant strains, suggesting that 
both genes are crucial for this unique growth phenotype, which appears to be conditional upon 
specific CSP-1 and pH conditions for wildtype D39. Strikingly, our study has also unveiled that AI-
2 production is not solely under the control of LuxS. It can also be indirectly regulated by ComE. 
This discovery adds a layer of complexity to the interplay between these two QS systems in S. 

pneumoniae, shedding light on the intricate mechanisms governing biofilm formation in this 
pathogenic bacterium. 
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1. Introduction 
During the early stages of childhood, Streptococcus pneumoniae establishes colonisation on the 
mucosal surfaces within the human nasopharynx (Bidossi et al., 2012). In this hospitable 
environment, these bacteria can persist for months asymptomatically, but they also possess the 
potential to disseminate to other regions of the body, through mechanisms that have not been well 
established, giving rise to a spectrum of diseases. These infections can manifest as invasive 
diseases, including meningitis, sepsis, and pneumonia in the brain, blood and lungs, respectively. 
Additionally, pneumococci can be responsible for non-invasive conditions such as sinusitis and 
otitis media, in the sinuses and middle ear, respectively.  
Following colonisation, pneumococci possess the ability to assemble intricately structured and 
ever-changing multicellular communities, referred to as biofilms, on the epithelial surface of the 
nasopharynx. This ability to form biofilms on host mucosal surfaces plays a pivotal role in the 
development of both sinusitis in the sinuses, and otitis media in the middle ear. These biofilms 
serve as a defence mechanism, allowing pneumococci to elude the host's immune defences and 
the effects of antibiotics (Stoodley et al., 2004; Chao et al., 2014). 
Within these biofilms bacteria are able to organise themselves into complex structured 
communities, engaging in intricate interactions that are facilitated by the release of small 
extracellular molecules. This bacterial communication is achieved through a process known as 
quorum sensing (QS), where bacteria secrete and detect specific extracellular chemical signalling 
molecules, known as autoinducers, in a dose-dependent manner. In both Gram-positive and Gram- 
negative bacteria, the most prevalent QS system is the LuxS/Autoinducer-2 (AI-2) system (Miller 
and Bassler, 2001). In the LuxS/AI-2 QS system, AI-2 is synthesised as a by-product of the 
conversion of S-ribosyl-homocysteine to homocysteine by the enzyme S-ribosylhomocysteine 
lyase (LuxS), an essential reaction in the activated methyl cycle (Winzer et al., 2003).  
In S. pneumoniae, the luxS gene is present in both invasive and carriage strains. LuxS/AI-2 
signalling exerts a profound influence on various genes associated with critical cellular processes 
and virulence factors, including biofilm formation (Vidal et al., 2013; Trappetti et al., 2017; Yadav 
et al., 2018). In the well-studied laboratory strain D39, deletion of luxS resulted in defective biofilm 
formation (Trappetti et al., 2011c) and reduced capacity to cause invasive disease in a murine 
intranasal infection model (Stroeher et al., 2003). Furthermore, these investigations have unveiled 
multiple alterations in gene expression within luxS mutant strains (Trappetti et al., 2017; Yadav et 
al., 2018). These findings underscore the pivotal role of LuxS/AI-2 signalling in the regulation of 
virulence and biofilm formation in S. pneumoniae. 
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Another extensively documented Quorum Sensing (QS) system is the CSP/Com QS system, which 
holds significant importance for most streptococcal species, as it is vital for their ability to 
genetically transform DNA. Competence, a state of genetic transformability, is triggered by the 
competence stimulating peptide (CSP), a 41-amino acid polypeptide. This CSP is initially 
synthesised as a propeptide and subsequently exported and processed by a dedicated ABC 
transporter called the comCDE operon (Stock et al., 2000; Vidal et al., 2013). 
Within this system, comD encodes the CSP histidine kinase receptor, whilst comE encodes the 
response regulator. The secreted CSP in the extracellular milieu is detected by the ComDE two-
component signalling system, setting in motion the expression of early competence genes. ComE 
takes the lead by activating transcription of its own operon, comCDE. This, in turn, induces the 
transcription of comAB, responsible for CSP secretion, and the alternative sigma factor ComX 
(Peterson et al., 2004). ComX, then triggers the expression of late competence genes, which are 
essential for DNA uptake, recombination, production of bacteriocins, and cell wall lysis (Håvarstein 
et al., 2006; Martin et al., 2013). This last phenomenon is commonly referred to as 'fratricide,' a 
process wherein cell wall lysins can kill and release DNA from non-competent sibling cells sharing 
the same ecological niche (Steinmoen et al., 2002). The Com QS system, through this intricate 
cascade of events, is integral to the acquisition and sharing of genetic material among 
streptococcal species. 
 
There is accumulating evidence pointing towards the integration of the LuxS/AI-2 QS system into 
the regulatory network governing both competence and cell autolysis (Romao et al., 2006; Trappetti 
et al., 2011c; Vidal et al., 2011; Yadav et al., 2018). In the current study we have investigated the 
potential interplay between the LuxS/AI-2 and competence QS mechanisms within the 
Streptococcus pneumoniae laboratory strain D39.  
 

2. Materials and methods 
2.1 Bacterial strains and growth conditions 
The S. pneumoniae strains used in this study are listed in Table 1. Bacterial strains were routinely 
grown in a casein-based semisynthetic liquid media (C+Y) or on Columbia agar plates 
supplemented with 5% (vol/vol) horse blood (BA plates) at 37° with 5% CO2. BA plates were 
supplemented with 0.2 µg/ml erythromycin and 200 µg/ml spectinomycin for selection of mutant 
strains. Bacterial stocks were prepared from mid-log-phase cultures and stored at -80°C in 10% 
glycerol for use in growth assays.  
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Table 1. S. pneumonia strains used in this study. 
Strain name Serotype Origin Notes 

 
D39 2 (capsular) NCTC7466 Reference strain 

D39∆luxS 2 Trappetti et al., 2011  

D39∆comE 2 This study  

D39∆comD 2 This study  

 

2.2 Construction of mutant strains 
The mutant strains, D39∆comE and D39∆comD, were generated in S. pneumonia wildtype D39 
using splicing by overlap extension in which comD or comE was deleted and replaced by a 
spectinomycin antibiotic resistance cassette. Linear DNA containing the antibiotic resistance 
cassette was generated by overlap extension PCR as described previously (Iannelli and Pozzi, 
2004) using primers listed in Table 2. 
 
Table 2. Primers used in this study. 

Primer Sequence (5’-3’) Source or 
reference 

16S F GGTGAGTAACGCGTAGGTAA Trappetti 
et al., 
2011 

16S R GGTGAGTAACGCGTAGGTAA Trappetti 
et al., 
2011 

luxS 
RT F 

CCCTATGTTCGCTTGATTGGGG Trappetti 
et al., 
2011 

luxS 
RT R 

AGTCAATCATGCCGTCAATGCG Trappetti 
et al., 
2011 

comD 
RTF 

AAGGCATGCTCTGCTTACAT Trappetti 
et al., 
2011 
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comD 
RT R 

CCTGAAGGAGTCATCGTCAT Trappetti 
et al., 
2011 

comX 
RT F 

CCAAGGGACTGTGTATAAGTG This study 

comX 
RT R 

CTACGCTTCTGACTTTCCTGC This study 

comE 1 
up 

CATAAAGTTCAAATGGAG This study 

comE 2 
down 

TATGTATTCATATATATCCTCCTCAAATTCCCTCTTAAATCT This study 

comE 4 
down 

CGTTCCAGCTTCTATACTCAC This study 

comE 3 
up 

AAATAACAGATTGAAGAAGGTATAATTGACAATTAGCAAGAAAT This study 

comD 1 
up 

GATGGTATCGCAGAGTATTC This study 

comD 2 
down 

TATGTATTCATATATATCCTCCTCTACTCTTTCCCCTTATTTC This study 

comD 3 
up 

AAATAACAGATTGAAGAAGGATAAGAAGATGTTATTGAACATCAAG This study 

comD 4 
down 

CCCTTGACCAACGGACCTTC This study 

 
2.3 Growth assays 
Stocks of pneumococci were diluted 10-fold into fresh C+Y medium (pH 7.4 or 6.8) to a starting 
optical density at 600nm (OD600) of 0.04 and incubated at 37°C with 5% CO2 to an OD600 of 0.4. 
These cultures underwent a 10-fold diluted again in the same C+Y media as the preculture or in 
C+Y medium supplemented with 50, 100 or 500 ng/µl CSP-1 or CSP-2 (Chiron Technologies, 
Australia). Bacterial strains were then inoculated into a final volume of 200µl in a 96-well microtiter 
plate or 12 ml in 20 mL tubes. The plate and tubes were incubated at 37°C with 5% CO2 for 24 h, 
with OD600 recorded for the plate every 30 min using a Spectramax spectrophotometer (Molecular 
Devices). Assays were conducted triplicate with at least two repeated independent experiments. 
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2.4 Adherence and Invasion assays 
Adherence and invasion assays were carried out using the Detroit 562 human pharyngeal cell line 
as previously described (Trappetti et al., 2011b; Amin et al., 2015). Detroit 562 human pharyngeal 
cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% foetal 
calf serum (FCS), 100 U/mL penicillin and 100 µg/mL streptomycin at 37°C in 5% CO2. Wells of 
24-well tissue culture trays were seeded with Detroit cells in DMEM with 10% FCS as previously 
described (Trappetti et al., 2011b) and left to grow overnight. Cells were inoculated with 500 µL of 
each bacterial suspension grown overnight on BA plates and resuspended in C+Y at pH 6.8 or pH 
7.4 with or without CSP-1 (100 ng/µL) at a final OD600 of 0.2. The same volume of each bacterial 
strain was added to empty wells as a control. Adherence assays were conducted after incubation 
of the bacteria with the Detroit cells for 2 h at 37°C. The wells were washed 3 times with PBS, the 
cells were detached from the plate by treatment with 100 µL 0.25% trypsin-0.02% EDTA and 400 
µL of 0.1% Triton X-100 (Sigma), and samples were plated on BA plates to determine the number 
of adherent bacteria. Invasion assays were carried out essentially as described above. After the 
post-adherence washing step, cultures were incubated for 1 h in fresh media supplemented with 
200 µg/mL gentamicin and 10 µg/mL penicillin to kill extracellular bacteria. Monolayers were again 
washed, lysed, serially diluted, and plated on BA, as described above. The assays were conducted 
in triplicate with at least two repeated independent experiments. Statistical analysis was carried 
out using a two-tailed Student’s t-test; P values < 0.05 were considered statistically significant. 
Data collected are presented as mean adherent or invasive bacteria ± standard error mean (SEM) 
in CFU/mL. The controls were used to monitor bacterial growth during the 2 h incubation period, 
ensuring strains grew at similar rates. 
 

