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Respiratory tract infections (RTI) are responsible for over 4 million deaths per year 

worldwide. Microbial carriage in the upper respiratory tract is a precursor to respiratory 

infection and facilitates person-to-person transmission. A large community-based 

swabbing study was conducted, enabling the collection of a large number of swab 

samples that would provide key information concerning the epidemiology and ecology 

of respiratory tract communities. Traditional culture-based techniques, molecular 

methods and ecological and mathematical modelling methods were used. 

  Participation of members of the community within the swabbing study was shown to 

be greater within the self-swabbing group, in older individuals and in less deprived 

locations. Carriage of bacterial and viral species within the respiratory tract was shown 

to vary with participant age, recent RTI and the presence of other species. Self-taken 

swabs were largely non-inferior to healthcare professional (HCP)-taken swabs in 

assessing carriage of the targeted bacteria, offering a cheaper and more flexible 

alternative to HCP swabbing. Large numbers of capsular types (serotypes), sequence 

types and low levels of vaccine-targeted types demonstrate the genetic diversity of 

respiratory bacteria as well as their evolution in response to immunisation.  

  Microbial respiratory community structure was shown to be highly variable with less 

nested communities and facilitative relationships between species within young 

individuals and those with recent RTI potentially enhancing transmission and survival of 

carried species. Neutral and niche processes were both found to be important in 

respiratory tract community assembly. These insights into respiratory tract communities 

will allow predictions of microbial variation as a result of infection, varying age and 

season. Future work will involve 16S rDNA community analysis, further development of 

ecological methods and the conduction of larger multi-centre carriage studies. 
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Chapter 1. Introduction 

 

1.1 Respiratory Tract Infections 

 

Respiratory tract infections (RTI) are responsible for over 4 million deaths per year 

worldwide, and are the most common cause of death in children under the age of one 

year (Lozano et al., 2012). In the UK alone, an estimated 6 million people seek medical 

advice annually regarding an RTI, posing a significant economic burden to the National 

Health Service (National Institute for Health and Care Excellence, 2008). RTI can be 

categorised as upper (URTI) and lower (LRTI), depending on the site of infection. 

 

1.1.1 Upper Respiratory Tract Infections 

 

URTI encompass otitis media, pharyngitis, sinusitis and nasopharyngitis amongst 

others (Cimolai, 1988). The most common bacterial organisms responsible for URTI 

are Streptococcus pneumoniae, Haemophilus influenzae and Moraxella catarrhalis 

(Murphy et al., 2009). Viral pathogens also commonly cause URTI, with adenovirus, 

rhinovirus and coronavirus being particularly prevalent (Bicer et al., 2013). Viral URTI 

are extremely common in children and are often complicated by infections of the middle 

ear (Chonmaitree et al., 2008).  

Otitis media, commonly caused by S. pneumoniae and H. influenzae, is an infection of 

the middle ear and can involve inflammation of the eardrum and fever (Cimolai, 1988, 

Vergison, 2008). This type of infection is common in children, with over 80% of young 

children from the USA experiencing at least one occurrence before 3 years of age and 

nearly half experiencing three occurrences or more before this age (Vergison, 2008). 

Sinusitis, an infection of the sinuses, is characterised by facial pain, nasal discharge, 

congestion and fever (Brook, 2001). Bacterial infection of the sinuses is usually 

preceded by a viral infection of the upper respiratory tract, such as colds or flu 

(Piccirillo, 2004). Pharyngitis, a common ailment, is frequently associated with Group A 

Streptococci (Bisno, 2001). 

 

Whooping cough, also known as pertussis, is a contagious respiratory disease caused 

by Bordetella pertussis. The disease commonly causes severe symptoms and high 
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mortality rates in children, but can also affect adults, acting as a source for 

transmission to children (von König et al., 2002). Incidence in older children and adults 

has become increasingly common as a result of waning immunity following vaccination 

(Paisley et al., 2012). 

 

1.1.2 Lower Respiratory Tract Infections 

 

LRTI is the second highest cause of years of life lost (YLL) after ischaemic heart 

disease and caused approximately 2.8 million deaths per year worldwide in 2010 

(Lozano et al., 2012). These infections can result from invasion by upper respiratory 

species as well as other pathogens. Pneumonia is the biggest cause of childhood 

mortality and is responsible for 19% of deaths in children aged 4 years or younger 

(WHO and UNICEF, 2006). Bacterial or viral infections of the lower respiratory tract 

occur at higher levels in disease states such as chronic obstructive pulmonary disease 

(COPD) and asthma where lung function is impaired (Sethi, 2010, Sykes and Johnston, 

2008).  

 

There are three categories of organisms responsible for LRTI: typical bacteria, atypical 

bacteria and respiratory viruses (Wolf and Daley, 2007b). Typical bacteria include S. 

pneumoniae, M. catarrhalis, H. influenzae and Staphylococcus aureus. Atypical 

bacteria, which show different clinical symptoms to typical bacteria, incorporate 

Legionella species, Mycoplasma pneumoniae, Chlamydophila pneumoniae and 

Chlamydophila psittaci (Wolf and Daley, 2007a). Respiratory viruses causing LRTI 

include respiratory syncytial virus (RSV), parainfluenza viruses and influenza viruses 

(Wolf and Daley, 2007b). 

 

Mycobacterium tuberculosis, the causative agent of tuberculosis, remains a global 

problem with 8.8 million occurrences of disease reported in 2010. Prevalence of 

tuberculosis is highest in India, China, Pakistan and Bangladesh (WHO, 2011). Drug 

resistance is problematic in the treatment and control of disease as multiple drug 

resistant (MDR) and extensively drug resistant (XDR) strains are becoming 

increasingly common. MDR-TB is thought to occur in approximately 3.6% of all TB 

cases worldwide (WHO, 2010).  

 

Influenza is a widespread cause of LRTI, with approximately 90 million identified cases 

of the virus in 2008 and a significant number of children under the age of 5 dying as a 
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result of Influenza infection (Nair et al., 2011). The young and elderly are particularly at 

risk of infection with elderly individuals demonstrating high rates of Influenza-

associated mortality when compared with other age groups (Neuzil et al., 2002, Falsey 

et al., 1995). Influenza viruses encompass three distinct types (A, B and C), which are 

further subdivided into genetically varied subtypes. Influenza A is classified according 

to haemagglutinin and neuraminidase proteins of which there are 18 and 11 types, 

respectively (CDC, 2014b). 

 

1.2 Invasive Disease 

 

Septicaemia and meningitis occur when a local infection within the respiratory tract 

spreads into the blood and central nervous system (Greenough, 1996). Meningitis 

involves bacterial invasion of the cerebral spinal fluid (CSF) causing seizures, fatigue 

and temperature extremes (Baas Rubarth, 2010). This invasion results in host immune 

system stimulation and inflammation of the meninges, causing severe damage to the 

nervous system (Saez-Llorens and McCracken, 2003). Neonates are the most at risk of 

meningitis, with 8% of premature babies contracting the disease (Greenough, 1996).  

 

Septicaemia involves microbial invasion of the bloodstream leading to a condition 

known as sepsis (Baas Rubarth, 2010). Sepsis involves a systemic inflammatory 

response syndrome (SIRS) caused by hyper-stimulation of the host immune responses 

as a result of bacterial invasion (Bone et al., 1992). Levels of cytokines, in particular, 

are thought to become elevated causing the main symptoms of SIRS (Rittirsch et al., 

2008). This can lead to single or multiple organ failure, septic shock and death (Baas 

Rubarth, 2010). Septicaemia is referred to as bacteraemia when bacteria are present in 

the bloodstream, viraemia when viruses are present in the bloodstream, fungaemia 

when fungi are present in the bloodstream and, finally, parasitaemia when parasites 

are present in the bloodstream (Bone et al., 1992). 

 

1.3 Epidemics and Pandemics of Respiratory Disease 

 

1.3.1 Epidemics and Pandemics of Bacterial Infection 

 

N. meningitidis, or meningococci, are responsible for widespread epidemics of 

meningitis. Prior to meningitis C (menC) vaccine introduction, this serogroup was 
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endemic in Europe (Miller et al., 2001). Serogroup A is particularly problematic in the 

Meningitis Belt of Africa during the dry season, with epidemics and pandemics 

occurring up to every two and five years respectively (Stephens et al., 2007). 

Serogroup W135 is highly associated with epidemics in the Hajj pilgrims in Mecca 

(Aguilera et al., 2002). Serogroup B epidemics remain highly problematic in New 

Zealand (Baker et al., 2001). In addition, serogroup B also remains endemic in Europe 

and the Americas (Perrett and Pollard, 2005).  

 

Outbreaks of pneumococcal disease have been reported historically in closed setting 

environments such as nursing homes and jails (Hoge, 1994, Nuorti et al., 1998). More 

recently, an outbreak of pneumococcal meningitis in Ghana caused by the sequence 

type (ST) 217 showed similarities to meningococcal meningitis epidemics in this region 

of Africa (Leimkugel et al., 2005). Small outbreaks of H. influenzae serotype a have 

also been reported, including a group of five related cases in Alaska, USA, in 2003  

(Hammitt et al., 2005). Furthermore outbreaks of disease caused by non-typeable H. 

influenzae (NTHi) have also been reported in closed-setting environments. An outbreak 

in the USA reported 13 cases within a nursing home in 2005 (Van Dort et al., 2007). In 

the Netherlands, a similar number were affected within a rehabilitation centre in 1988 

(Sturm et al., 1990). Finally in the UK, an outbreak of NTHi disease was reported in a 

geriatric ward (Mehtar and Law, 1980). 

 

Historically, pertussis epidemics were frequent (Cherry et al., 1988), but in recent years 

epidemics are thought to be the result of waning protection of the acellular pertussis 

vaccine (Klein et al., 2012). Epidemics of pertussis have occurred in the USA (Winter et 

al., 2012), Australia (Campbell et al., 2012), the Netherlands (de Greeff et al., 2010) 

and the UK (Public Health England, 2012). Methicillin-resistant S. aureus outbreaks 

and epidemics are common in both hospital and community settings (Koser et al., 

2012, Tenover et al., 2006). Epidemic strains EMRSA-15 and EMRSA-16 have been 

particularly problematic in hospitals across the UK due to increased association with 

bacteraemia (Johnson et al., 2001). 

 

1.3.2 Epidemics and Pandemics of Viral Infection 

 

Epidemics and pandemics of viral infection are relatively common, occurring seasonally 

in many cases (Kim et al., 1973, Dushoff et al., 2004). Influenza pandemics are a 

serious public health threat and can be highly unpredictable. Epidemic spread is 

assisted by outbreaks in close contact settings such as nursing homes, schools and 
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nurseries even if vaccination is routine (Camilloni et al., 2010). Historical examples of 

influenza pandemics include the 1918, 1957/1968 and 2009 pandemics, which led to 

millions of deaths worldwide (Johnson and Mueller, 2002, Kawaoka et al., 1989, Miller 

et al., 2010). More recent Influenza epidemics and pandemics have also been 

important public health concerns. The H1N1 Influenza A pandemic of 2009, which 

originated from a genetically re-assorted swine/human Influenza virus, spread from 

Mexico to as many as 30 countries across the globe (Smith et al., 2009). During the 

epidemic children under the age of 5 years were highly affected by the virus (Miller et 

al., 2010). Furthermore, avian Influenza A strain H5N1 has caused epidemics in 

humans, affecting nearly 600 people and causing over 300 deaths since 2003 

(Gambotto et al., 2008, WHO, 2012). Finally a H7N7 avian influenza strain outbreak 

occurred in 2003, affecting over 450 people in the Netherlands (Koopmans, 2004).  

 

RSV and metapneumovirus can also cause epidemics of acute respiratory infections 

annually in most countries (Duppenthaler et al., 2003, Heininger et al., 2009). 

Coronaviruses are also an important cause of widespread epidemics and pandemics 

(Gallagher and Perlman, 2013). For example, the 2002-2003 severe acute respiratory 

syndrome coronavirus (SARS-CoV) epidemic, originating in China, affected more than 

8,000 individuals in 25 countries and resulted in over 750 deaths in 2002 (Peiris et al., 

2004, Peiris et al., 2003). High transmissibility, especially within hospitals, was thought 

to be responsible for the spread of the virus (Riley et al., 2003). The Middle Eastern 

respiratory syndrome coronavirus (MERS-CoV) has caused recent concern due to the 

severity of symptoms occurring in those affected,  including pneumonia and renal 

failure (Zaki et al., 2012). Since the summer of 2012, 536 laboratory-confirmed cases 

have been reported in humans, mainly within Saudi Arabia (CDC, 2014a). Low 

transmissibility of the virus may, however, have prevented widespread transmission of 

the virus to other countries (Gautret et al., 2013).  

 

1.3.3 Secondary Bacterial Infections 

 

Secondary bacterial infections associated with viral infections are common (Brundage, 

2006, Crowe et al., 2011). The seasonality of bacterial respiratory tract infections is 

thought mainly to be due to viral co-infections (Bogaert et al., 2011). During the 1918 

influenza pandemic, bacterial pneumonia rates were high with S. pneumoniae being 

cultured from 29% of patients dying during the pandemic (Brundage, 2006). S. 

pneumoniae, S. aureus, Streptococcus haemolyticus and H. influenzae were also 

isolated from post-mortem blood cultures of fatal influenza (Spooner, 1919).  Similar 
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trends were observed in the Asian influenza pandemic (1957-1958) and the 2009 

H1N1 influenza outbreak (DeLeo and Musser, 2010). In addition, bacterial meningitis 

and staphylococcal toxic shock syndrome have both shown increased incidence during 

influenza outbreaks (Brundage, 2006, Cartwright et al., 1991, Sperber and Francis, 

1987). It is thought that these secondary bacterial infections can result in greater 

complications and higher death rates than would be found with influenza alone 

(McCullers, 2006, Crowe et al., 2011). Bacterial secondary infections are thought to 

account for the largest proportion of deaths during the influenza season as opposed to 

the virus itself (Lee et al., 2010). 

 

1.4 Microbial Carriage in the Respiratory Tract 

 

1.4.1 The Biology of Respiratory Carriage 

 

The human respiratory tract is home to a diverse set of microorganisms. The 

nasopharynx alone has been shown to comprise as many as 250 species across 13 

phyla (Bogaert et al., 2011). This microbial community is thought to develop throughout 

the first year of life, eventually fulfilling a protective function (Vives et al., 1997). The 

respiratory tract is host to a multitude of organisms including S. pneumoniae, H. 

influenzae, M. catarrhalis, S. aureus, N. meningitidis, Pseudomonas aeruginosa, 

influenza A and B viruses, parainfluenza 1-3 viruses, RSV, rhinovirus, adenovirus, 

Corynebacterium species, Fusobacterium species and other Streptococci and 

Staphylococci (Bogaert et al., 2011, Bogaert et al., 2004a, Ruuskanen et al., 1989, 

Harrison et al., 1999). In addition to microbial species which are easily cultured by 

standard microbiology techniques, there are a number of species which might be 

important members of the respiratory community which cannot be assessed using 

standard microbiology techniques. Therefore, non-culture techniques including 

metagenomics are becoming increasingly vital in determining the true diversity of the 

respiratory tract (Bogaert et al., 2011). 

 

Carriage involves dynamic fluctuations of microorganisms and strains within the 

respiratory tract niche (Weiss-Salz and Yagupsky, 2010). Single bacterial species or 

specific serotypes within a particular bacterial species can be carried transiently or for 

prolonged or sequential periods (Garcia-Rodriguez and Fresnadillo Martínez, 2002). 

Variation in carriage of respiratory tract organisms across the population has been 

shown to be highly significant.  
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Frequency of carriage is often found to be variable with age. S. pneumoniae, H. 

influenzae and M. catarrhalis carriage has been shown to increase within the first year 

of life, with prevalence of each bacterial species reaching over 80% within the first few 

months (Kwambana et al., 2011). Carriage of these three bacterial species 

subsequently decreases with age, with S. pneumoniae being isolated from19%, 6% 

and 0.8% of those aged <7 years, 7-15 years and ≥16 years; H. influenzae being 

isolated from 13%, 6% and 3% of individuals from the same age groups and M. 

catarrhalis being isolated from 27%, 4% and 2% of individuals from these age groups 

(Gunnarsson et al., 1998). S.aureus carriage, in contrast, demonstrates a very different 

pattern of variation with age. Within neonates, S. aureus carriage drops from 50% 

within the first week after birth to 20% at 9 weeks (Kwambana et al., 2011). After 

approximately 2 years of age, S.aureus carriage was found to increase (Regev-Yochay 

et al., 2004a). Furthermore, carriage is then thought to rise to a peak frequency at 

approximately 11 years of age and then decline throughout adult life (Bogaert et al., 

2004c). Carriage of N. menigitidis is low in those aged 0-4 years (2.1%) and increases 

until the age of 15-19 years (24.5%) and then declines again with age (Cartwright et al., 

1987). Furthermore, one study have shown a peak in frequency of N. meningitidis 

carriage in the first year of life as well as in those aged 15-19 years (Bogaert et al., 

2005). 

 

Furthermore, differences in the frequency of carriage according to swabbing site have 

also been observed. S. pneumoniae carriage is predominantly in the nasopharynx (NP) 

of children but similarly in the NP and oropharynx (OP) of their mothers (Greenberg et 

al., 2004). H. influenzae carriage, on the other hand, was similar in NP and OP swabs 

collected from children but much higher in the OP versus the NP in their mothers 

(Greenberg et al., 2004). In a further study in young children <15 months old, S. 

pneumoniae carriage was higher in the nose than the OP, whereas H . influenzae was 

carried equally in these two sites (Capeding et al., 1995). N. meningitidis carriage has 

been shown to be higher in the OP than the NP, within family members of patients with 

meningococcal and non-meningococcal meningitis from Sweden (Olcen et al., 1979). 

Furthermore, OP swabs showed greater sensitivity and specificity for Group A 

Streptococci than oral cavity swabs in children aged 3-18 years presenting with 

Streptococcal pharyngitis (Fox et al., 2006). 

 

The presence of host symptoms during bacterial colonisation is thought to be important 

for increased transmission from host to host. H. influenzae carriage was found  to be 

associated with symptoms of rhinitis within children <6 years in Portugal  (Rodrigues et 



26 
 

al., 2013). Duration of carriage is also variable between different microbial species 

colonising the respiratory tract. S. pneumoniae and H. influenzae were found to 

colonise the respiratory tract for a mean of 96 and 74 days respectively in newborns 

from Papua New Guinea (Gratten et al., 1986). M. catarrhalis, on the other hand, was 

found to colonise asymptomatically for a median of 40.4 days in patients with COPD 

compared with a median of 31.0 days during exacerbations (Murphy et al., 2005). In S. 

pneumoniae, duration of carriage is negatively associated with the proportion of cases 

of invasive disease in relation to carriage (known as attack rate), with longer periods of 

carriage observed in serotypes with fewer invasive pneumococcal disease (IPD) cases 

relative to carriage (Sleeman et al., 2006). 

 

 

1.4.2 Carriage Study Methodology 

 

Assessing carriage of microorganisms within the respiratory tract can be undertaken 

using a variety of sample sites, including the nasopharynx, oropharynx, nose and throat 

(Trotter and Gay, 2003, Watt et al., 2004, Gamblin et al., 2013). Methods for collecting 

respiratory samples may also include the use of swabs, nose blowing, saliva, nasal 

washings or nasopharyngeal aspiration (Akmatov et al., 2011, Leach et al., 2008, 

Lieberman et al., 2006, Rapola et al., 1997, Greenberg et al., 2004, Allen et al., 2013, 

Wyllie et al., 2014). The WHO Pneumococcal Vaccine Trials Carriage Working Group 

recommend the use of a nasopharyngeal swab for detecting the presence of S. 

pneumoniae within the respiratory tract (O'Brien and Nohynek, 2003, Satzke et al., 

2013). A recent systematic review showed that few studies fully adhere to these 

guidelines, with differences observed in the swab type, transport media and swab 

storage techniques  (Gladstone et al., 2012). 

 

Culture and non-culture methods can also be used for detecting carried 

microorganisms within respiratory samples. Culture is regarded as the gold standard 

method for detecting S. pneumoniae within respiratory swab samples (O'Brien and 

Nohynek, 2003, Satzke et al., 2013). No standard method has been outlined for the 

detection of other respiratory pathogens but the use of culture in clinical diagnostic 

laboratories is routine. Molecular methods such as the use of polymerase chain 

reaction (PCR) have increased sensitivity and specificity for detection of such 

microorganisms, allow decreased time for identification and enable the identification of 

non-culturable or slow-growing species (Caliendo, 2011). Antigen immunoassays are 

also used for the detection of species such as Group A Streptococci (Clegg et al., 
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2003). Within a clinical setting, such rapid detection systems have demonstrated clear 

patient benefits in terms of fewer antibiotics used and less time spent in hospital (Woo 

et al., 1997). 

 

1.5 Carriage Studies for the Evaluation of Vaccination Strategies 

 

1.5.1 Methods for Assessing Vaccine Effectiveness 

 

Methods for assessing effectiveness of vaccination strategies include case-control 

studies, disease and outbreak investigations as well as screening methods (Orenstein 

et al., 1985). Disease surveillance is a commonly used method of epidemiological post-

licensing assessment of vaccination strategies. After the introduction of PCV-7, levels 

of IPD cases were monitored to ensure adequate control of invasive disease caused by 

this organism (Pilishvili et al., 2010). Similarly, following the implementation of the Hib 

vaccine, levels of H. influenzae type b disease were also scrutinised (Hargreaves et al., 

1996). Finally, levels of N. meningitidis serogroup C disease were evaluated following 

the introduction of the MenC vaccine (Miller et al., 2001). 

 

1.5.2 Relationship between Carriage and Disease 

 

Carriage is the first essential step in the development of a RTI and enables 

transmission of an organism to a susceptible host (Weinberger et al., 2009). Duration 

of carriage is thought to affect the progression towards disease (Gray et al., 1980). 

Carriage and disease are intrinsically linked, with a number of studies showing 

reductions in both carriage and disease rates as a result of vaccination. The H. 

influenzae type b (Hib) conjugate vaccine reduced cases of invasive Hib disease by 

95% (Mulholland et al., 1997) and Hib carriage by 60% (Adegbola et al., 1998) in a 

Gambian study involving children aged between one and two years old. Pneumococcal 

conjugate vaccination (PCV-7)  reduced invasive disease caused by vaccine types by 

99% and carriage of vaccine types by 95% in 1,301 children less than 5 years old in 

Alaska, USA (Keck et al., 2014). Neisseria meningitidis serogroup C vaccines reduced 

meningococcal disease cases by 97% in 15-17 year olds (Ramsay et al., 2001) and 

carriage of N. meningitidis serogroup C by 66% (Maiden and Stuart, 2002) in the UK. 

The reduction in disease incidence as a result of vaccination is thought to be largely 
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due to the reduction in carriage, as mucosal immune responses target serotype-

specific capsular antigens (Zhang et al., 2004, Zhang et al., 2002). 

Although duration of carriage has been found to vary between individuals, one study 

estimated that 74% of pneumococcal infections resulted from carriage of a specific 

serotype for a short period of time (less than one month), indicating that invasion is 

most likely to occur within one month of acquiring a new strain (Gray et al., 1980). 

Furthermore, an outbreak strain of N. meningitidis  serogroup C was found to be 

carried in only 0.4% of 9,796 individuals with no isolates in those aged 2-4 years, the 

age group that experienced the highest incidence of disease during the outbreak 

(Fernandez et al., 1999). Carriage of N. meningitidis, however, has been shown to be 

generally high in university students who also experience high level s of disease 

incidence, with periods of prolonged carriage being relatively common (Ala'Aldeen et 

al., 2000).  