2.5 AI-2 activity assay 
Relative levels of AI-2 in cell-free culture fluids of S. pneumoniae strains were measured using the 
Vibrio harveyi bioluminescence assay as described previously (Bassler et al., 1993; Bassler et al., 
1997). The V. harveyi strains were grown in Autoinducer Bioassay (AB) medium containing 0.3M 
NaCl, 0.05M MgSO4, 10ml of 1M KPi, 1ml of 0.1M L-arginine and 0.2% Casamino acids (Difco, 
MI) per 100 ml of water. The pH was brought to 7.5 using NaOH and the medium filter-sterilised, 
before adding 2ml of sterile 50% glycerol. Briefly, V. harveyi BB170 (-luxN) reporter strain and 
BB152 AI-2 producing strain were incubated in 10ml AB medium for 16 h at 30°C with shaking 
(200rpm) before centrifuging 1ml of the V. harveyi BB152 culture at 12600 rpm for 3 min. The 
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supernatant containing AI-2 was filter-sterilised with 0.45 µm membrane filters and stored at -20°C. 
To examine the influence of CSP-1 on the LuxS expression and AI-2 production in the different 
pneumococcal strains, the strains were incubated as described in Section 2.2 using 1 mL of 
culture. Cell free culture fluids were prepared as described above for the V. harveyi BB152 culture. 
The V. harveyi BB170 was diluted 1:5000 in AB medium. The supernatants were assessed for AI-
2 activity at 10% (v/v), using the V. harveyi reporter strain incubated at 30°C with shaking (Bassler 
et al., 1993; Turovskiy and Chikindas, 2006). Bioluminescence measurements were taken after 4, 
5 and 6 h of growth using the Glomax luminometer (Promega). After 4 hours growth OD600 was 
measured using the Spectramax spectrophotometer (Molecular Devices).  

 

2.6 RNA extraction and qRT-PCR 
Pneumococcal strains were grown in C+Y medium (pH 7.4 or 6.8) with or without CSP-1 (100 
µg/ml) to an OD600 of 0.1 or 0.4 for the early and late exponential phases of the first growth peak 
and early- (16 h) and late-exponential (20 h) phase of the second growth curve. 1 mL of cell cultures 
were aliquoted into 2 ml of RNAprotect bacteria reagent (QIAGEN) and incubated for 5 min at room 
temperature (RT). Bacterial cultures were pelleted by centrifugation at 4500 rpm for 15 minutes at 
4°C. Cell pellets were stored at -80°C or used directly for RNA extraction. The pellet was 
resuspended in 300µl of pre-warmed (65°C) acid-chloroform-isoamyl alcohol (125:24:1 Ambion), 
transferred to a 1.5 mL Eppendorf tube and incubated for 5 min at 65°C. 300µl of pre-warmed 
NAES-buffer (50mM sodium acetate pH 5.1, 10mM EDTA, 1% SDS) was added and the mix was 
vortexed before being incubated for 5 min at 65°C. The samples were placed on ice for 1 min 
before being centrifuged at 16000rpm for 1 min. The supernatant was transferred to a new tube 
and sodium acetate added to a final concentration of 300mM. The RNA was precipitated with 2 
volumes of ethanol at -80°C for 2h or overnight. Samples were centrifuged 16000rpm at 4°C for 
30 min and the pellet resuspended in 700µl of 70% ethanol before being centrifuged at 16000rpm 
for a further 15 min at 4°C. The pellet was dried and resuspended in 50 µl nuclease free water. 
DNase treatment was performed using 6µl DNase RQ1 (Promega,10U/µl), 6µl 10x DNase-buffer 
RQ1(Promega) and incubating for 30 min at 37°C and blocked for 10 min at 65°C. PCR was 
performed using the 16S primers to test for DNA contamination. The amount of RNA was quantified 
using the Nanodrop 1000 Spectrophotometer.  
Real-time PCR was performed using the Invitrogen superscript III Platinum SYBR Green one-step 
qRT-PCR kit (Invitrogen). The specific primers used for the various genes are listed in Table 2 and 
were used at a final concentration of 200µM per reaction. The 16S primers, specific for 16S rRNA, 
was used as an internal control. Amplification was performed by using the Roche LC480 real-time 
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cycler. The relative gene expression was analysed by using the comparative critical threshold 
(2−ΔΔCT) method (Livak and Schmittgen, 2001). 
 
3. Results 
3.1 Wildtype S. pneumoniae strain D39 displays different growth phenotypes in 
presence/absence of synthetic CSP-1 at different pH levels. 
In Streptococcus pneumoniae, the competence-stimulating peptide (CSP) is a small signalling 
molecule that induces competence for genetic transformation. CSP is secreted by pneumococcal 
cells and acts as an autoinducer, triggering the expression of genes necessary for the uptake and 
integration of exogenous DNA. The efficiency of pneumococcal transformation can be influenced 
by the concentration of CSP in the environment. Different concentrations of CSP can have varying 
effects on the induction of competence and subsequent transformation, but the effect of CSP on 
growth has not been fully studied. To examine this effect wildtype D39 was grown in a 
semisynthetic media, C+Y, in the presence or absence of different concentrations (50, 100 or 500 
ng/µL) of synthetic CSP-1. At the lowest concentration of 50 ng/µL of CSP-1, the growth of D39 in 
this condition was comparable to growth without CSP-1 being present (Figure 1). However, upon 
increasing the concentration to 100 ng/µL of CSP-1, a second growth peak appeared at 
approximately 16 h, reaching an OD600 of approximately 0.7. Upon further increasing the 
concentration of CSP-1 to 500 ng/µL, the second growth peak appeared at approximately 13 h, 
however the OD600 was lower than what was present for CSP-1 at 100 ng/µL, only reaching 0.6 
(Figure 1). In S. pneumoniae, natural transformation is a crucial mechanism for genetic exchange 
and adaptation. During competence, pneumococci are capable of taking up exogenous DNA from 
their environment, integrating it into their genome, and acquiring new genetic traits. The pH of the 
environment can influence the transformation process, but the exact mechanism of how pH affects 
pneumococcal transformation is a complex area of study. To assess if different pH conditions had 
an impact on the observed growth phenotype D39 was grown in C+Y with a pH of 6.8 (mimicking 
the ear cavity) or 7.4 (mimicking the blood environment) supplemented with 100 ng/µL of CSP-1, 
as this was the concentration that had the largest impact on growth. In Figure 2, it can be seen that 
in C+Y at pH 6.8 with or without CSP-1, D39 begins growing earlier than in C+Y at pH 7.4. 
Additionally, the addition of CSP-1 to C+Y at pH 6.8 still results in a second growth peak (as seen 
in Figure 1), however when CSP-1 is added to C+Y pH 7.4, no second growth peak is observed 
(Figure 2). Furthermore, when other concentrations (50 or 500 ng/µL) of CSP-1 was supplemented 
to C+Y pH 7.4, no second growth peak appeared (data not shown). Furthermore, when CSP-2 was 
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used, this second growth peak was absent in all conditions (data not shown), suggesting this 
phenomenon is pherotype-specific. 
Together these results suggest that the second growth peak requires CSP-1 at a concentration of 
at least 100 ng/µL and is sensitive to the pH of the C+Y medium. Importantly, it has been shown 
that the expression of luxS is directly associated with biofilm formation in clinical isolates under 
varying pH conditions (Trappetti et al., 2011c). 
 
3.2 Addition of CSP-1 enhances adherence and invasion capabilities of D39 and 
complements D39∆luxS adherence and invasion defects 
Recently, it has been found that activation of competence, via addition of CSP-1, is critical for host 
adherence by increasing the surface exposure of several choline-binding proteins (CBPs) (Minhas 
et al., 2023). Furthermore, the LuxS/AI-2 QS system has previously been shown to be necessary 
in adherence to epithelial cells (Tikhomirova et al., 2022). Therefore, to investigate the effect of the 
interplay between the LuxS/AI-2 QS system and competence system on adherence and invasion, 
D39 and D39∆luxS strains were used. The in vitro adherence and invasion of each strain to Detroit 
562 pharyngeal cells was investigated in C+Y at either pH 6.8 or pH 7.4 with or without the addition 
of CSP-1 (100 ng/µL). In Figure 3A, that in C+Y at pH 6.8 without CSP-1 D39∆luxS was 
significantly less adherent than D39. Furthermore, in C+Y at pH 7.4 without CSP-1, D39∆luxS was 
also significantly less invasive than wildtype D39 (Figure 3B). Importantly, for both D39 and 
D39∆luxS in C+Y at both pH 6.8 and pH 6.4, the addition of CSP-1 resulted in enhanced adhesion 
and invasion (Figure 3). Together these results demonstrate that luxS is required for adhesion at 
pH 6.8 and invasion at pH 7.4 and that the addition of CSP-1, activating competence, complements 
the defects observed in D39∆luxS and enhances the adhesion and invasive capabilities of wildtype 
D39.   
 