Genetic and phenotypic differences between specific species types causing disease 

and those carried within the general population have been observed. For example, in 

Europe N. meningitidis sequence type ST-11 was mostly present in disease cases 

during the 1990s whereas ST-23 was more frequently carried without disease 

occurrence (Caugant et al., 2007). These sequence types, which have been shown to 

have disease/carriage ratios of 6.6 and 0.8 respectively, are not exclusively found in 

either disease or carriage and it is thought that multiple factors influence the propensity 

of different serogroups or types to cause disease (Caugant and Maiden, 2009).  

S. pneumoniae serotypes associated more often with IPD in 2006 were 1, 4, 5, 7F, 14 

whereas those associated more often with colonisation were 6A, 6B, 8, 9V, 15, 18C, 

19F, 23F, 33, 38 (Brueggemann et al., 2003). One study demonstrated that serotypes 

4, 14, 7F, 9V and 18C had high IPD incidence relative to numbers of acquisitions but 

short duration of carriage whereas serotypes 23F, 6A, 19F, 16F, 6B and 15B/C had low 

IPD incidence relative to numbers of acquisitions and longer duration of carriage 

(Sleeman et al., 2006). Despite the differences in rates of disease relative to carriage, 

no serotype is exclusively found in disease or carriage. Both host and microbial factors 

are thought to determine whether a strain in carried asymptomatically or whether it 

invades the host causing disease. Pneumococcal factors include the capsule, 

adhesins, phase variation, biofilm formation and interactions with other species (Simell 

et al., 2012). 
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1.5.3 Elucidating Respiratory Epidemiology 

 

Carriage studies generate an understanding of specific microorganisms carried within 

the general population at any given time. Measurement of the genetic and phenotypic 

diversity of carried species and their distribution within the population is important for 

understanding the dynamics of the microbial community (Caugant et al., 2007). For 

example, determining the distribution of meningococcal or pneumococcal serogroups 

or serotypes across the UK enables us to understand the relevance of each capsular 

group or type and the effect of interventions on them (Maiden and Stuart, 2002, 

Tocheva et al., 2011, Choi et al., 2011, Lakshman et al., 2003).  

Environmental factors can also be assessed for their impact on carriage, allowing for a 

greater understanding of what factors can put a patient at risk (Garcia-Rodriguez and 

Fresnadillo Martínez, 2002). Cigarette smoking or even passive smoking have been 

linked to greater colonisation by S. pneumoniae, M. catarrhalis, H. influenzae and N. 

meningitidis (Bakhshaee et al., 2012, Stanwell-Smith et al., 1994). Diversity and 

bacterial community disturbances have also shown to be increased in smokers, 

causing pathogens to thrive and protective organisms to wane (Charlson et al., 2010, 

MacLennan et al., 2006). Diet, season, age, social status, gender and presence of 

children within a family were among the factors also found to effect colonisation rates 

of key bacteria in the respiratory tract (Garcia-Rodriguez and Fresnadillo Martínez, 

2002).  

Knowledge of geographical and temporal distributions of respiratory microbes is 

important for understanding the dissemination and transmission of circulating strains. 

Annual carriage studies can enable the temporal distribution of circulating bacterial 

species to be tracked (Trotter and Gay, 2003).  Geographical distribution is also 

essential in determining spatial epidemiology of circulating organisms and how this 

affects disease. Geographical distribution of meningococcal serogroups is highly 

divergent with serogroup A predominating in central Africa and serogroup Y in the USA 

(Harrison et al., 2014, Trotter and Greenwood, 2007). In addition, frequency of IPD 

serotypes after implementation of PCV-7 into the childhood immunisation schedule 

(post-PCV-7) were found to be divergent in eight areas of the USA despite similar 

serotype replacement, possibly due to differing levels of chronic disease and antibiotic 

resistance (Rosen et al., 2011). Understanding distribution across space and time can 

allow treatment and prevention strategies to be targeted correctly, improving their 

effectiveness. Determining patterns of meningococcal or pneumococcal serogroups or 

serotypes across the UK has enabled an understanding of the relevance of each group 
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and the effect of interventions on them (Maiden and Stuart, 2002, Choi et al., 2011). A 

recent study assessing the effect of 4CMenB and MenACWY-CRM N. menigitidis 

vaccines in England demonstrated clear reductions in the serogroups targeted by the 

vaccines within three months of vaccination (Read et al., 2014). 

 

1.5.4 Evaluating Vaccine Effectiveness in Disease and Carriage 

 

The direct relationship between carriage and disease enables carriage to be used as a 

proxy for protection and can enable the prediction of risk factors for respiratory disease 

(Simell et al., 2012). In terms of carriage, vaccine efficacy (VEacq, acq = acquisition) is 

the extent of decline in colonisation rates of a particular species within a vaccinated 

population relative to unvaccinated controls (Rinta-Kokko et al., 2009). Comparing 

carriage in vaccinated individuals versus non-vaccinated controls may be problematic 

due to differences in the serotypes or serogroups carried within these populations. 

However, once herd immunity is present, carriage will be similar in vaccinated and 

unvaccinated individuals (Rinta-Kokko et al., 2009, Weinberg and Szilagyi, 2010). The 

use of carriage studies in evaluating vaccine effectiveness was highlighted by the Joint 

Committee on Vaccination and Immunisation (JCVI), an expert advisory board for the 

UK Department of Health, which emphasized a lack of carriage evidence for the 

effectiveness of serogroup B vaccine (4CMenB) in preventing serogroup B disease in 

the UK (JCVI, 2013). Prior to vaccine introduction, levels of carriage are assessed and 

act as a baseline measure from which any changes resulting from vaccination can be 

gauged (Mulholland and Satzke, 2012). Direct effects on targeted serotypes or 

serogroup, indirect effects on non-targeted serotypes or serogroups as well as herd 

immunity can be evaluated.  

 

Countries across the globe are involved in tracking these changes in order to improve 

vaccines and keep up with epidemiological changes of S. pneumoniae. Studies in the 

USA, France, UK and Portugal have highlighted such epidemiological changes (Hicks 

et al., 2007, Couloigner et al., 2012, Flasche et al., 2011, Frazao et al., 2010). 

Furthermore, the evaluation of the 4CMenB and MenACWY-CRM N. meningitidis 

vaccines demonstrated direct effects of diminished carriage of the serogroups targeted 

by the vaccines in young adults as well as evidence for the potential for indirect effects 

of herd immunity which will in turn contribute to a reduction in disease (Read et al., 

2014). 

 



31 
 

1.6 The Respiratory Tract Ecosystem 

 

1.6.1 The Role of Diversity in Health and Disease 

 

The respiratory tract is a highly diverse environment. The presence of individual 

species within the respiratory tract is influenced by an array of host and environmental 

factors, including season, living conditions, exposure to cigarette smoke, diet, sleeping 

position, age and vaccination (Harrison et al., 1999, Garcia-Rodriguez and Fresnadillo 

Martínez, 2002, Charlson et al., 2010, MacLennan et al., 2006). In addition, siblings 

and attendance at day care facilities can also increase the incidence of microbial 

carriage and disease of the respiratory tract (Vives et al., 1997). Previous colonisation 

by a species as well as the presence of competing and facilitative species also affects 

the species present within the respiratory tract (Spinola et al., 1986, Bosch et al., 

2013). Genetics and chronic disease, including COPD and asthma, also play an 

important role in the respiratory microbiome as these affect colonising bacterial 

communities and interactions between these species (Erb-Downward et al., 2011). As 

such, seasonal, person-to-person and geographical variation of respiratory tract 

microbes is common. As a consequence of this it has been a challenge to identify a 

consistent principal microbial population within this environment (Bogaert et al., 2011).  

 

Diversity is an essential feature of polymicrobial communities and is estimated by 

richness (the number of different species) and relative abundance of each species 

(Hubbell, 2001). Within an ecological community, species can be defined as either core 

or satellite species depending on their distribution and abundance (Hanski, 1982). This 

can be applied to microbial communities within the respiratory tract (van der Gast et al., 

2011). It has often been observed that where there is greater diversity within an 

ecosystem, there is also greater stability (McCann, 2000). It has been suggested that 

disruption to such stable and diverse communities found within the respiratory tract 

environment allows pathogens to invade and cause disease (Frazao et al., 2010). 

Lower diversity has been observed in respiratory tract disease states, including Chronic 

Obstructive Pulmonary Disease (COPD) where Pseudomonas species were found to 

be most prevalent. Severity of COPD is also linked to the reductions in diversity (Rabe 

and Wedzicha, 2011, Erb-Downward et al., 2011). Furthermore, asthma is associated 

with disruptions to the microbial lung community with Proteobacteria, in particular, 

being dominant in children suffering from this condition (Hilty et al., 2010). It has also 

been observed that S. pneumoniae-positive respiratory tract populations demonstrate 

less diversity and heterogeneity than S. pneumoniae-negative populations, indicating 
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the possible disruptive effects of this organism on the respiratory tract community 

(Laufer et al., 2011).  

 

Diversity is thought to enable protection from invasion and subsequent disease in the 

respiratory tract caused by opportunistic or obligate pathogens that may populate or be 

introduced into this niche (Tuttle et al., 2011, Gonzalez et al., 2011). Immune regulation 

and protection against epithelial impairment are also thought to be important roles of 

bacterial diversity (Erb-Downward et al., 2011). In patients with cystic fibrosis, microbial 

diversity is highly associated with lung function, with greater lung function correlating 

with a healthier and more stable microbiome (van der Gast et al., 2011). 

 

Disruptions to microbial community diversity and richness can result from antibiotic use 

(Dethlefsen et al., 2008). Antibiotic treatment has been shown to cause a reduction in 

diversity of endotracheal aspirate samples in intubated individuals, with increased 

presence of P. aeruginosa (Flanagan et al., 2007). Carriage of S. pneumoniae, H. 

influenzae and M. catarrhalis have all been shown to decrease with antibiotic treatment 

within children under the age of three years in France, with Cefaclor and 

Erythromycin/sulfizoxazole reducing carriage of H. influenzae; Amoxicillin, 

Amoxicillin/clavulanate,  Cefpodoxime and Erythromycin/sulfizoxazole reducing 

carriage of S. pneumoniae and a number of antibiotics reducing carriage of M. 

catarrhalis (Varon et al., 2000). The reduction in carriage of respiratory species as a 

result of antibiotics is often short-lived, with one study demonstrating S. pneumoniae 

carriage to drop from 68% to 29% within two weeks following antibiotic treatment but 

then rise to 78% and 87% two months and six months following treatment respectively 

(Leach et al., 1997).  The microbial community is thought to be disrupted by antibiotic-

induced increases in the frequency of resistant strains such as penicillin-resistant S. 

pneumoniae (Melander et al., 1998) and reductions in antibiotic-susceptible strains 

such as penicillin-susceptible S. pneumoniae (Varon et al., 2000).  Studies have 

demonstrated clear effects of antibiotics on the microbiome of young children 

presenting with AOM, with increases in levels of Protoobacteria, Pasteurellaceae, 

Rothia and Actinomyces and decreases in levels of actinobacteria and Dolosigranulum 

(Lazarevic et al., 2013, Pettigrew et al., 2012, Hilty et al., 2012). However, no studies 

have demonstrated the effect of antibiotics on the microbiome in healthy individuals.  
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1.6.2 Assessing Diversity of an Ecological Niche 

 

Inter-species diversity is not easily assessed using conventional culture methods as 

this selects for organisms that can easily grow under these limiting conditions (Tuttle et 

al., 2011). In addition, those that do grow are not necessarily the most important or 

even the most common organisms within this ecosystem (Hugenholtz, 2002). 

Molecular methods are now being used to better assess for diversity within specific 

niches, as they allow the identification of known, unculturable, and novel organisms 

(Woo et al., 2008). These include 16S rDNA variable region sequencing and PCR-

mass spectrometry approaches that simultaneously identify groups of microorganisms 

within the same ecological niche (Dollhopf et al., 2001, Ecker et al., 2008). 

 

Intra-species diversity involves the discrimination of bacterial types within samples 

using epidemiological typing methods, which is a useful tool for determining the 

diversity of populations of bacteria circulating within the respiratory tract. Serotyping 

and multilocus sequence typing (MLST) methods allow the discrimination of bacterial 

types according to capsular and housekeeping gene variability respectively (Maiden et 

al., 1998). Serotyping of S. pneumoniae, H. influenzae and N. meningitidis can be 

undertaken via PCR or more traditional serum agglutination assays to enable the 

identification of specific serotypes or serogroups of these bacterial species (Pai et al., 

2006, LaClaire et al., 2003, Mothershed et al., 2004). However, serogrouping of N. 

meningitidis carriage isolates can be problematic due to low capsule expression within 

these isolates (Claus et al., 2002). MLST can be undertaken via PCR amplification, 

sequencing and analysis of the target housekeeping genes (Enright and Spratt, 1998) 

or more recently by bioinformatics analysis of whole genome sequences (Inouye et al., 

2012). 

 

1.7 Biofilms and Respiratory Tract Infections 

 

Biofilms are highly organised structures allowing bacteria to survive within the host or 

the environment (Davey and O'Toole G, 2000). RTIs are thought to involve the 

formation of dense bacterial biofilms. Otitis media is a disease that has often been 

associated with biofilm formation by S. pneumoniae, H. influenzae and M. catarrhalis 

(Hall-Stoodley et al., 2006). In addition, significant variability in biofilm formation among 

serotypes and isolates of S. pneumoniae, H. influenzae and M. catarrhalis has also 

been observed. These structures can differ in their biomass, thickness, protein 
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expression, pili and lipooligosaccharide (LOS) expression (Allegrucci et al., 2006, 

Murphy and Kirkham, 2002, Pearson et al., 2006, Stewart and Franklin, 2008). 

 

The treatment of infections involving biofilms is problematic due to their mixed nature 

as well as their structure and properties that render then insensitive to many antibiotics 

(Murphy et al., 2009, Bakaletz, 2007, Stewart and Costerton, 2001). The recurrent 

nature of otitis media infections is thought to be a result of the presence of bacterial 

biofilms within the middle ear and the difficulty in eliminating organisms present in this 

depressed metabolic state (Murphy et al., 2009). Furthermore, the inability to culture 

many causative agents of respiratory tract infections may also be due to the presence 

of bacteria within biofilm structures as reduced growth rates within this state are often 

observed (Morris, 2007). This reduced growth rate also explains the slower penetration 

of antibiotics into bacteria found within biofilms (Donlan and Costerton, 2002). 

 

Genetic diversification of bacteria growing in biofilms has been shown to occur at 

increased rates compared with planktonic bacteria (Boles et al., 2004, Webb et al., 

2004). These structures facilitate horizontal gene transfer events, including conjugative 

transfer of plasmids and release and uptake of naked DNA (Molin and Tolker-Nielsen, 

2003, Davey and O'Toole G, 2000). H. influenzae has been found to increase biofilm 

formation in S. pneumoniae during co-colonisation (Weimer et al., 2010). Both the 

diverse genotypes of bacterial species and the polymicrobial nature of biofilms have 

important implications in the control of respiratory tract infections. It has been 

suggested that future vaccine strategies should focus on targeting bacterial 

components expressed within the biofilm state (Jefferies et al., 2011). Targeting of 

microbial species within biofilms remains a challenge due to the highly divergent 

patterns of gene expression compared to planktonic bacteria (Harro et al., 2010). 

Despite these challenges, the importance of biofilms in the persistence of a number of 

infections means that the development of vaccines targeting these structures is vital. 

Such vaccine candidates have been investigated for S. aureus (Joyce et al., 2003). 
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1.8 Dynamics of the Respiratory Tract Ecosystem 

 

1.8.1 Strain Mutation and Recombination 

 

Mechanisms of bacterial genome dynamics include gene duplication, horizontal gene 

transfer, gene deletion, recombination and mutation and can occur within a single 

species or between species co-habiting the same ecological niche (Mira et al., 2002). 

Mutation of a bacterial strain occurs when the sequence of its DNA is modified, which 

may prevent correct gene function (Ochman and Davalos, 2006). Mutation can allow 

adaptation of a species to its environment as well as contributing to diversification. 

Mutation of IS-bexA in H. influenzae type a, acquired from H. influenzae type b, 

benefits this bacterium by allowing greater survival in the blood as a result of increased 

capsular polyribosylribitol phosphate production (Kroll et al., 1994). Furthermore, 

mutations in the capsular genes (cps) of pneumococci during biofilm formation have 

resulted in the formation of non-phase variable colonies of bacteria that are better 

adapted to the biofilm environment and confer greater adhesive capabilities to the 

organism (Allegrucci and Sauer, 2008). However, such mutations may carry a 

metabolic cost, especially in terms of transmission capabilities, growth or virulence 

(Andersson, 2006). 

 

Recombination allows the exchange of DNA sequences within a species or between 

closely-related species within a single niche, due to the high level of similarity in their 

DNA sequences (Ochman et al., 2000). S. pneumoniae serotype 4 has undergone 

recombination in a capsular switch event in order to express a 19A capsule. This event, 

in response to vaccination, allows the formation of a ‘vaccine escape recombinant’ as 

well as to gain penicillin resistance genes (Brueggemann et al., 2007). Five distinct 

vaccine escape recombinants, P1 to P5, have been identified, all of which have 

switched from serotype 4 to serotype 19A since the introduction of PCV-7 (Golubchik et 

al., 2012). Conjugation allows the transfer of genetic material via plasmids (Willetts and 

Wilkins, 1984). Plasmids often mediate the transfer of antibiotic-resistance genes 

between species. H. influenzae ampicillin-resistant strains are thought to have acquired 

resistance via the transfer of a plasmid from enteric species (De Graaff et al., 1976). 
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1.8.2 Bacterial-Viral Interactions 

 

Viral infections facilitate the development of secondary bacterial infections by causing 

respiratory epithelial damage, exposure of bacterial receptors and bacterial 

aerosolisation (McCullers and Rehg, 2002, Harford et al., 1949, Brundage, 2006, 

McCullers, 2006). Immune responses against viral infection can also deplete vital 

immune cells, such as granulocytes, that protect against bacterial infection (Navarini et 

al., 2006). Glucocorticoid production prompted by influenza infection is thought to stifle 

the immune response, allowing bacterial invasion (Jamieson et al., 2010). Furthermore, 

the influenza neuraminidase enzyme enables adherence of bacterial pathogens to the 

respiratory tract mucosa, facilitating development of secondary bacterial pneumonia 

(Peltola et al., 2005). Severe bloodstream infections and high mortality rates have been 

associated with influenza and bacterial co-infection with S. pneumoniae and S. aureus 

(Tasher et al., 2011). Influenza A strain H3N2 and RSV have furthermore been 

associated with increased rates of invasive pneumococcal pneumonia (IPP) in the USA 

(Zhou et al., 2012). 

 

The human coronavirus NL63 has also shown to increase attachment of S. 

pneumoniae to respiratory tract epithelia (Golda et al., 2011). Bacteriophages also 

affect the structure of bacterial ecosystems by determining the quantity and diversity of 

different groups of species that they infect (Gonzalez et al., 2011). Furthermore 

rhinovirus and metapneumovirus have also been found to co-infect with various 

respiratory bacteria leading to severe respiratory diseases such as pneumonia and 

exacerbations of COPD (Madhi et al., 2006, Wilkinson et al., 2006). 

 

In addition to interactions which may lead to disease, bacteria and viruses are thought 

to interact within their normal life cycles. Colonisation by bacterial species is thought to 

be associated with the lengthening of or increased symptoms of rhinitis during viral 

infection, which enable enhanced transmission of these species from host to host 

(Rodrigues et al., 2013). Influenza A infection has been found to increase the 

transmission and dissemination of S. pneumoniae with mice suggesting a role in 

carriage as well as disease (Diavatopoulos et al., 2010). Previous studies on 

retroviruses have also shown that interactions of these viruses with the normal 

microbial flora stimulate immune evasion which is necessary for transmission of the 

virus (Kane et al., 2011). Therefore it is thought that bacterial-viral interactions bring 

about conditions that shape adaptation and reproductive success of both bacterial and 

viral species.   
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1.8.3 Bacterial-Bacterial Interactions 

 

Bacterial antagonism, also known as bacterial interference, is a well-documented 

feature of respiratory tract colonisation. A negative relationship between S. 

pneumoniae and S. aureus carriage has been reported in a number of studies, 

specifically vaccine type S. pneumoniae (Bogaert et al., 2004c, Regev-Yochay et al., 

2004a). S. pneumoniae can inhibit colonisation of S. aureus via the production of 

hydrogen peroxide (Regev-Yochay et al., 2006). Furthermore, clinical trials have 

demonstrated increased colonisation by S. aureus following PCV-7 implementation 

(van Gils et al., 2011a). However, another study has demonstrated no effect of PCV-7 

introduction on carriage frequency of S. aureus (Cohen et al., 2007). The findings of no 

association between S. pneumoniae and S. aureus have been criticised due to the 

non-inclusion of age and other important variables within the multivariate regression 

model (Regev-Yochay et al., 2008, Cohen et al., 2008). Finally, a paediatric carriage 

study of young children in Portugal did not find a significant negative relationship 

between S. pneumoniae and S. aureus carriage, which was hypothesised to be a result 

of the multivariate regression model accounting for differences in age as well as the 

use of quantitative PCR which provided greater detail concerning bacterial density and 

interactions (Rodrigues et al., 2013).  

 

Relationships between S. pneumoniae and H. influenzae have also been described as 

competitive, with colonisation by H. influenzae being negatively associated with S. 

pneumoniae colonisation (Pettigrew et al., 2008). A further study also demonstrated 

this negative relationship but only when S. pneumoniae was the first to colonise the 

mucosa;  when H. influenzae was the initial coloniser a positive association was 

observed (Margolis et al., 2010). The relationship between S. pneumoniae and H. 

influenzae is also dependent on the presence of other species, with M. catarrhalis 

colonisation resulting in a positive association between the two species (Pettigrew et 

al., 2008). However, studies have also shown positive relationships between S. 

pneumoniae and H. influenzae when controlling for age as well as using quantitative 

PCR for the detection of these species (Chien et al., 2013). 

 

M. catarrhalis has been shown to frequently co-colonise with both S. pneumoniae and 

H. influenzae (Bosch et al., 2013). One study in the Netherlands demonstrated that M. 

catarrhaiis and H. influenzae were more often found to co-colonise than to be found 

alone within children under the age of two years (Verhaegh et al., 2011). This positive 

relationship between M. catarrhalis and H. influenzae was also found within the biofilm 
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state, with quorum sensing between the two species resulting in greater persistence, 

antibiotic resistance and immune evasion (Armbruster et al., 2010). Alpha-haemolytic 

streptococci also have the ability to reduce colonisation of S. pneumoniae, NTHi and 

M. catarrhalis by 92%, 74% and 89% respectively in infants with recurrent and 

secretory otitis media (Tano et al., 2000). 

 

Competitive processes are thought to accelerate evolution of antagonistic bacteria 

within the same ecological niche (Paterson et al., 2010). Antagonism can also exist 

within a single species of bacteria (Weiss-Salz and Yagupsky, 2010). This is thought to 

explain why certain pneumococcal serotypes tend to prevail in the nasopharyngeal 

niche. Bacteriocins, toxic proteins produced by the bacterium, are responsible for this 

intraspecies antagonism, targeting differing pneumococci strains (Dawid et al., 2007). 

Synergism can also promote bacterial survival, transmission and growth. 