3.3 Mutant strains D39∆luxS and D39∆comE display different growth to wildtype D39 in the 
presence of CSP-1 
Based on the results presented, we began further exploration of the connection between the 
CSP/Com and LuxS/AI-2 QS systems. A series of deletion mutants were created in D39, 
specifically deleting either comD or comE, in addition to the luxS deletion mutant. The effect of 
these mutations on growth was then determined by growing the strains in C+Y at different pH levels 
(6.8 or 7.4) with or without CSP-1 supplementation. The luxS deletion mutant, D39∆luxS, showed 
similar growth to D39 initially in C+Y (pH 6.8) without CSP-1 present, however when wildtype D39 
entered stationary phase, D39∆luxS continued to grow, albeit at a slower rate than the initial 
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exponential phase, reaching a final OD600 of 0.6 compared to wildtype D39 at OD600 of 0.4. The 
addition of CSP-1 (100 ng/µL) to C+Y (pH 6.8) still caused D39 to form a secondary growth curve, 
reaching OD600 0.8, whilst D39∆luxS had no second growth curve, reaching an OD600 of 0.7 (Figure 
4A). When grown in C+Y (pH 7.8) with or without CSP-1 supplementation, D39∆luxS began 
growing earlier than wildtype D39, however both reached a similar final OD600 of 0.4, which was 
lower than what was observed in C+Y at pH 6.8 (Figure 4B). As seen previously in Figure 1, 
supplementation with CSP-1 in C+Y at pH 7.4 had no effect on D39 growth, a result that was 
mirrored by D39∆luxS (Figure 4B). Taken together, these results indicate that D39∆luxS grew 
slightly better than wildtype D39 in C+Y at both pH 6.8 and 7.4, with the supplementation of CSP-
1 having little effect on growth of D39∆luxS.  
The comD deletion mutant showed an earlier growth than wildtype D39 in C+Y at pH 6.8 with or 
without CSP-1 supplementation (Figure 5A). Furthermore, similar to D39 when CSP-1 was present, 
a second growth curve began at approximately 20 h. Interestingly, even when CSP-1 was not 
present, a second growth curve began, indicating that the phenotype was not dependent on 
exogenous CSP-1 (Figure 5A). In C+Y at pH 7.8, regardless of CSP-1 supplementation, 
D39∆comD began growing slightly earlier than wildtype D39, however both reached similar OD600 
with no second growth curve present (Figure 5B).  
Interestingly, the D39∆comE strain began growth earlier than D39 in C+Y at pH 6.8 and 7.4, 
reaching a similar OD600 of approximately 0.4 in both conditions (Figure 5). At either pH level, the 
addition of exogenous CSP-1 had no discernible effect on growth, indicating that the second growth 
curve observed in the presence of CSP-1 in C+Y (pH 6.8) for wildtype D39 and D39∆comD is 
dependent on comE being present. 
 
3.4 CSP-1 supplementation increases luxS and competence gene expression in strain D39 
growing in C+Y medium at pH 6.8 and 7.4. 
To investigate the molecular mechanism causing the second growth peak in D39 in C+Y (pH 6.8) 
when supplemented with CSP-1, the gene expression of luxS and competence genes, comD and 
comX, was measured for D39 grown under various conditions. D39 strain was grown to OD600 0.1 
(early exponential phase) or 0.4 (late exponential phase) in C+Y pH 6.8 or 7.4 with or without CSP-
1 (100 ng/µL) supplementation (Figure5). Here it was found that during early exponential phase, 
comD was expressed at extremely low levels, and whilst luxS had higher expression, neither pH 
level nor supplementation of CSP-1 had a discernible effect on gene expression (Figure 6A). 
Strikingly, the expression of comX was drastically increased with the addition of CSP-1 at both pH 
6.8 and 7.4 (Figure 6A).  
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In the later exponential phase, comD continued to exhibit low expression levels under all tested 
conditions (Figure 6B). The expression pattern of comX remained consistent with what was 
observed in the early exponential phase: the addition of CSP-1 increased expression in D39 grown 
in C+Y at both pH 6.8 and 7.4 (Figure 6B). Notably, there were significant changes in luxS 
expression compared to the early exponential phase (Figure 6A). As depicted in Figure 6B, there 
was no substantial difference in luxS expression when grown in C+Y media at pH 6.8, regardless 
of the presence of CSP-1. However, in C+Y pH 7.4, luxS expression was relatively low compared 
to that in C+Y pH 6.8 and the addition of CSP-1 drastically elevated luxS expression (Figure 6B).  
The expression levels of the genes luxS, comD, and comX were assessed following the cultivation 
of D39 in C+Y medium (pH 6.8) with or without CSP-1 for 16 and 20 hours. This analysis aimed to 
understand the alterations occurring during the second growth peak, as illustrated in Figure 1. In 
Figure 7, it can be observed that luxS expression was similar at 16 h with or without CSP-1 
supplementation. After 20 h in C+Y (pH 6.8) with no CSP-1 supplementation, there was greater 
luxS expression compared to at 16 h (Figure 7). Additionally, at 20 hours, CSP-1 supplementation 
led to a substantial increase in luxS expression in C+Y (pH 6.8) (Figure 7), and while both comD 
and comX expression levels were highest with CSP-1 supplementation at 16 hours, the increase 
was less pronounced at 20 hours (Figure 8).  
These findings shed light on the dynamic gene expression patterns of luxS, comD, and comX in 
different growth phases and under varying environmental conditions, providing valuable insights 
into the regulatory mechanisms at play. 
 
3.5 Autoinducer 2 production is influenced by LuxS and ComE 
To investigate whether the change in luxS expression observed during late exponential phase of 
the second growth peak in C+Y (pH 6.8) with CSP-1 supplementation resulted in more AI-2 
production, the AI-2 released by D39 was quantified. Similar to the qRT-PCR assay, samples were 
obtained at 16 and 20 h, during the second growth peak, from D39 grown in C+Y (pH 6.8) with or 
without CSP-1 (100 ng/µL) supplementation. As shown in Figure 9, D39 cultured for 16 hours 
exhibited consistent AI-2 levels, irrespective of CSP-1 supplementation, aligning with the luxS 
expression data illustrated in Figure 7. At the 20-hour mark without CSP-1 supplementation, AI-2 
activity remained comparable to that observed at 16 hours (Figure 9). However, the introduction of 
CSP-1 led to a notable rise in AI-2 levels (Figure 9), echoing the luxS expression trends depicted 
in Figure 7.  
To further elucidate the link between the two QS systems, the AI-2 activity was also measured for 
wildtype D39, D39∆comE and D39∆luxS during the first growth peak at early (OD600 0.1) 
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exponential and, for D39 only, late (OD600 0.4) exponential phase when grown in C+Y (pH 6.8 or 
7.4) with or without CSP-1 (100 ng/µL) supplementation. For D39∆luxS and D39∆comE strains 
cultivated to OD600 0.1, minimal AI-2 was detected following growth in C+Y medium at both pH 6.8 
and 7.4, regardless of the presence of CSP-1 (Figure 10). Intriguingly, when D39 was grown to 
OD600 0.1 in C+Y medium at pH 7.4 with or without CSP-1, there was a substantial increase in AI-
2 levels compared to growth in C+Y medium at pH 6.8, irrespective of CSP-1 supplementation 
(Figure 10). At OD600 0.4, D39 cultured under all conditions exhibited comparable AI-2 levels, 
indicating that the addition of CSP-1 at this stage had minimal effects (Figure 10). Importantly, 
these results are not reflective of what was observed for luxS expression at these time points, 
wherein luxS expression at OD600 0.1 was relatively low and only higher at OD600 0.4 (Figure 6).  
Collectively, these findings confirm the anticipated necessity of LuxS for AI-2 production. The 
deletion of LuxS in D39 resulted in significantly reduced AI-2 activity, aligning with expectations. 
Intriguingly, the results also suggest a potential role for ComE in AI-2 regulation. Deleting comE 
from D39 led to remarkably low AI-2 levels in the mutant strain compared to wildtype D39 grown 
under identical conditions.  
 