 

1.8.4 Host-Pathogen Interactions 

 

Bacteria and their hosts are thought to be constantly evolving in response to one other 

in a process known as Red Queen dynamics (Jefferies et al., 2011). As host immune 

responses are modified by vaccination, new genotypes of bacteria appear through 

mutation and recombination, creating a situation of on-going co-evolution (Jefferies et 

al., 2011). This co-evolution is thought to lead to accelerated intra- and inter-species 

evolution, leading to evolutionary transformation and even speciation (Paterson et al., 

2010). These ‘mutator’ bacteria are able to survive better within the host and adapt to 

the stressful conditions imposed by the vaccine-induced changes in the host immune 

system (Jayaraman, 2011). Phase variation is also an important feature of Red Queen 

Dynamics, as specific antigens undergo modification to allow for adaptation, immune 

evasion as well as enhanced virulence and transmission (Jayaraman, 2011). N. 

meningitidis and H. influenzae undergo phase variation in their nadA and mod genes 

respectively, allowing for changes in gene expression and virulence properties 

(Jayaraman, 2011). Furthermore, S. pneumoniae undergoes phase variation in colony 

opacity antigens in order to allow for more successful colonisation of the nasopharynx 

and adherence to epithelial receptors (Weiser et al., 1994, Cundell et al., 1995). 

 

The immune system is also thought to maintain microbial diversity and promote co-

existence of species and strains. Mathematical modelling of respiratory tract carriage 

has demonstrated immune responses specific to pneumococcal serotypes as well as 
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non-specific acquired immunity to the bacterium support serotype diversity and enable 

multiple serotypes of S. pneumoniae to co-colonise (Cobey and Lipsitch, 2012).  

 

1.9 Vaccination Strategies 

 

1.9.1 Non-Conjugate Vaccines against Respiratory Pathogens 

 

The first vaccines introduced to control disease caused by respiratory pathogens were 

the inactivated whole cell B. pertussis vaccine introduced in 1926 and the inactivated 

toxoid vaccine against Corynebacterium diphtheriae introduced in 1923 (Ramon, 1923, 

Plotkin and Plotkin, 2011). More recently, capsular polysaccharide vaccines have been 

developed, which target the complex carbohydrate molecules of the bacterial capsule  

(Plotkin and Plotkin, 2011). The Pneumococcal Polysaccharide Vaccine (PPV) is used 

to target as many as 23 pneumococcal serotypes, and is commonly administered to the 

elderly and at-risk groups (Smit et al., 1977, Shapiro et al., 1991). The H. influenzae 

type b polysaccharide vaccine, containing polyribophosphate (PRP) polysaccharides, 

was also used for a short period of time to protect against this pathogen (Smith et al., 

1973). Furthermore, N.meningitidis polysaccharide vaccines have included monovalent 

vaccines targeting serogroups A (Wahdan et al., 1973) and C (Artenstein et al., 1970) 

as well as a quadrivalent vaccine targeting A, C, Y and W135 (Lepow et al., 1986). 

 

1.9.2 H. influenzae Type b Conjugate Vaccine 

 

The first available conjugate vaccine was that against type b H. influenzae (Hib, 

multiple manufacturers). The vaccine is a capsular polysaccharide vaccine conjugated 

to either a tetanus toxoid, diphtheria protein or N. meningitidis serotype b outer 

membrane protein (Morris et al., 2008). The vaccine has been successful in reducing 

Hib disease in various countries, but economic barriers have prevented their use in a 

number of countries due to the expense of the vaccine (Girard et al., 2005). NTHi is 

now responsible for the majority of H. influenzae-related upper respiratory tract 

disease, highlighting the need for an NTHi vaccine (Wiertsema et al., 2011b). 

Numerous outer membrane components are being assessed for their potential use in 

vaccine design, including the minor outer membrane protein (OMP) P6, major OMPs 

and adhesins (Poolman et al., 2001, Michel et al., 2011). Furthermore, the PHiD-CV 
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(Synflorix®, GSK) mentioned in the following section also includes a non-typeable H. 

influenzae (NTHi) protein D (Croxtall and Keating, 2009). 

 

 

1.9.3 Pneumococcal Conjugate Vaccines 

 

Pneumococcal conjugate vaccines (PCVs) have been included in the National 

Immunisation Programmes of 44% of all World Health Organisation member states 

(CDC, 2013). They include PCV-7 and PCV-13 (Prevenar®, Wyeth) which were 

introduced in the UK in 2006 and 2010 respectively (Department of Health, 2002, 

Department of Health, 2010). Both vaccines include serotypes 4, 6B, 9V, 14, 18C, 19F 

and 23F (Clarke, 2006) but PCV-13 includes further serotypes 1, 3, 5, 6A, 7F and 19A 

(Department of Health, 2010). Targeted serotypes are those that are more frequently 

found to cause invasive disease, posing the greatest public health risk (Hicks et al., 

2007). PHiD-CV (Synflorix®, GSK) is a further vaccine active against 10 serotypes in 

which eight are conjugated to a non-typeable H. influenzae (NTHi) cell surface 

lipoprotein known as protein D (Wysocki et al., 2009, Croxtall and Keating, 2009). The 

PHiD-CV vaccine has also been shown to confer protection against acute otitis media 

(AOM) infections, especially those caused by S. pneumoniae vaccine types. However, 

evidence for the protection against NTHi otitis media infections is unclear (Prymula et 

al., 2006, Talbird et al., 2010). The mode of action of this effect on NTHi otitis media 

infections is controversial (Dagan, 2008). 

 

PCV15 (Merck), which is currently undergoing trials, contains serotypes 1, 3, 4, 5, 6A, 

6B, 7F, 9V, 14, 18C, 19A, 19F, 22F, 23F and 33F and an aluminium phosphate 

adjuvant (Skinner et al., 2011). Furthermore, pneumococcal protein vaccines are being 

developed with the aim of targeting all S. pneumoniae serotypes. These include a 

trivalent vaccine containing pneumococcal choline-binding protein A (PcpA), 

pneumococcal histidine triad protein D (PhtD) and pneumolysin D1 which has been 

detoxified (PlyD1) (Ljutic et al., 2012). Furthermore, vaccines containing the 

pneumolysin toxoid alone or in combination with PhtD have recently been evaluated in 

phase I and II clinical trials (Leroux-Roels et al., 2014). 
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1.9.4 Meningococcal Vaccines 

 

The meningococcal serogroup C conjugate vaccine (MenC) was included in the UK 

National Immunisation Programme in 1999 (Department of Health, 1999). There are 

thee separate vaccines which have been licensed for protection against meningococcal 

serogroup C disease: Meningitec® (Pfizer), NeisVac-C (Baxter) and Menjugate® 

(Novartis).  The inclusion of MenC vaccines into the childhood immunisation 

programme has led to a significant reduction in the number of meningitis C cases as 

well as number of deaths within 2 years (Balmer et al., 2002). Following the 

introduction of the vaccine in the UK, catch up vaccination was also carried out in 

individuals aged  less than 18 and was critical in the effectiveness of the vaccine 

(Trotter et al., 2004).  In addition, reductions in carriage and evidence of herd immunity 

have been observed (Maiden et al., 2008).  

 

The biggest challenge in controlling meningococcal disease has been in the 

development of a meningococcal serogroup B vaccine. This serogroup is responsible 

for the greatest number of cases of meningococcal disease in the UK, but its non-

immunogenic and auto-antigenic capsular polysaccharides have prevented their use in 

vaccine design (Donnelly et al., 2010). The meningitis B vaccine Bexsero® (4CMenB, 

Novartis) has recently been recommended for routine use in the UK by the Joint 

Committee on Vaccination and Immunisation (JCVI). This vaccine contains factor H 

binding protein (fHBP), Neisserial adhesin A (NadA), Neisseria heparin-binding antigen 

(NHBA) and Outer Membrane Vesicle (OMV) (Serruto et al., 2012). A further meningitis 

B vaccine TRUMENBA® (Pfizer), containing two variants of fHBP, has also gained 

approval from the Food and Drug Administration (FDA) in the USA. 

 

Furthermore, tetravalent conjugate vaccines against serogroups A, C, Y and W135 are 

also available in Europe, which include Menveo® (Novartis) and ACWY Vax® (GSK). 

Another tetravalent conjugate vaccine against serogroups A, C, Y and W135 (MCV4, 

Menactra®, Sanofi Pasteur) is available in the USA (Smith, 2008). This vaccine has 

also been licensed in Saudi Arabia since 2011 (Khalil et al., 2012). Finally, the 

MenAfriVac® (SynCo Bio) vaccine targeting meningococcal serogroup A, was 

introduced in 2010 in order to combat meningitis epidemics within the African 

Meningitis Belt (Frasch et al., 2012). 
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1.9.5 Vaccine Development Difficulties 

 

Previously, problems associated with vaccines against respiratory organisms were due 

short-lived responses to polysaccharide vaccines as a result of the production of low-

affinity antibodies and the lack of B cell memory (Siegrist, 2008). Furthermore, poor 

immunological responses to polysaccharide vaccines in young children is problematic 

(Siegrist, 2008). The inclusion of a conjugated protein within these vaccines has 

resolved this issue as well as preventing carriage of the targeted organism (Lipsitch, 

1997). However, conjugate vaccines against S. pneumoniae, N.meningitidis serogroup 

C and H. influenzae type b target specific capsular polysaccharides, meaning that the 

remaining serogroups or serotypes are not targeted by the vaccines  (Magee and 

Yother, 2001, Barbour et al., 1995). Furthermore, intra-species variation in S. 

pneumoniae polysaccharides limits the efficacy of vaccines targeted the organism. As 

a consequence, vaccination results in modifications in the diversity and structure of 

pneumococcal populations (Lipsitch et al., 2009, Pettigrew et al., 2008). Such diversity 

imposes selective pressures on the organism, inducing antigenic variation as a means 

of survival (Weiss-Salz and Yagupsky, 2010). Constant antigenic variation of colonising 

S. pneumoniae in the respiratory tract means that there is an on-going need to update 

and modify vaccines in order to ‘keep up’ with this genetic evolution, a process known 

as Red Queen dynamics (Jefferies et al., 2011). 

 

1.10 Selection Pressures of Immunisation Programmes 

 

Vaccines impose evolutionary pressures on the organisms that they target. Following 

the introduction of PCV-7, serotype replacement of vaccine types (VT) with non-

vaccine types (NVT) has become apparent in cases of invasive disease in the USA and 

the UK (Hicks et al., 2007, Kaye et al., 2009). Furthermore, in the UK, increases in the 

number of cases of invasive disease caused by non PCV-13 serotypes have also be 

observed since the introduction of PCV-13 (Public Health England, 2015b). Serotypes 

colonising the respiratory tract have also undergone similar replacement, with 19A, 6A, 

15B/C and 11A becoming more prevalent in the USA, UK and Canada (Kellner et al., 

2008, Huang et al., 2009, Flasche et al., 2011, Tocheva et al., 2011). Increases in 

serotype 6C were also observed after introduction of PCV-7 (Tocheva et al., 2010). It 

has been noted, however, that in most countries serotype replacement has occurred to 

a greater extent in carriage than in invasive disease, perhaps due to lower invasive 

properties of the serotypes that have replaced the vaccines serotypes (Weinberger et 
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al., 2011). On the other hand, some replacement serotypes, such as 19A, have 

demonstrated higher invasiveness (Pilishvili et al., 2010). 

 

The ability of respiratory tract organisms to evolve in response to vaccination is a 

worrying problem. The decline in S. pneumoniae vaccine types caused by vaccination 

has the potential to cause an increase in prevalence of potentially more virulent or 

antibiotic resistant non-vaccine types which were previously out-competed (Gladstone 

et al., 2011). Rates of invasive disease post PCV-7 introduction have shifted from 

vaccine types to non-vaccine types, in particular serotypes 3, 15, 19A, 22F and 33F 

(Hicks et al., 2007). The invasive potential of less prevalent serotypes could be 

problematic in the future, as more common serotypes are eliminated from this 

ecological niche. In particular, clonal replacement of ST199 with ST320 and ST695 

within the 19A serotype was observed in the USA (Hanage et al., 2011). Such 

observations have led to the development of further vaccines covering these non-

vaccine types, including PCV-13 which contains 19A, and PCV-15 which is undergoing 

pre-clinical assessment and covers serotypes 3, 19A, 22F and 33F in addition to those 

serotypes covered by PCV-13 (Skinner et al., 2011). 

 

Diversification of particular strains has also occurred as a result of vaccination, with the 

discovery of novel serotypes, including pneumococcal serotypes 6C and 6D 

(McEllistrem and Nahm, 2012). Novel sequence types (ST) have also been reported, 

including ST4533, which caused a single case of life-threatening invasive illness (White 

et al., 2011).  

 

As yet, no large-scale serotype shifts have been observed since the widespread use of 

the Hib vaccine, however a small number of shifts from H. influenzae type b to non-b 

and non-typeable H. influenzae (NTHi) have been reported in a number of countries 

(Adam et al., 2010, Bender et al., 2010). In the UK, H. influenzae type e and f invasive 

disease incidence has risen by 7.4% each year (0.03 cases per 100,000 in 2009/2010) 

and 11% over 10 years (0.09 cases per 100,000 in 2009/2010) respectively between 

2001 and 2010 (Ladhani et al., 2012a). NTHi is now responsible for the majority of H. 

influenzae upper RTI with increases in NTHi-associated acute otitis media (AOM) 

(Wiertsema et al., 2011b). In the USA, NTHi-positive AOM samples have increased by 

19% from 1995 to 2003 (Casey and Pichichero, 2004).  

 

N. meningitidis capsular replacement from serogroup C to B following the meningitis C 

vaccine introduction has been observed in ST11 isolates collected from  two outbreaks 

in Spain between 1997 and 2002 (Perez-Trallero et al., 2002). Similar replacement has 
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been observed in ST11 in the Czech Republic (Kriz et al., 1999) and Canada (Kertesz 

et al., 1998). Increases in serogroup Y and W135 have also been reported in the UK 

following the introduction of the meningitis C vaccine (Ladhani et al., 2012b, Maiden 

and Stuart, 2002). However, other studies have not identified shifts in these serogroups 

as a result of serogroup C vaccination, with a Canadian report demonstrating no 

change in levels of serogroup Y and W135 between 2002 and 2006 (Bettinger et al., 

2009). Furthermore, clonal expansion of N. meningitidis, with the occurrence of novel 

STs, has been observed in the UK (Diggle and Clarke, 2005).  

 

It is also thought that populations of co-colonising bacteria will be altered as a result of 

vaccination against specific organisms. For example, a relative increase in NTHi 

causing acute otitis media post PCV-7 implementation has been observed in the USA 

and Australia (Wiertsema et al., 2011b, Casey and Pichichero, 2004). However other 

reports are more inconclusive about changes in H. influenzae and M. catarrhalis 

following PCV-7 implementation, with studies showing no increase in these species 

(van Gils et al., 2011b) and others demonstrating increased levels of H. influenzae and 

M. catarrhalis in AOM following PCV-7 implementation (Leibovitz et al., 2004). 

 

The alterations in populations of species and serotypes carried in the  nasopharynx as 

a result of vaccination is thought to bring about an imbalance within this ecological 

niche (Weiss-Salz and Yagupsky, 2010). Although current replacement serotypes are 

generally found to be less invasive, as vaccine composition changes, there is the 

possibility that particular replacement serotypes may become more invasive. This has 

the potential to bring about an increase in the incidence of respiratory disease and the 

potential for epidemics and pandemics. Invasive non-b type H. influenzae types e and f 

have been described as well as invasive non-vaccine type pneumococci (Ladhani et 

al., 2012a, Scott et al., 2011). However, there is no evidence for this potential rise in 

invasiveness of less invasive serotypes. It is thought that S. pneumoniae serotypes 

achieve a new equilibrium state following PCV implementation which limits any 

potential further large changes in invasive serotypes (Hanage et al., 2010). The 

difficulty in predicting replacement and disease potential of particular serotypes means 

that surveillance studies, to include both surveillance of carriage and disease, are 

essential for monitoring any changes within the population in relation to the prevalence 

of disease (Weinberger et al., 2011). 
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1.11 Advances in Microbial Epidemiology Research Methods 

 

1.11.1 Quantitative and Real-time PCR 

 

Traditional microbiological identification methods rely on culture of microbes on specific 

growth medium, microscopy and serological assays (Mackay, 2004). These methods 

are limited with respect to slow-growing or non-culturable species, low sensitivity, 

biohazard risk, high background flora and poor interpretability (Whelen and Persing, 

1996). Polymerase Chain Reaction (PCR) allows the amplification of small amounts of 

nucleic acid within a sample. Real-time PCR allows the quantification of nucleic acid 

within the sample, which can provide information on bacterial or viral load and gene 

expression levels (Klein, 2002). Assays have been developed for the detection of a 

number of bacterial and viral respiratory species, including S. pneumoniae, N. 

meningitis, H. influenzae, M. catarrhalis, S. aureus, parainfluenza viruses, adenovirus, 

influenza viruses, RSV, coronavirus, rhinovirus (Wu et al., 2013a, van de Pol et al., 

2007, Greiner et al., 2003, Jonas et al., 2002, Luna et al., 2007, Do et al., 2010). These 

assays have allowed increased sensitivity for detection of these species within 

respiratory samples. 

 

Real-time PCR is essential for treatment of tuberculosis as detection of the species can 

be undertaken in days rather than weeks which allows for optimal management of 

disease as well as prompt treatment (Brisson-Noel et al., 1991). Furthermore, in cases 

of atypical pneumonia, real-time PCR has proved essential in the identification of a 

number of species which are extremely difficult to culture, including Legionella species, 

Mycoplasma pneumoniae and Chlamyida pneumoniae (Campbell et al., 1992, 

Williamson et al., 1992, Matsiota-Bernard et al., 1994). Sensitivity for detection of B. 

pertussis, a fastidious and slow-growing species, has also been greatly enhanced by 

the use of real-time PCR (Muller et al., 1997).  

 

The investigation of antibiotic susceptibility is also achieved using real-time PCR. 

Methicillin-resistant S. aureus strains can be successfully identified using mecA gene 

detection, which subsequently allows for appropriate infection management and 

treatment (Jonas et al., 2002). Antibiotic resistance in M. tuberculosis is highly 

problematic, with multiple drug resistant strains hampering efforts to control the disease 

(Morris et al., 1995). Real-time PCR assays to detect resistance to rifampicin, one of 

the first-line treatments for tuberculosis, have been developed in order to rapidly detect 

resistance and amend treatment regimens accordingly (Whelen et al., 1995).  
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Real-time PCR has also had a number of implications for understanding the 

epidemiology of respiratory tract microorganisms. Compared with culture detection, 

real-time PCR enables quantification of species with respiratory samples, which 

permits enhanced investigation of the associations between species abundance and 

host characteristics such as age and species interactions (Rodrigues et al., 2013). 

Further epidemiological methods which have been facilitated by the development of 

real-time PCR include microbial typing and genetics, which will be discussed in the 

following sections. 

 

1.11.2 Microbial Typing 

 

Traditionally, capsular typing of bacterial species was undertaken via serological 

techniques. The Quellung reaction for S. pneumoniae remains the gold standard for 

capsular typing of this species (Austrian, 1976). Slide agglutination of H. influenzae can 

also enable the discrimination of the different serotypes of this species, however 

interpretation of results is often challenging (Shively et al., 1981). Furthermore, slide 

agglutination of N. meningitidis also enables identification of sergroups of the species, 

but cross-reactivity and auto-agglutination are problematic (Craven et al., 1978). 

 

More recently a number of different methods have been used which offer certain 

advantages over the more traditional serological assays in serotyping respiratory 

species, including batch processing of samples as well as direct detection of serotypes 

from clinical samples (Jauneikaite et al., 2015). Enzyme immunoassays (EIA) have 

been developed to detected specific serotypes or serogroups of a bacterial species 

using antigens. Discrimination of S. pneumoniae serotypes in nasopharyngeal samples 

by EIA was 100% sensitive (Lankinen et al., 2004). An enzyme-linked immunosorbent 

assay (ELISA) developed for typing N. meningitidis also enabled the detection of types 

and subtypes of the species (Abdillahi and Poolman, 1988). 

 

Molecular methods offer additional advantages for typing of microbial species, 

including rapidity and reduced costs. PCR-based methods are widely used for 

serotyping or serogrouping species via amplification of a species-specific gene. PCR 

methods are capable of detecting up to 50 specific serotypes of S. pneumoniae, and 

include multiplex PCR (Pai et al., 2006) and nanofluidic real-time PCR (Dhoubhadel et 

al., 2014) methods. Serotyping of H. influenzae types a-f and identification of non-

typeable H. influenzae is also undertaken using single PCR reactions (Falla et al., 
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1994) and multiplex PCR (Cote et al., 1994). Finally serogroup specific PCR of N. 

meningitidis was found to be highly specific and sensitive for detecting serogroups of 

the species, and reported fewer non-typeable strains when compared with slide 

agglutination (Mothershed et al., 2004). 

 

Microarrays, which detect nucleic acid via probes bound to a microarray chip surface, 

can enable the detection of multiple serotypes of S. pneumoniae within single samples 

(Tomita et al., 2011, Turner et al., 2011a). Finally, whole genome sequencing and in 

silico analysis, which will be discussed in the following section, allows increased 

sensitivity and resolution for the detection of S. pneumoniae serotypes (Gladstone, 

2013).  

 

In addition to capsular typing to determine serotypes or serogroups, typing of multiple 

genetic loci can enable species to be further characterised. Pulse-field gel 

electrophoresis (PFGE) is a commonly used method during outbreak situations due to 

its discriminatory power and reproducibility (Sabat et al., 2013). Ribotyping and 

amplified fragment length polymorphism (AFLP) are addition al methods which involve, 

like PFGE, the discrimination of types by using restriction enzymes (Vos et al., 1995, 

Syrogiannopoulos et al., 2001). Although useful in outbreak situations, these methods 

map rapid evolution and can be deceptive when studying circulating strains in long-

term epidemiology (Maiden et al., 1998). The first typing method to overcome this 

limitation was multilocus enzyme electrophoresis (MLEE) which enables the long-term 

epidemiology of species to be assessed (Selander et al., 1986). However, as with all 

restriction enzyme methods, inter-laboratory comparison of MLEE results is a 

challenge (Maiden et al., 1998). Multilocus sequence typing (MLST), which involves 

sequencing seven or eight housekeeping genes of a specific isolate and assigning a 

sequence type (ST) to the isolate depending on the allelic profile (Maiden et al., 1998), 

has been used to understand the epidemiology of S. pneumoniae (Enright and Spratt, 

1998), H. influenzae (Meats et al., 2003) and N. meningitidis (Maiden et al., 1998). 

Compared to the previous methods discussed, MLST is highly portable which has 

enabled inter-laboratory comparisons and exchange of molecular data (Maiden et al., 

1998).  

 

1.11.3 Genome Sequencing 

 

One of the largest technological advances within the field of infectious disease 

epidemiology is the development of whole genome sequencing technologies. Sanger 
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sequencing, which involves the incorporation of chain-terminating inhibitors and 

sequence determination via separation of DNA fragments using gel electrophoresis, 

was the first of the sequencing methods to be developed (Sanger et al., 1977). This 

method was lengthy, expensive and labour-intensive (Metzker, 2005). As a result a 

number of new technologies have been developed, which incorporate a range of 

template preparation and nucleic acid sequencing methods (Metzker, 2010). Template 

preparation involves the generation of good quality non-biased nucleic acid and can be 

undertaken via clonal amplification of templates on a bead surface (emulsion PCR) 

(Williams et al., 2006) or on a solid surface (solid-phase amplification) (Fedurco et al., 

2006) or using single molecule templates (Harris et al., 2008). Methods for sequencing 

these nucleic acid templates involve cyclic reversible termination (Bentley et al., 2008), 

pyrosequencing (Ronaghi et al., 1998) and real-time sequencing (Eid et al., 2009). 