4. Discussion 
Streptococcus pneumoniae employs two distinct quorum sensing (QS) systems for biofilm 
formation. The first QS system centres around a 17-amino-acid peptide known as the competence-
stimulating peptide (CSP), which is secreted by S. pneumoniae. In the CSP/Com system, CSP is 
detected by the histidine kinase, ComD, which initiates a cascade of molecular events. The 
phosphate group is transferred to the response regulator protein, ComE, resulting in the activation 
of genes that play a crucial role in the regulation of genetic competence (Martin et al., 2013).  
The second QS system relies on the universal Autoinducer-2 (AI-2) signalling molecule. The luxS 
gene encodes S-ribosylhomocysteine lyase, an enzyme responsible for generating the quorum 
sensing molecule AI-2 as a by-product within the activated methyl cycle. Notably, studies have 
revealed that a pneumococcal luxS mutant strain displays impairments in biofilm formation and a 
reduced capacity to cause invasive diseases when compared to wild-type pneumococci (Stroeher 
et al., 2003; Trappetti et al., 2011c; Yadav et al., 2018). Previously it has been observed that in a 
D39 luxS deletion mutant, the competence genes comD, comX, comW, cglA and dltA were all 
directly related to luxS expression. Specifically, when luxS was deleted, expression was severely 
downregulated, whilst overexpression of luxS resulted in upregulation of competence gene 
expression. Furthermore, the luxS deletion mutant displayed decreased genetic competence, as 
measured by transformation frequency (Trappetti et al., 2011c). Based on these findings, it was 
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proposed that luxS may be a central regulator for competence. Therefore, we present compelling 
evidence that further establishes a regulatory connection between the competence and LuxS/AI-2 
QS systems. 
 
In this investigation, we explored the in vitro growth patterns of four different S. pneumoniae strains: 
the wildtype D39, along with mutants lacking luxS, comE, and comD genes. We observed their 
growth responses upon the addition of synthetic CSP-1 at varying pH levels (7.4, resembling the 
blood environment, and 6.8, resembling the ear cavity). Remarkably, wildtype D39 exhibited a 
distinct second growth peak approximately 16 hours after entering the stationary phase, notably in 
C+Y medium at pH 6.8, when exposed to synthetic CSP-1. Interestingly, this growth phenomenon 
did not occur in the luxS and comE mutant strains, even under the same conditions. Surprisingly, 
the comD mutant displayed a second growth peak without the addition of synthetic CSP-1. 
Previous studies have identified two forms of the histidine kinase ComD, ComD-1 and ComD-2, 
differing in 12 amino acid positions and specific for CSP-1 and CSP-2, respectively (Håvarstein, 
2003; Johnsborg et al., 2004). Consequently, supplementation with CSP-2 under identical 
conditions did not induce the secondary growth phase within 24 hours, indicating the pherotype-
specific nature of this second growth phenomenon, likely involving ComD-1. 
 
Our findings strongly suggest the critical role of the luxS and comE genes in facilitating this unique 
second growth phenomenon, which appears to be specific to CSP-1 within the D39 strains. 
Furthermore, we found that the pH of the growth medium significantly influenced the occurrence of 
this secondary growth phase. Specifically, strains cultured in medium with a pH of 6.8 exhibited 
the second growth peak, while those grown in medium with a pH of 7.4 did not exhibit this 
behaviour. Additionally, the initiation of the second growth peak correlated with the concentration 
of exogenously added synthetic CSP-1; higher CSP-1 concentrations led to an earlier onset of the 
secondary growth phase. 
These differences in growth suggest that despite ComD being required for internalising CSP, it is 
ComE that is having an impact on growth. Previous work has found that ComE can be 
phosphorylated by the serine-threonine kinase (StkP) under acidic conditions independent of 
ComD, resulting in the regulation of 104 genes involved in different cellular processes, such as 
oxidative stress tolerance (Piñas et al., 2018). This suggests that ComE may be a global regulator 
of multiple genes, as it participates in both histidine kinase dependent and independent stress 
regulatory systems. As the results in the current study observed the second growth phenotype at 
the more acidic pH level 6.8, it could be that ComE is being phosphorylated by StkP, thus resulting 
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in differential gene regulation than if it had been phosphorylated by ComD, leading to differences 
in growth phenotype. 
 
To determine the molecular bases underpinnings of how luxS impacted this second growth 
phenomenon, we employed qRT-PCR to delve into the relative gene expression patterns of luxS 
and the competence genes, comD and comX. The supplementation of CSP-1 resulted in a notable 
augmentation in the gene expression of luxS and both competence genes, comD and comX, during 
both growth phases regardless of pH level. During the early exponential phase of the first growth 
peak, addition of CSP-1 increased expression of comD and comX, however it had no discernible 
effects on luxS expression. However, at late exponential phase of the first growth phase, addition 
of CSP-1 in C+Y media at pH 7.4 resulted in significantly more luxS expression than in other 
conditions, whilst similar results were observed for comD and comX as in early exponential phase. 
For the second growth peak, the genes related to competence in strain D39 exhibited the highest 
expression levels after 16 hours of growth in C+Y medium at pH 6.8 supplemented with CSP-1. It 
should be noted that addition of CSP-1 at either time point did result in significantly higher gene 
expression of comD and comX than when CSP-1 was absent from the media. Notably, luxS gene 
expression reached its zenith after 20 hours of growth in the presence of CSP-1.  
The gene expression changes displayed during both growth peaks indicate that comD and comX 

are upregulated at early exponential phase when CSP-1 is present, whilst luxS is upregulated in 
the presence of CSP-1 at late exponential phase when the strains are beginning to enter stationary 
phase. The upregulation of luxS at late exponential phase, when pneumococci are transitioning to 
stationary phase, indicates that the bacteria may be beginning to enter a biofilm-forming lifestyle, 
which requires the LuxS/AI-2 QS system (Trappetti et al., 2011c; Trappetti et al., 2017; Yadav et 
al., 2018). 
 
Our study delved into the roles played by the LuxS/AI-2 Quorum Sensing system and competence 
in the capacity of D39 to adhere to and invade epithelial cells. While earlier research with D39 didn't 
highlight the criticality of luxS in adhering to lung or larynx-derived cell lines (Stroeher et al., 2003), 
a study involving the clinical middle ear isolate 947 (Serotype 14 ST15) indicated the importance 
of luxS in adherence to pharyngeal cells (Tikhomirova et al., 2022). Notably, recent findings 
suggest that activating competence through CSP-1 supplementation enhances host adherence 
(Minhas et al., 2023). In our investigation, we observed that under C+Y conditions at pH 6.8, 
D39∆luxS exhibited lower adherence to Detroit 562 pharyngeal cells compared to wildtype D39, in 
contrast to prior research (Stroeher et al., 2003). The disparity in results might be attributed to 
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varying environmental conditions experienced by the strains. Furthermore, at in C+Y at pH 7.4 
wildtype D39 demonstrated a greater ability to invade pharyngeal cells than D39∆luxS. Importantly, 
it was found that for C+Y at both pH 6.8 and pH 7.4, the addition of CSP-1 significantly enhanced 
the ability of wildtype D39 to adhere to and invade Detroit 562 cells. Similarly, supplementation 
with CSP-1 restored the D39∆luxS strain’s capacity to adhere to and invade the pharyngeal cells. 
Furthermore, at pH 7.4 in C+Y, wildtype D39 displayed a superior ability to invade pharyngeal cells 
compared to D39∆luxS. Crucially, the addition of CSP-1 significantly improved the adherence and 
invasion capabilities of both wildtype D39 and D39∆luxS under C+Y conditions at both pH 6.8 and 
7.4. This supplementation effectively restored the adherence and invasion potential of the 
D39∆luxS strain. Previous work with a D39 luxS deletion strain found that deletion of luxS results 
in less capsule production and reduced colonisation of the nasopharynx in an intranasal infection 
model (Trappetti et al., 2017), similar to the results seen here where the luxS deletion strain showed 
less adherence to nasopharyngeal cells. Although it has previously been found that reduced 
capsule facilitates adhesion and consequent colonisation through the exposure of surface 
virulence factors (Hammerschmidt et al., 2005), the reduced amount of capsule in D39∆luxS may 
not be enough to enhance adhesion and there may be other factors at work that prevent successful 
adherence. 
Minhas et al.'s study (2023) revealed that the activation of competence is pivotal for host adherence 
and subsequent invasion, primarily through the action of the fratricin choline-binding protein D 
(CbpD). CbpD facilitates the exposure of key virulence factors, PspA and PspC, on the cell surface 
(Rosenow et al., 1997; Iovino et al., 2017; Park et al., 2021a). Specifically, CbpD is predicted to 
cleave peptidoglycan resulting in shedding of the capsule and exposing PspA and PspC for binding 
(Minhas et al., 2023), with previous studies supporting this theory as reduced amount of capsule 
has been found to promote adherence and colonisation, due to the exposure of adhesive molecules 
(Hammerschmidt et al., 2005).  
Therefore, it is plausible that the addition of CSP-1 triggers competence in both D39 and D39∆luxS, 
resulting in the exposure of PspA and PspC due to capsule shedding via CbpD activity. This, in 
turn, facilitates adherence to and invasion of Detroit 562 pharyngeal cells, as previously 
demonstrated (Minhas et al., 2023). It appears that the adherence and invasion shortcomings 
resulting from the luxS deletion can be compensated for by the activation of competence, leading 
to the exposure of critical virulence factors, PspA and PspC, which are essential for binding to and 
invading epithelial cells (Iovino et al., 2017; Park et al., 2021a; Minhas et al., 2023). 
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While LuxS is classically recognized for its involvement in AI-2 production, our current study sheds 
new light on the complex interplay of components. Specifically, we propose that ComE indirectly 
influences AI-2 production. Our evidence for this interaction was further substantiated through a 
bioluminescence assay employing the Vibrio harveyii BB170 reporter strain, which allowed us to 
quantify AI-2 secretion by S. pneumoniae into the surrounding media. Our findings revealed 
intriguing patterns in AI-2 concentrations. During the early exponential phase, a notably high AI-2 
concentration was detected in the first growth peak of D39 incubated in medium at pH 7.4, 
regardless of the supplementation of CSP-1. However, a significant AI-2 concentration was also 
measured during the second growth peak, occurring after 20 hours, when D39 was cultivated in 
medium at pH 6.8 with CSP-1 supplementation. This observed pattern in AI-2 concentration 
corresponds to the gene expression data for the luxS gene, as mentioned earlier, highlighting the 
complex dynamics of AI-2 production in this context. Notably, in the comE deletion mutant, minimal 
AI-2 was detected, suggesting that comE has a role in the regulation of AI-2 production. 
 
Previous studies have highlighted that acidic stress triggers LytA-mediated autolysis, a process 
regulated by a CSP-independent ComE pathway, which is instead phosphorylated by StkP (Piñas 
et al., 2018). This suggests that ComE has the capacity to sense acidic stress, while the two-
component system CiaRH operates through a ComE-independent pathway to protect cells from 
the consequences of activated acidic stress-induced lysis (ASIL). Notably, CiaRH null mutants 
exhibit comE derepression and CSP-dependent autolysis induction under alkaline pH conditions 
(Piñas et al., 2008). This scenario opens up the possibility that the observed peak may indeed be 
attributed to autolysis. Our experimental results support this notion. Specifically, the comE mutant 
did not display this second peak after 24 hours of growth in medium at pH 6.8, even in the presence 
of exogenously added synthetic CSP-1. Conversely, the comD mutant exhibited the second peak, 
irrespective of CSP presence.  
Based on our observations, it is reasonable to postulate that LuxS is either directly or indirectly 
dependent on CSP-1 and ComE, as both the luxS and comE mutants exhibited comparable 
phenotypes. Consequently, it is likely that both LuxS and ComE play integral roles in autolysis, and 
the initial concentration of CSP-1 at the beginning of growth appears to influence the timing of 
autolysis onset during the stationary phase. 
 
In this study, we have delved deeper into the intricate interplay between the LuxS/AI-2 quorum 
sensing system and the CSP/Com quorum sensing system in Streptococcus pneumoniae, 
shedding light on their profound influences on growth and gene expression dynamics. While our 
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findings provide valuable insights, the complexity of this interaction warrants further investigation. 
Additional studies are imperative to unravel this intricate connection and to gain a comprehensive 
understanding of its implications on disease progression. Such insights hold the promise of 
identifying novel therapeutic targets with the potential to transform the management of related 
conditions. 
 

 

Figure 1: Growth of D39 in C+Y at pH 6.8 with CSP-1 at different concentrations. The strain 
D39 was incubated in C+Y medium (pH 6.8) with or without CSP-1 at concentrations of 50, 100 or 
500 ng/µL. for 24 hours. OD600 was measured every 30 min for 24 h. Data are mean OD600 ± 
standard error mean (SEM) from a single representative assay performed in triplicate; assay was 
performed three independent times. 
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Figure 2: Growth of D39 in C+Y at pH 6.8 or 7.4 with or without CSP-1. The strain D39 was 
grown in 200µL C+Y medium (pH 6.8 or 7.4) in the presence or absence of CSP-1 (100 ng/µL). 
OD600 was measured every 30 min for 24 h. Data are mean OD600 ± standard error mean (SEM) 
from a single representative assay performed in triplicate; assay was performed three independent 
times. 
 
 

Figure 3: Adherence to and invasion of Detroit 562 pharyngeal cells by D39 and D39∆luxS 
in different conditions. S. pneumoniae strains D39 and D39∆luxS at OD600 0.2 were inoculated 
onto monolayers of Detroit 562 cells in C+Y at pH 6.8 or pH 7.4 with or without CSP-1 (100 ng/µL) 
and incubated for 2 h before testing for adherent bacteria (A). Invasion assays were carried out 
similarly, after the post-adherence washing step, cultures were incubated for 1 h in fresh media 
supplemented with 200 µg/mL gentamicin and 10 µg/mL penicillin to kill extracellular bacteria, 
before the number of invasive bacteria were determined (B), as described in Materials and 
Methods. Data are mean adherent or invasive bacteria ± standard error mean (SEM) in CFU/mL 
from two independent assays, each performed in triplicate. Statistical analysis was performed using 
two-tailed Student’s t test; *P < 0.0332, **P < 0.0021, ***P < 0.0003, non-significant data is not 
shown. 
 

A B 
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Figure 4: Growth of wildtype D39 and D39∆luxS in C+Y (pH 6.8 or 7.4) with or without CSP-
1.   Wildtype D39 and D39∆luxS were grown in C+Y medium at pH 6.8 (A) or 7.4 (B) in the presence 
or absence of CSP-1 (100 ng/µL) for 24 hours, with OD600 being recorded every 30 min. Data are 
mean OD600 ± standard error mean (SEM) from a single representative assay performed in 
triplicate; assay was performed three independent times. 
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Figure 5: Growth of wildtype D39, D39∆comD and D39∆comE in C+Y (pH 6.8 or 7.4) with or 
without CSP-1. Wildtype D39, D39∆comD and D39∆comE were grown in C+Y medium at pH 6.8 
(A) or 7.4 (B) in the presence or absence of CSP-1 (100 ng/µL) for 24 hours, with OD600 being 
recorded every 30 min. Data are mean OD600 ± standard error mean (SEM) from a single 
representative assay performed in triplicate; assay was performed three independent times. 
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Figure 6: Expression of luxS and competence genes, comD and comX, at early (OD 0.1) and 
late (OD 0.4) exponential growth stages of D39 in C+Y pH 6.8 or 7.4 with or without CSP-1 
supplementation. The relative gene expression by D39 grown in C+Y medium pH 6.8 or 7.4 in 
the presence or absence of CSP-1 (100 ng/µL), was quantified by qRT-PCR using 16S rRNA as 
an internal control, as described in Material and Methods. A represents the relative gene 
expression of D39 grown to an OD600 of 0.1 (early exponential phase in first growth curve), whilst 
B represents the gene expression of D39 grown to an OD600 of 0.4 (late exponential phase in first 
growth curve). Data presented are the mean ± standard deviation (SD) from assay conducted in 
triplicate. Significance of differences in gene expression was determined using two-tailed Student’s 
t test; *P < 0.0332, **P < 0.0021, ***P < 0.0003, ****P < 0.0001, non-significant data is not shown. 
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Figure 7: Expression of luxS at early (16 h) and late (20 h) exponential growth stages of the 
second growth peak in D39 grown in C+Y pH 6.8 with or without CSP-1 supplementation. 
The relative luxS gene expression by D39 grown in C+Y (pH 6.8) in presence or absence of CSP-
1 (100 ng/µL), was quantified by qRT-PCR using 16S rRNA as an internal control, as described in 
Material and Methods. Data presented are the mean ± standard deviation (SD) from assay 
conducted in triplicate. Significance of differences in gene expression was determined using two-
tailed Student’s t test; *P < 0.0332, ***P < 0.0003, ****P < 0.0001.  
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Figure 8: Expression of competence genes, comD and comX, at early (16 h) and late (20 h) 
exponential growth stages of the second growth peak in D39 grown in C+Y pH 6.8 with or 
without CSP-1 supplementation. The relative expression of comD and comX by D39 grown in 
C+Y medium (pH 6.8) in the presence or absence of CSP-1 (100 ng/µL), was quantified by qRT-
PCR using 16S rRNA as an internal control, as described in Material and Methods. Data presented 
are the mean ± standard deviation (SD) from assay conducted in triplicate. Significance of 
differences in gene expression was determined using two-tailed Student’s t test; ***P < 0.0003, 
****P < 0.0001. 
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Figure 9: Measurements of autoinducer-2 (AI-2) in D39 at early (16 h) and late (20 h) 
exponential phase of the second growth peak. Wildtype D39 was grown in C+Y medium (pH 
6.8) with or without CSP-1 (100 ng/µL). Supernatant was taken after 16 and 20 hours of growth to 
measure AI-2 levels as described in Materials and Methods. The AI-2 measurements were 
calculated using the fold change relative to the negative control (AB medium). Data is 
representative of a single assay; two independent assays were performed, each in duplicate. 
Statistical analysis was performed using one-way ANOVA; ***P < 0.0002. 
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Figure 10: Measurements of autoinducer-2 (AI-2) in D39, D39ΔcomE and D39ΔluxS during 
early (OD600 0.1) and late (OD600 0.4) exponential phase of the first growth peak. The strains 
were grown in C+Y medium (pH 6.8 or 7.4) in the presence or absence of CSP-1 (100 ng/µL). 
Supernatant was taken at early exponential phase (OD600 = 0.1) and late exponential phase (OD600 
= 0.4) to measure AI-2 levels as described in Materials and Methods. The AI-2 measurements were 
calculated using the fold change relative to the negative control (AB medium). Data is 
representative of a single assay with two independent assays having been performed.  
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Appendix C: Data from initial screening of multiple closely related clinical isolates 
 
Table 1: Clinical isolates with matching serotypes and STs initially characterised.  
Clinical isolates supplied by the German National Reference Centre for Streptococci were initially 
characterised based on serotype. After grouping isolates on serotype MLST was performed 
primarily on ear and blood isolates, representative of each disease type – otitis media and 
meningitis respectively. MLST analysis was conducted as described in Chapter 2. Briefly, the aroE, 
gdh, gki, recP, spi, xpt and ddl genes of the strains were PCR amplified and purified using the 
QiaQuick Purification Kit (Qiagen). Purified PCR samples were Sanger sequenced by the 
Australian Genome Research Facility (AGRF) as described previously (Enright and Spratt, 1998). 
The sequence types (ST) of the pneumococci strains were determined by using the MLST 
database (https://pubmlst.org/) to find matching allelic profiles.  