The development of these next-generation sequencing technologies has a number of 

applications in the field of microbial epidemiology. Metagenomics, the analysis of 

sequences of microbial DNA which have been extracted directly from a sample, 

enables the study of microbial community composition and greater understanding of 

the contribution of non-culturable species (Singh et al., 2009). Microbial communities 

such as those of the nasopharynx (Bogaert et al., 2011), the gut (Dethlefsen et al., 

2008) and  the lung (Rogers et al., 2004) have been analysed in order to understand 

species interactions and the effect of interventions such as antibiotics on community 

structure.  

 

With the decreasing cost and increasing use of sequencing technologies, there is the 

need for more advanced bioinformatics analysis tools to handle the data being 

generated. The main challenge involved the volume of data and the varied types of 

data being produced by these technologies (Pop and Salzberg, 2008). Assembly of 

sequences, which involves the assembly of short reads into longer sequences 

(scaffolds and contigs) using complex algorithms, is particularly challenging due to 

variations in read length, paired-end vs. single-end and genome size (Zhang et al., 

2011). A wide variety of assemblers have been developed, including Velvet (Zerbino 

and Birney, 2008), AbySS (Simpson et al., 2009) and SSAKE (Warren et al., 2007), to 

name a few, which vary in their ability to produce good quality sequences from different 

types of sequencing data. Annotation of sequences involves assigning biological 

meaning and function to the sequences of DNA within a species. Annotation can be 

done manually, however, the volume of data generated using next-generation 

sequencing requires a more automated approach (Rust et al., 2002). Automated 

annotation methods include gene prediction using software such as GLIMMER 

(Delcher et al., 1999) followed by sequence alignment using BLAST (Altschul et al., 



49 
 

1990) and FASTA (Pearson, 1990).Further annotation methods include Rapid 

Annotation using Subsystems Technology (RAST) which predicts sets of functional 

roles represented in the genome which have been manually curated (Aziz et al., 2008). 

Despite attempts to fully automate the annotation process, the methods are not without 

their flaws and some manual corrections are often required to produce good quality 

annotations (Richardson and Watson, 2013). 

 

1.11.4 Statistical Methods in Cross-sectional Studies 

 

Statistical methods are essential for the design and sample size calculations within 

research studies as well as for evaluating the outcomes of the study (Sprent, 2003). 

Within research studies, a representative sample of a population is used in order to 

infer associations and patterns within the general population. This sample is ideally 

randomly chosen and unbiased (Kadam and Bhalerao, 2010). Stratified random 

sampling can also be performed when subpopulations differ within the population being 

sampled (Cochran, 1946). Sample size is based on the underlying prevalence within 

the population, level of significance and power (Kirby et al., 2002). However, 

researchers also consider response rates, attrition and study objectives when 

considering an appropriate sample size (Larsen et al., 1985). The sample size of a 

study is important for obtaining high quality results which can easily be interpreted and 

reported transparently (von Elm et al., 2007). 

 

Statistical analysis of cross-sectional study outcomes is most commonly performed 

using logistic regression (Barros and Hirakata, 2003). This method predicts binary 

outcomes based on multiple variables and allows the estimation of an odds ratio (OR) 

(Cox, 1958). However, the OR can overestimate the prevalence ratio (PR) when the 

outcome being observed in common (Thompson et al., 1998). Cox regression, Poisson 

regression and log-binomial have been suggested as alternatives to binary logistic 

regression (Skov et al., 1998, Traissac et al., 1999). These methods are thought to 

produce easily interpretable prevalence ratios (Barros and Hirakata, 2003). However, 

others argue that these methods cannot adequately estimate the PR whilst adjusting 

for covariates (Stromberg, 1995). 
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1.12 Aims and Objectives 

 

Microorganisms carried in the URT are capable of causing respiratory infection, 

meningitis or sepsis and pose a significant burden in terms of morbidity and mortality in 

the UK and elsewhere. Vaccines targeting these microbes remain the most effective 

intervention against respiratory infection, meningitis and sepsis. It is therefore crucial to 

understand the carriage of microbes within the population in order to inform vaccine 

and antibiotic development and policy.  

The respiratory tract is a complex ecosystem with multiple species and strains co-

inhabiting the same niche. This diversity has led to concern that the introduction of 

bacterial conjugate vaccines targeting specific strains will lead to other bacterial strains 

or species colonising the niche which has been vacated by vaccine-targeted strains. 

This may increase the prevalence of pathogens not targeted by vaccination and may 

potentially reduce the effectiveness of such vaccines. With viral epidemics occurring 

frequently, greater knowledge is required about the effects of viral pathogens on the 

niche dynamics of the upper respiratory tract. It is well known that Influenza viruses 

have caused significant bacterial secondary infections in the past which has led to 

enhanced morbidity and mortality. Understanding such interactions is key to 

determining the dynamics of the respiratory tract and understanding the true diversity 

within this niche. 

The primary aim of the project was to gain insight into the epidemiology and ecology of 

respiratory tract communities. Secondary study aims were as follows: 

1. Understand participation of members of the general population to a large 

community-based swabbing study. 

2. Determine carriage prevalence of target bacterial and viral species and build a 

mathematical model for microbial respiratory tract carriage. 

3. Gain insight into the inter-species and intra-species microbial diversity of the upper 

respiratory tract community. 

4. Determine species distribution and community assembly patterns within the 

respiratory tract community. 

In order to achieve these aims, traditional culture-based techniques, molecular 

methods and ecological and mathematical modelling methods were used. Data 

collected from a large community-based respiratory carriage study would be used, 

which would provide key epidemiological information for the evaluation of vaccine and 

antibiotic design and policy. Furthermore, data would provide crucial information on 
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participation and carriage rates, which would inform future carriage study design, 

including larger multi-centre carriage studies. 
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Chapter 2. Materials and Methods 

 

2.1 Participant Recruitment and Sample Collection 

 

2.1.1 Study Rationale 

 

A large community-based swabbing study was undertaken in order to understand the 

epidemiology of bacterial carriage within the upper respiratory tract across all age groups. 

Previous studies on bacterial carriage have focused on fewer species within specific age 

groups. This study, however, aimed to gain a better understanding of bacterial carriage 

across all age groups, with the hope of producing results which would inform future 

improvements in vaccine and antibiotic development and policy. The main objectives of 

the swabbing study were to compare different swabbing techniques for optimum detection 

of bacterial species, by comparing swab type (nose, whole mouth swab and 

nasopharyngeal) and swabbing method (self-swabbing and healthcare professional 

swabbing). Furthermore the study aimed to determine levels of participation by members 

of the general population and prevalence of bacterial carriage to help inform sample size 

calculations for future larger multi-centre carriage studies. The swabbing study would also 

assess all features of a future larger study, including participant recruitment and study 

documentation.  

 

The swabbing study was funded by The Bupa Foundation and was awarded to the 

Principal Investigator, Dr Stuart Clarke and study co-investigators. Ethical Approval was 

obtained from the National Research Ethics Service (NRES) Committee South Central 

Hampshire A (REC, 11/SC/0518). 
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2.1.2 Duration and Timing of Swabbing Time-points 

 

Swab samples were collected during two study time-points, May to August 2012 and 

February to April 2013. Swab samples were processed between 18th May 2012 to 31st 

August 2012 and 15th February 2013 to 15th April 2013. 

 

2.1.3 Participating General Practitioner Practices 

 

Twenty GP practices across Hampshire were invited to participate in the swabbing study. 

The practices were chosen to reflect a mix of urban and rural locations as well as 

deprivation levels. The practices formed part of the South West (East Hub) Primary Care 

Research Network (PCRN). Practices were located within NHS Southampton, Solent NHS 

Trust, NHS Hampshire and NHS Portsmouth. The locations of these practices are shown 

in Figure 1. 
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Figure 1. Location of the 20 Participating GP Practices 

Red markers show the location of each of the 20 GP practices. The map represents the South 

Central area of the United Kingdom. GP practices have been grouped into geographical areas for 

analysis purposes: 1 = Southampton/Romsey, 2 = New Forest, 3 = Portsmouth, 4 = Outer 

Portsmouth, 5 = Borden and 6 = Yateley. The map was generated using Google Maps. 
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2.1.4 Sample Size 

 

Sample size was based on the precision with which we can estimate true carriage rates. A 

25% response rate was assumed based on results from a previous staphylococcal 

carriage study (Gamblin et al., 2013). A total of 2,020 patients aged 0-4 years and 3,200 

patients aged 5 years and older were invited to take part within two separate swabbing 

groups, anticipating 505 patients aged 0-4 years and 800 patients aged 5 years and older 

to respond within each group, accounting for lower carriage rates observed within the 

older age group. A predicted carriage rate of S. pneumoniae of 30% in 505 participants 

aged 0-4 years would enable true carriage to be determined to within ±4.0% (95% 

confidence) (Tocheva et al., 2011). A predicted carriage rate of S. pneumoniae of 20% in 

800 participants aged 5 years and older would enable true carriage to be determined to 

within ±2.8% (95% confidence) (Watt et al., 2004). 

 

2.1.5 Participant Recruitment 

 

Each GP practice generated a list of their entire patient cohort. Patients deemed unfit for 

participation by their GP were removed from the list. The list was then divided into two: 

one containing all patients aged 0-4 years and one containing all patients aged 5 years 

and older. Each practice list was then randomised using the ralloc command in Stata 

(StataCorp, version 12), allocating a random number between 1 and 5 to each patient 

(this was undertaken by Ho Ming Yuen). Approximately 580 eligible participants per 

practice, 220 patients aged 0-4 years and 360 aged 5 years or older, were randomly 

selected from each GP list using the random number allocated to each participant. Each 

of the two age groups was then split equally between two study groups: Healthcare 

professional (HCP) swabbing and self-swabbing. For the second time-point, only the self-

swabbing group was recruited (from a separate set of individuals to the first time-point), 

with the random selection of 290 eligible participants per practice during this time-point. 

Participants from the second time-point were selected using a different random number to 

the first time-point to ensure all participants were different to the first time-point. The 

overall structure of the study is shown in Figure 2. 
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Figure 2. Structure of the Swabbing Study 

GP = general practitioner, PCRN = primary care research network, HCP = healthcare professional, 
NP = nasopharyngeal. *Random selection of patients using random number generation, allowing 
mutually exclusive groups to be selected for summer self-swabbing, summer HCP swabbing and 

winter self-swabbing. 
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2.1.6 Study Groups 

 

Participants were split equally between the two study groups, as mentioned previously. 

Participants in the HCP swabbing study group were invited via letter to visit their GP 

practice to have their swabs taken by a registered HCP. At the swabbing appointment, 

patients were asked to read the study information sheet and sign the consent form if they 

agreed to participate in the study. Consenting patients then had a nasopharyngeal (NP) 

swab and a whole mouth swab (WMS) taken by the HCP. Each participant was also 

asked to complete a patient questionnaire at their appointment. Swabs were returned to 

the Infectious Disease Epidemiology Group laboratory in the Faculty of Medicine at the 

University of Southampton using pre-existing NHS transport arrangement, if available, or 

via taxi on the day of swabbing. 

 

All participants in the self-swabbing study group were sent self-swabbing packs by 

Danvers International (London, UK), a medical courier company. These packs contained 

an age-appropriate participant information sheet, consent form, instruction sheet, nose 

swab and WMS and patient questionnaire. Participants were invited to take their own 

nose swab and WMS if they consented to participate in the study and return them, along 

with consent forms and questionnaires, via first class freepost return to the Infectious 

Disease Epidemiology Group laboratory in the Faculty of Medicine at the University of 

Southampton. All swab packs were assembled and mailed to participants by Danvers 

International. 