Isolate pair ID Serotype ST Material Diagnosis 

54 19A 199 Blood Meningitis  

54 19A 199 CSF Meningitis  

3 19A 199 Ear Otitis media 

3 19A 199 Nasopharynx Otitis media 

7 19A 199 Ear Otitis media 

7 19A 199 Nasopharynx Otitis media 

29 19A 199 Ear Otitis media 

29 19A 199 Nasopharynx Otitis media 

17 19F 179 Blood Meningitis 

17 19F 179 CSF Meningitis 

25 19F 179 Blood Meningitis 

25 19F 179 CSF Meningitis 

54 19F 179 Ear Otitis media 

54 19F 179 Nasopharynx Otitis media 

68 19F 179 Ear Otitis media 

68 19F 179 Nasopharynx Otitis media 

89 19F 179 Ear Otitis media 

89 19F 179 Nasopharynx Otitis media 

22 19F 654 Blood Meningitis 

22 19F 654 CSF Meningitis 
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59 19F 654 Ear Otitis media 

59 19F 654 Nasopharynx Otitis media 

6 15C 1262 Blood Meningitis 

6 15C 1262 CSF Meningitis 

15 15C 1262 Blood Meningitis 

15 15C 1262 CSF Meningitis 

103 15C 1262 Ear Otitis media 

103 15C 1262 Nasopharynx Otitis media 

60 15C 8711 Blood Meningitis 

60 15C 8711 CSF Meningitis 

101 15C 8711 Ear Otitis media 

101 15C 8711 Nasopharynx Otitis media 

 

 

Figure 1: Growth of serotype 19A ST199 blood and ear isolates in glucose.  
S. pneumoniae serotype 19A ST199 blood isolate (54B) and ear isolates (3E, 7E, 29E) were grown in 
200µL CDM supplemented with 0.5% glucose (CDM + glucose). OD600 was measured every 30 min for 
24 h. Data are mean OD600 ± standard error mean (SEM) from three independent assays, each 
performed in triplicate.  
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Figure 2: Growth of serotype 19F ST654 blood and ear isolates in glucose, and ST179 blood and 
ear isolates in glucose and raffinose.  
S. pneumoniae serotype 19F ST654 blood isolate (22B) and ear isolate (59E), (A), and ST179 blood 
isolates (25B, 17B) and ear isolates (89E, 68E, 54E), (B), were grown in CDM supplemented with 0.5% 
glucose (CDM + glucose) or 0.5% raffinose (CDM + raffinose). OD600 was measured every 30 min for 
24 h. Data are mean OD600 ± standard error mean (SEM) from three independent assays, each 
performed in triplicate. 
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Figure 3: Growth of serotype 15C ST8711 blood and ear isolates in glucose and raffinose, and 
ST1262 blood and ear isolates in glucose.  
S. pneumoniae serotype 15C ST8711 blood isolate (60B) and ear isolate (101E), (A), ST1262 blood 
isolates (6B, 15B) and ear isolate (103E), (B), were grown in CDM supplemented with 0.5% glucose 
(CDM + glucose) or 0.5% raffinose (CDM + raffinose). OD600 was measured every 30 min for 24 h. Data 
are mean OD600 ± standard error mean (SEM) from three independent assays, each performed in 
triplicate. 

 

Table 2: Phenotype microarray results for serotype 19F ST179 blood (17B & 25B) and ear 
(54E & 68E) isolates in Biolog PM1 plate.  
Catabolism was measured through a colourless tetrazolium dye being reduced by NADH produced 
during catabolism. +, metabolism occurred; -, no metabolism occurred. Metabolism was 
determined by calculating the change in OD600 from the initial to final measurements. These values 
were then compared with the change in the negative control and an arbitrary value based on the 
change in negative control was used to determine if metabolism occurred. Carbon sources which 
no strain metabolised are not shown. Bold font indicates carbon sources that were differentially 
metabolised by the strains.  

Carbon source 17B 25B 54E 68E 
L-Arabinose + + + + 
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N-Acetyl-D-Glucosamine + + + + 
D-Galactose + + + + 
D-Trehalose + + + + 

D-Mannose + + + + 
D-Sorbitol + + + - 
Glycerol + + + + 
L-Fucose + + + - 
D-Glucuronic Acid + - - - 
D-Xylose + + + + 
L-Lactic Acid + + + - 

D-Mannitol + + + - 
D-Glucose-6-Phosphate - + + - 
D-Ribose + + + + 

Tween 20 + + - - 
L-Rhamnose + + + + 

D-Fructose + + + + 

Acetic Acid + + + + 

a-D-Glucose + + + + 

Maltose + + + + 

D-Melibiose + + + + 

a-Methyl-D-Galactoside + + + - 

a-D-Lactose + + + + 

Lactulose + + + + 

Sucrose + + + + 

D-Glucose-1-Phosphate - + - - 
D-Fructose-6-Phosphate +  + - - 

b-Methyl-D- Glucoside + + + + 

Maltotriose + + + + 

Adenosine + + - - 

D-Cellobiose + + + + 

Acetoacetic Acid + + + - 

N-Acetyl-b-D-Mannosamine + + + + 
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Table 3: Phenotype microarray results for serotype 15C ST8711 blood (60B), CSF (60CSF), 
ear (101E) and nasopharynx (101N) isolates in Biolog PM1 plate. 
Catabolism was measured through a colourless tetrazolium dye being reduced by NADH produced 
during catabolism. +, metabolism occurred; -, no metabolism occurred. Metabolism was 
determined by calculating the change in OD600 from the initial to final measurements. These values 
were then compared with the change in the negative control and an arbitrary value based on the 
change in negative control was used to determine if metabolism occurred. Carbon sources which 
neither strain metabolised are not shown. Bold font indicates carbon sources that were differentially 
metabolised by the strains.  

Carbon source 60B 60CSF 101E 101N 

L-Arabinose + + + - 
N-Acetyl-D-Glucosamine + + + + 

D-Galactose + + + + 

D-Trehalose + + + - 
D-Mannose + + + + 

Glycerol + + + - 

L-Fucose - - + - 
D-Xylose + + + - 
D-Ribose + + + - 
L-Rhamnose - - + - 
D-Fructose + + + + 

a-D-Glucose + + + + 

Maltose + + + + 

D-Melibiose - +  + - 

Methyl Pyruvate - - + - 
D-Psicose + + + + 

L-Lyxose + + + + 

Pyruvic Acid + - - - 
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a-D-Lactose + + + + 

Lactulose + + + - 
Sucrose + + + + 

Uridine - - + - 

b-Methyl-D- Glucoside + + + + 

Maltotriose + + + + 

Adenosine - - + - 
D-Cellobiose - + + - 
Acetoacetic Acid - - + - 

N-Acetyl-b-D-Mannosamine + + + + 

D-Psicose + + + - 
L-Lyxose + + + + 

 

Table 4: Phenotype microarray results for serotype 15C ST8711 blood (60B) and CSF 
(60CSF) isolates in Biolog PM2a plate.  
Catabolism was measured through a colourless tetrazolium dye being reduced by NADH produced 
during catabolism. +, metabolism occurred; -, no metabolism occurred. Metabolism was 
determined by calculating the change in OD600 from the initial to final measurements. These values 
were then compared with the change in the negative control and an arbitrary value based on the 
change in negative control was used to determine if metabolism occurred. Carbon sources which 
neither strain metabolized are not shown. Bold font indicates carbon sources that were differentially 
metabolized by the strains. 

CARBON SOURCE 60B 60CSF 
Chondroitin sulfate c - + 

Dextrin + + 

Inulin + + 

Pectin + + 

N-Acetyl-D-Galactosamine + + 

N-Acetyl Neuraminic Acid + + 

D-Arabinose - + 
2-Deoxy-DRibose - + 
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3-0-b-D-Galactopyranosyl-

D-Arabinose 

- + 

Palatinose + + 
D-Raffinose - + 
Salicin + + 

D-Tagatose - + 
Turanose - + 
D-Glucosamine + + 
5-Keto-D-Gluconic Acid + + 
Dihydroxy Acetone - + 

 

 

 

Figure 4: Growth of serotype 15C ST8711 ear (101E) and nasopharynx (101N) isolates in 
different carbon sources.  
S. pneumoniae serotype 15C ST8711 ear isolate (101E) and nasopharyngeal isolate (101N) were 
grown in CDM supplemented with 0.5% glucose (CDM + glucose), 0.5% raffinose (CDM + 
raffinose) or 0.5% melibiose (CDM + melibiose). OD600 was measured every 30 min for 24 h. Data 
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are mean OD600 ± standard error mean (SEM) from three independent assays, each performed in 
triplicate. 

 

 

Figure 5: Growth of serotype 15C ST8711 blood (60B) and CSF (60CSF) isolates in different 
carbon sources. 
S. pneumoniae serotype 15C ST8711 blood isolate (60B) and CSF isolate (60CSF) were grown in 
CDM supplemented with 0.5% glucose (CDM + glucose), 0.5% raffinose (CDM + raffinose) or 0.5% 
melibiose (CDM + melibiose). OD600 was measured every 30 min for 24 h. Data are mean OD600 
± standard error mean (SEM) from three independent assays, each performed in triplicate. 
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Figure 6: Growth of serotype 15C ST8711 blood (60B) and CSF (60CSF) isolates in different 
carbon sources.  
S. pneumoniae serotype 15C ST8711 blood isolate (60B) and CSF isolate (60CSF) were grown 
in CDM supplemented with 0.5% glucose (CDM + glucose), 0.5% galactose (CDM + galactose) or 
0.5% lactose (CDM + galactose). OD600 was measured every 30 min for 24 h. Data are mean OD600 
± standard error mean (SEM) from a representative assay that was performed in triplicate.  
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Appendix D: Sequence of alternative alpha-galactosidase in 60B and 60CSF  
 
Alignment of Sanger sequences of alternative alpha-galactosidase in 60B and 60CSF. 
Primers were designed using the published genomes of D39 and TIGR4 as reference (Tettelin et 
al., 2001; Lanie et al., 2007). The alternative alpha-galactosidase gene (alt-aga) was PCR amplified 
and purified using the QiaQuick Purification Kit (Qiagen). Purified PCR samples were Sanger 
sequenced by the Australian Genome Research Facility (AGRF). The sequences were initially 
aligned to the sequence of alt-aga in D39 (data not shown) to confirm the sequence was correct 
before comparing the sequence between 60B and 60CSF. 
60B_alt-aga        ATGACGATTTATATTAATAAGGACGAGACCGTTTTTCATTTGGCAATGAAAGATAGTAGT 60 

60CSF_alt-aga      ATGACGATTTATATTAATAAGGACGAGACCGTTTTTCATTTGGCAATGAAAGATAGTAGT 60 

                   ************************************************************ 

 

60B_alt-aga        TATATTTTTAGAATTTTAGAAAATGGGGAACTTCAACATCTACATTTTGGGAAAAGGATT 120 

60CSF_alt-aga      TATATTTTTAGAATTTTAGAAAATGGGGAACTTCAACATCTACATTTTGGGAAAAGGATT 120 

                   ************************************************************ 

 

60B_alt-aga        CATGTCAAGGAAAATTATAACCAATTGATGGCCTATGAAAAAAGAGGATTTGAAGTATCT 180 

60CSF_alt-aga      CATGTCAAGGAAAATTATAACCAATTGATGGCCTATGAAAAAAGAGGATTTGAAGTATCT 180 

                   ************************************************************ 

 

60B_alt-aga        TTTTCTGAAGAATTTGAGGATATTCAACAGTCTATGATACAAAATGAATATTCTTCATAT 240 

60CSF_alt-aga      TTTTCTGAAGAATTTGAGGATATTCAACAGTCTATGATACAAAATGAATATTCTTCATAT 240 

                   ************************************************************ 

 

60B_alt-aga        GGGAAAGGAGATTTTCGGCATCCAGCCTTTCAAGTTCAAGGAATGAATGGTAGTAGGATA 300 

60CSF_alt-aga      GGGAAAGGAGATTTTCGGCATCCAGCCTTTCAAGTTCAAGGAATGAATGGTAGTAGGATA 300 

                   ************************************************************ 

 

60B_alt-aga        ACGACACTAAAATATCAAGGTTTTGAACTTGAAAAAGGGAAAAATCGTCTTAACTCTCTA 360 

60CSF_alt-aga      ACGACACTAAAATATCAAGGTTTTGAACTTGAAAAAGGGAAAAATCGTCTTAACTCTCTA 360 

                   ************************************************************ 

 

60B_alt-aga        CCTTCAACATTTGATGATATTGGTCAGTGTGCGGAAACATTAACGATTATTTTAACAGAT 420 

60CSF_alt-aga      CCTTCAACATTTGATGATATTGGTCAGTGTGCGGAAACATTAACGATTATTTTAACAGAT 420 

                   ************************************************************ 

 

60B_alt-aga        TCCATATTAGATTTAACTGTTAGACTAAATTACACAATTTTTCCGGAATACAATGTCTTA 480 

60CSF_alt-aga      TCCATATTAGATTTAACTGTTAGACTAAATTACACAATTTTTCCGGAATACAATGTCTTA 480 

                   ************************************************************ 

 

60B_alt-aga        GTTAGAAATACGGAATTTTTAAATAATAGCAATAATAAGTTGACTCTTTTGAAAGCAATG 540 

60CSF_alt-aga      GTTAGAAATACGGAATTTTTAAATAATAGCAATAATAAGTTGACTCTTTTGAAAGCAATG 540 

                   ************************************************************ 

 

60B_alt-aga        AGCTTACAGCTAGATCTACCTGATAGTCAATATGACTTTATTCAATTTTCTGGAGCATGG 600 

60CSF_alt-aga      AGCTTACAGCTAGATCTACCTGATAGTCAATATGACTTTATTCAATTTTCTGGAGCATGG 600 

                   ************************************************************ 
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60B_alt-aga        CTGAGGGAACGTCAGTTATATAGAACTTCGCTTAGACCAGGTATTCAAGCAATAGATAGC 660 

60CSF_alt-aga      CTGAGGGAACGTCAGTTATATAGAACTTCGCTTAGACCAGGTATTCAAGCAATAGATAGC 660 

                   ************************************************************ 

 

60B_alt-aga        TTGAGATACTCATCAAGTCCTCAGCAAAATCCTTTCTTTATGCTATCAAGGAGGGAAACT 720 

60CSF_alt-aga      TTGAGATACTCATCAAGTCCTCAGCAAAATCCTTTCTTTATGCTATCAAGGAGGGAAACT 720 

                   ************************************************************ 

 

60B_alt-aga        ACAGAGCATAGTGGTGAGGTTTATGGTTTTAACTTTATCTATTCTGGAAATTTTCAAAAT 780 

60CSF_alt-aga      ACAGAGCATAGTGGTGAGGTTTATGGTTTTAACTTTATCTATTCTGGAAATTTTCAAAAT 780 

                   ************************************************************ 

 

60B_alt-aga        ATGATTGAAGTTGACCATTTTGACACCGCTAGAGTAACGGTAGGAATAAATCCAGTAGAA 840 

60CSF_alt-aga      ATGATTGAAGTTGACCATTTTGACACCGCTAGAGTAACGGTAGGAATAAATCCAGTAGAA 840 

                   ************************************************************ 

 

60B_alt-aga        TTTCGTTTTTTATTAAATCCTGCCGAAAGTTTTGTGACACCAGAAGCAATTGTGATCTAT 900 

60CSF_alt-aga      TTTCGTTTTTTATTAAATCCTGCCGAAAGTTTTGTGACACCAGAAGCAATTGTGATCTAT 900 

                   ************************************************************ 

 

60B_alt-aga        TCTGATCAAGGGATGAATCAGATGAGCCAACAACTATCAGATTTTTATCGACATCATTTA 960 

60CSF_alt-aga      TCTGATCAAGGGATGAATCAGATGAGCCAACAACTATCAGATTTTTATCGACATCATTTA 960 

                   ************************************************************ 

 

60B_alt-aga        GTTAATCCTAATTTTTCTCAAGCTAGTCGTCCTATAATACTCAATAGTTGGGAAACATTT 1020 

60CSF_alt-aga      GTTAATCCTAATTTTTCTCAAGCTAGTCGTCCTATAATACTCAATAGTTGGGAAACATTT 1020 

                   ************************************************************ 

 

60B_alt-aga        TATTTTGACTTGAGTACAGAAAAAATTTTAGATTTAGCAAAGGCTGCTAAAGATTTAGGG 1080 

60CSF_alt-aga      TATTTTGACTTGAGTACAGAAAAAATTTTAGATTTAGCAAAGGCTGCTAAAGATTTAGGG 1080 

                   ************************************************************ 

 

60B_alt-aga        ATAGAATTATTTGTACTGGATGATGGTTGGTTTGGTCATAGGAAAGATGACAAAAGTTCT 1140 

60CSF_alt-aga      ATAGAATTATTTGTACTGGATGATGGTTGGTTTGGTCATAGGAAAGATGACAAAAGTTCT 1140 

                   ************************************************************ 

 

60B_alt-aga        CTGGGTGATTGGGTAACAGATAGAAGTCGCCTTCCTGAAGGTATTGGATTTCTTGCAGAT 1200 

60CSF_alt-aga      CTGGGTGATTGGGTAACAGATAGAAGTCGCCTTCCTGAAGGTATTGGATTTCTTGCAGAT 1200 

                   ************************************************************ 

 

60B_alt-aga        GAAATTCACAAAATAGGTTTACAATTTGGTTTGTGGTTTGAGCCTGAAATGATTTCTATT 1260 

60CSF_alt-aga      GAAATTCACAAAATAGGTTTACAATTTGGTTTGTGGTTTGAGCCTGAAATGATTTCTATT 1260 

                   ************************************************************ 

 

60B_alt-aga        GATAGTGATTTGTACAAGAATCATGCCGATTGGACTATCCATTTGTTAGACAGAGAGAAG 1320 

60CSF_alt-aga      GATAGTGATTTGTACAAGAATCATGCCGATTGGACTATCCATTTGTTAGACAGAGAGAAG 1320 

                   ************************************************************ 

 

60B_alt-aga        TCAGTAGGAAGAAATCAATATGTGTTGGATTTGACGAGACAGGAAGTTGTTGATTATCTT 1380 

60CSF_alt-aga      TCAGTAGGAAGAAATCAATATGTGTTGGATTTGACGAGACAGGAAGTTGTTGATTATCTT 1380 

                   ************************************************************ 

 

60B_alt-aga        TTTGATTCTATTTCTAAAATCATAATCAAAACAAATCTGGATTATATCAAATGGGATATG 1440 

60CSF_alt-aga      TTTGATTCTATTTCTAAAATCATAATCAAAACAAATCTGGATTATATCAAATGGGATATG 1440 

                   ************************************************************ 
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60B_alt-aga        AATCGTCATATAACAGATATTTATAGTATTGAACTTGATTCTGAACAGCAGATGGAATTT 1500 

60CSF_alt-aga      AATCGTCATATAACAGATATTTATAGTATTGAACTTGATTCTGAACAGCAGATGGAATTT 1500 

                   ************************************************************ 

 

60B_alt-aga        GGTCATCGATATATCTTAGGTCTTTATCAGTTATTAGATCGTTTAATAACTAAGTTCCCT 1560 

60CSF_alt-aga      GGTCATCGATATATCTTAGGTCTTTATCAGTTATTAGATCGTTTAATAACTAAGTTCCCT 1560 

                   ************************************************************ 

 

60B_alt-aga        TCAGTTCTATTTGAATCTTGTTCTTCAGGTGGTGGACGTTTTGATTTAGGACTTATGTAT 1620 

60CSF_alt-aga      TCAGTTCTATTTGAATCTTGTTCTTCAGGTGGTGGACGTTTTGATTTAGGACTTATGTAT 1620 

                   ************************************************************ 

 

60B_alt-aga        TATGCACCGCAAGCGTGGACGAGTGATGATACGGACCCGATAGAAAGATTGAAAATTCAG 1680 

60CSF_alt-aga      TATGCACCGCAAGCGTGGACGAGTGATGATACGGACCCGATAGAAAGATTGAAAATTCAG 1680 

                   ************************************************************ 

 

60B_alt-aga        CATGGAACTTCTTATGGATATTCTCCATCAATGATGACAGCCCATGTTTCTATTTCTCCA 1740 

60CSF_alt-aga      CATGGAACTTCTTATGGATATTCTCCATCAATGATGACAGCCCATGTTTCTATTTCTCCA 1740 

                   ************************************************************ 

 

60B_alt-aga        AATGAACAAAGTGGAAGACAAACGAGTTTGGACACTAGGACAAATGTAGCTTATTTTAGT 1800 

60CSF_alt-aga      AATGAACAAAGTGGAAGACAAACGAGTTTGGACACTAGGACAAATGTAGCTTATTTTAGT 1800 

                   ************************************************************ 

 

60B_alt-aga        TCTTTCGGTTATGAATTAGATGTTACGAGATTGTCGGTAGAAGAAAAAGAACAAGTGAGA 1860 

60CSF_alt-aga      TCTTTCGGTTATGAATTAGATGTTACGAGATTGTCGGTAGAAGAAAAAGAACAAGTGAGA 1860 

                   ************************************************************ 

 

60B_alt-aga        GAACAAATTCAGTTTTATAAAAAATATCGTTCATTGCTTCAATATGGGGATTTCTATAGG 1920 

60CSF_alt-aga      GAACAAATTCAGTTTTATAAAAAATATCGTTCATTGCTTCAATATGGGGATTTCTATAGG 1920 

                   ************************************************************ 

 

60B_alt-aga        ATAAACAGTCCTTTTAGTTGTGATTCTGCTAGTTGGCAAGTTGTTTCAAAAGATAAATGC 1980 

60CSF_alt-aga      ATAAACAGTCCTTTTAGTTGTGATTCTGCTAGTTGGCAAGTTGTTTCAAAAGATAAATGC 1980 

                   ************************************************************ 

 

60B_alt-aga        CAATCGATTTTATTGTATGCTCAATTGAATAGTAAGTTGAATCCAGGTTATACAAGAGTT 2040 

60CSF_alt-aga      CAATCGATTTTATTGTATGCTCAATTGAATAGTAAGTTGAATCCAGGTTATACAAGAGTT 2040 

                   ************************************************************ 

 

60B_alt-aga        TATTTTAGTGGTTTAGATAAAGATAAATGCTATTCCGTCTCTGGATTTGATGAGTTCTTT 2100 

60CSF_alt-aga      TATTTTAGTGGTTTAGATAAAGATAAATGCTATTCCGTCTCTGGATTTGATGAGTTCTTT 2100 

                   ************************************************************ 

 

60B_alt-aga        TATGGAGATGAATTAATGAATGCTGGAATAAAAGTAAGTTTAAGTAATTTAGCACTTTGT 2160 

60CSF_alt-aga      TATGGAGATGAATTAATGAATGCTGGAATAAAAGTAAGTTTAAGTAATTTAGCACTTTGT 2160 

                   ************************************************************ 

 

60B_alt-aga        GTTCCAGAATATCTTACAAAATTATTTGTTATTGAAGAAGTTGTATGTAAATATTGA 2217 

60CSF_alt-aga      GTTCCAGAATATCTTACAAAATTATTTGTTATTGAAGAAGTTGTATGTAAATATTGA 2217 

                   *********************************************************	  
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Appendix E: Growth of aga deletion 60B and 60CSF mutants 
 

 
Figure 7: Growth of serotype 15C ST8711 aga deletion mutants in blood (60B∆aga) and CSF 
(60CSF∆aga) isolates in different carbon sources. 
S. pneumoniae aga deletion mutants in blood isolate (60B∆aga) and CSF isolate (60CSF∆aga) 
were grown in CDM supplemented with 0.5% glucose (CDM + glucose) or 0.5% raffinose (CDM + 
raffinose). OD600 was measured every 30 min for 24 h. Data are mean OD600 ± standard error 
mean (SEM) from one representative assay performed in triplicate. Four independent assays were 
performed on separate days.  
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Appendix F: Murine intranasal infection time-course experiment 

 
Figure 8: Bacterial burden in different anatomical niches of mice over time post intranasal 
infection with 60B and 60CSF.  
In two separate experiments groups of 8 mice (some passed during challenge) were intranasally 
infected with 108 CFU of the indicated strain. At 5 min, 5 h, 10 h and 24 h post challenge, mice 
from each group were humanely euthanised and pneumococci in the blood, brain, ears, lungs and 
nose were enumerated. Viable bacterial counts are displayed for each mouse in each niche for all 
timepoints; horizontal bars indicate the geometric mean (GM) CFU for each group; the dotted line 
indicates the detection threshold. Note different scales of y-axis. Significance of differences in 
bacterial load between groups was determined using two-tailed Student’s t test; ***P < 0.0002. ns, 
not significant. 
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Appendix G: Effect of stearic acid on the LuxS/AI-2 QS system in 60CSF  
 
To investigate the potential link between fatty acids and the LuxS/AI-2 QS system, growth assays 
were performed on 60CSF and 60CSF∆luxS with both autoinducer-2 and fatty acids (16:0, 18:0 
and 18:1) supplementation in a chemically defined media with glucose. Here it was found that only 
stearic acid (18:0) at a concentration of 62.5 µM interfered with growth (Figure 9), whilst neither 
palmitic acid (16:0) and oleic acid (18:1) had any effect on growth (data not shown). The addition 
of stearic acid led to a decrease in bacterial growth, but the addition of AI-2 (10 µM) rescued the 
growth (Figure 9).  
Gene expression analysis (3 biological replicates in 3 days) on the influence of stearic acid found 
that fakB1, fakB2, and fakB3 showed upregulation when both stearic acid and AI-2 were added 
together to the culture (Figure 10). Furthermore, although not statistically significant, expression of 
fruA and luxS in 60CSF appears to be slightly more upregulated when both stearic acid and AI-2 
were added together (Figure 10).  
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Figure 9: Impact of stearic acid (18:0) on the growth of 60CSF and 60CSF∆luxS.  
S. pneumoniae strains 60CSF and 60CSF∆luxS were grown in 200 µL CDM supplemented with 
0.5% glucose ± 10 µM AI-2 ± 62.5 µM stearic acid (18:0). OD600 was measured every 30 min for 
24 h. Data are mean OD600 ± standard error mean (SEM) from one representative assay performed 
in triplicate. Five independent assays were performed on separate days. 
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Figure 10: Effect of stearic acid (18:0) on expression of genes involved in the LuxS/AI-2 
quorum sensing system and the FakA/B fatty acid uptake system.  
S. pneumoniae strains 60CSF (denoted CSF) and 60CSF∆luxS (denoted LuxS) were resuspended 
to OD600 0.2 in CDM supplemented with 0.5% glucose ± 10 µM AI-2 ± 62.5 µM stearic acid (18:0) 
and incubated at 37°C for 30 min. RNA was then extracted, and levels of fruA, luxS, fakB1, fakB2, 

fakB3, fabH, and fabG mRNA were analysed by qRT-PCR using gyrA rRNA as an internal control 
(similar to as in Chapter 2’s Materials and Methods). Data are fold change in expression relative to 
gyrA mRNA (mean ± the standard deviation of three independent experiments). 
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Appendix H: 60B and 60CSF genome sequences accession  
 
Illumina sequencing data can be found in online repositories. The name of the repository 
and accession number can be found here:  

NCBI; Bioproject ID: PRJNA803929; BioSample: SAMN25690480; Sample name: 60B.  
NCBI; Bioproject ID: PRJNA803929; BioSample: SAMN25690481; Sample name: 60CSF.  

 
Nanopore sequencing data can be found in online repositories. The name of the repository 
and accession number can be found here:  

NCBI; Bioproject ID: PRJNA803929; BioSample: SAMN37954648; Sample name: 60B 
genome assembly. 

NCBI; Bioproject ID: PRJNA803929; BioSample: SAMN37954649; Sample name: 60CSF 
genome assembly. 
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