 

Questionnaires were designed to be short (one page A4) and easy to complete in order to 

maximise the numbers of responses. The questionnaires, shown in Appendix 1, were 

identical in both study groups and gathered the following information pertinent to bacterial 

carriage:  

 Participant age (years) 

 Location (GP practice attended) 

 Swabbing group (HCP swabbing or self-swabbing) 

 Use of antibiotics (yes, no or do not know) and type used (amoxil, co-amoxiclav, 

erythromycin, azithromycin or other) within the past calendar month (recent). 

 Respiratory tract infection (yes, no) and type of infection (cold, flu, ear infection or 

other chest infection) within the past calendar month (recent). 

 Vaccination status (up-to-date, not up-to-date or do not know). 
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Other factors, including smoking, family size and structure, although considered important 

were not included so as to ensure the questionnaire was not too long and easy to 

complete. Furthermore, the study was a pilot study which aimed primarily to compare self-

swabbing and HCP swabbing. 

 

2.1.7 Swabbing 

Swab heads were composed of viscose (rayon) and swab shafts were composed of 

polystyrene (nose and whole mouth swabs) or aluminium (NP swabs). Self-swabbing 

participants were instructed on how to self-perform nose and whole mouth swabbing via a 

set of instructions within their swabbing packs, as follows. After hand washing participants 

were asked to carefully remove a swab from its packaging. The swab was to be inserted 

approximately 1cm into the first nostril, and rubbed firmly against the inside of the nostril, 

withdrawn and the process repeated for the second nostril. A second sterile swab was 

then inserted into the mouth and firmly rubbed against the inside of both cheeks.  

Healthcare professionals were asked to take NP and whole mouth swabs according to 

standard sterile technique. Once taken, swabs were placed in polypropylene tubes, 

containing amies transport medium with charcoal and labelled according to swab type 

using sticky labels provided. 

 

2.2 Sample Processing 

 

HCP-taken swabs were returned for analysis on the day of swabbing by taxi or within 1-2 

days by pre-existing NHS delivery service. Self-taken swabs were returned by first-class 

freepost return directly to the University laboratory (1-2 days). Once received in the 

laboratory swabs, questionnaires, consent forms and agar plates were labelled with a 

unique participant identification number for processing. 

 

Swabs were removed from the polypropylene tubes containing transport medium and 

inoculated into 1ml of STGG (skim milk, tryptone, glucose, and glycerine, HPA) by rubbing 

the swab vigorously against the side of the tube and vortexing to ensure transfer of 

bacteria into the tube. Ten microliters of the inoculated STGG was then streaked out onto 

the following agar plates: Columbia Blood Agar with Horse Blood (CBA, Oxoid, PB0124), 

Columbia Blood Agar with Colisitin and Naladixic Acid (CNA, Oxoid, PB0308), Columbia 

Agar with Chocolated Horse Blood (CHOC, Oxoid, PB0124), Columbia Agar with 

Chocolated Horse Blood and Bacitracin (BAC, Oxoid, PB0220), Pseudomonas-selective 
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Agar (CFC, Oxoid, PB0291) and Lysed GC Selective Agar (GC, Oxoid, PB0962). Discs 

containing 5µg optochin (Oxoid, DD0001) were then placed on the CNA plates to 

determine sensitivity to optochin. CBA, CNA, CHOC, BAC and GC plates were incubated 

at 37°C with 5% CO2 for 24 hours. CFC plates were incubated at 37°C for 24 hours. The 

STGG vials containing the swab contents were then frozen at -80°C for further analysis.  

 

2.3 Identification of Respiratory Bacteria using Culture 

 

2.3.1 Microbial Identification 

 

Swabs were analysed for the presence of the six following microorganisms: S. 

pneumoniae, H. influenzae, M. catarrhalis, S. aureus, N. meningitidis and P. aeruginosa. 

After 24 hours, plates were read for the presence of the six target organisms and standard 

microbiological identification techniques were used, as shown in Table 1. A sweep of each 

CHOC plate was also inoculated into STGG and frozen at -80°C. 

 

Table 1. Standard Microbiological Identification Techniques for S. pneumoniae, H. 

influenzae, M. catarrhalis, P. aeruginosa, S. aureus and N. meningitidis 

Bacterial Species Identification Method 

S. pneumoniae Characteristic optochin-sensitive colonies on CNA 

H. influenzae Characteristic colonies requiring X+V on BAC 

M. catarrhalis 
Gram-negative oxidase-positive, tributyrin-positive and 

DNase-positive diplococci on CHOC, CBA or CNA 

P. aeruginosa Characteristic green oxidase-positive colonies on CFC 

S. aureus Characteristic coagulase-positive colonies on CNA 

N. meningitidis 
Characteristic oxidase-positive Gram-negative diplococci 

on GC with the correct API NH profile 

CBA = Columbia Blood Agar, CNA = CBA with Colisitin and Naladixic Acid, BAC = CBA 

with Chocolated Horse Blood and Bacitracin, CHOC = CBA with Chocolated Horse Blood, 

CFC = Pseudomonas-selective agar, GC = Lysed GC Selective Agar 
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X and V testing of H. influenzae was undertaken by inoculating the surface of a Blood 

Agar Base (Oxoid, PO1046) plate with a suspension of suspected H. influenzae culture in 

sterile distilled water. X (Oxoid, DD0003), V (Oxoid, DD0004) and X+V (Oxoid, DD0005) 

discs were placed on the plate at equal distances from each other. The plate was then 

incubated at 37°C with 5% CO2 for 24 hours. Colonies growing around the X+V disc alone 

were identified as H. influenzae. 

 

Oxidase testing of M. catarrhalis, P. aeruginosa and N. meningitis was undertaken by 

transferring a small amount of suspect bacterial material onto an oxidase strip (Mast 

Diagnostics, ET04). Oxidase-positive colonies turned the oxidase strip a dark purple 

colour. 

 

Coagulase activity testing of S. aureus was undertaken using a Pastorex Staph Plus Kit 

(Bio-Rad, 56353). A small amount of bacterial material was mixed with the test reagent 

(containing monoclonal antibodies) and mixed. The presence of an agglutination reaction 

was indicative of a coagulase-positive colony. 

 

Tributyrin testing of M. catarrhalis was undertaken by placing a tributyrin tablet (Rosco 

Diagnostica, 48821) into a 5ml turbid suspension of each suspect colony in saline. 

Tributyrin–positive colonies turned yellow after incubation at 37°C with 5% CO2 for 24 

hours. 

 

DNase testing of M. catarrhalis was undertaken by streaking a small amount of bacterial 

material onto a DNase methyl green agar plate (Oxoid, PO1000A). Plates were incubated 

at 37°C for 24 hours and then flooded with 1M Hydrochloric Acid (HCl). DNase-positive 

colonies were identified by the presence of clear zones immediately around the colonies. 

 

API NH testing of N. meningitidis was undertaken by inoculating an API NH strip 

(Biomerieux, 10400) with a 5ml turbid suspension of each suspect colony in saline. After 

incubation at 37°C for 24 hours, results were recorded and submitted to the apiweb 

(https://apiweb.biomerieux.com/) to determine the identity of the colony in question. 

 

After identification, isolates were re-streaked onto a purity plate and re-incubated for 24h. 

Each of the pure isolates were then inoculated into 1ml STGG and frozen at -80°C for 

further analysis. Results were recorded on the laboratory sample sheet, shown in  

Appendix 2, as presence (1) or absence (0). No colony counting was performed directly 

from culture samples.   
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2.3.2 Statistical Analysis 

 

Microbiology culture identification results as well as information gathered from the 

participant questionnaire were entered into SPSS (IBM, version 20). Participation of 

individuals invited as well as carriage and co-carriage of bacterial species were then 

assessed. 

 

2.3.2.1 Study Participation 

 

Participation was calculated as a percentage of total individuals invited for each study 

group (self-swabbing and HCP swabbing), swabbing time-point, GP practice and age 

group (0-4 years and ≥5 years) in order to gauge the participation of different types of 

individuals. This was calculated as follows: 

 

𝑃𝑎𝑟𝑡𝑖𝑐𝑖𝑝𝑎𝑡𝑖𝑜𝑛 (%) =
𝑁° 𝑜𝑓 𝑝𝑎𝑟𝑡𝑖𝑐𝑖𝑝𝑎𝑛𝑡𝑠

𝑇𝑜𝑡𝑎𝑙 𝑛° 𝑜𝑓 𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙𝑠 𝑖𝑛𝑣𝑖𝑡𝑒𝑑
× 100 

 

Participation was also assessed according to population density and deprivation. 

Deprivation was assessed via the UK Indices of Multiple Deprivation (IMD) 2010 score of 

each participant’s GP practice. Deprivation is a measure of poverty and is calculated 

based on income, crime levels, living conditions, education and training, employment 

levels, health and barriers to house and services. An IMD Score and a rank IMD score 

were obtained for each practice. Population density (individuals per km2) was assessed 

via Office of National Statistics (ONS) Local Area classification codes of each participants 

practice. 

 

2.3.2.2 Prevalence of Bacterial Carriage and Co-carriage 

 

Overall prevalence of bacterial species carriage and co-carriage within different swab 

types was calculated and compared using the following statistical tests. Chi-squared and 

fisher’s exact tests were used to compare samples from different individuals (NP versus 

nose, NP versus self-taken WMS, self-taken WMS versus HCP-taken WMS, nose versus 

HCP taken WMS). McNemar’s Chi-squared test was used to compare samples from the 
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same individuals (nose versus self-taken WMS and NP versus HCP-taken WMS). The 

formulas for these tests are shown below: 

 

Fisher’s Exact Test: 

𝑃𝐹𝐸𝑇 =
(𝐴+𝐶

𝐴 ) (𝐵+𝐷
𝐵 )

( 𝑁
𝐴+𝐵)

=
(𝐴 + 𝐵)! (𝐶 + 𝐷)! (𝐴 + 𝐶)! (𝐵 + 𝐷)!

𝐴!  𝐵!  𝐶!  𝐷!  𝑁!
 

A = number of carriage-positive variable-positive individuals 

B = number of carriage-negative variable-positive individuals 

C = number of carriage-positive variable-negative individuals 

D = number of carriage-negative variable-negative individuals 

N = A+B+C+D 

 

Chi-squared Test: 

𝑋2 = ∑
(𝑂𝑖 − 𝐸𝑖)

𝐸𝑖

𝑛

𝑖=1

 

Oi = number of observations 

Ei = expected frequency 

n = number of cells in the table 

 

McNemar’s Chi-squared Test: 

𝑋2 =
(𝑏 − 𝑐)2

𝑏 + 𝑐
 

b = test 1 positive, test 2 negative 

c = test 1 negative, test 2 positive 

 

 

Binary logistic regression analysis was undertaken using SPSS (version 21, IBM) in order 

to determine the effect of demographic variables on carriage and co-carriage of these 

bacterial species. Models were constructed for each bacterial species as well as co-

carriage of two or more bacterial species. Univariate regression analysis was used to pre-

select variables to be included in the final model (alpha = 0.10). Multivariable binomial 

logistic regression was then performed using these pre-selected variables followed by 

backward elimination of variables that did not meet the required level of significance within 

the final model (alpha = 0.05). Categorical variables were set as ‘simple contrast’ with the 

first category or ‘no’ category as the reference. Crude and adjusted odds ratios (OR), 95% 

confidence intervals and p-values were recorded. Final model fit was assessed using 
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Nagelkerke pseudo-R2 values and Receiver Operating Characteristic (ROC) analysis for 

calculation of the area under the curve (AUC). High pseudo-R2 values and an AUC 

significantly different from 0.5 demonstrate that the model predicts carriage significantly 

better than chance. 

 

Variables assessed for inclusion via univariate analyses included age (in years), recent 

RTI (within a month prior to swabbing), geographical location (six geographical areas 

detailed in Figure 1), recent use of antibiotics (within a month prior to swabbing), 

vaccinations up-to-date (with the national immunisation schedule), season (winter or 

summer swabbing) and presence of other microbial species within the same sample.  

 

2.4 Identification of Respiratory Bacteria and Viruses using Real-time PCR 

 

Real-time PCR work was undertaken in collaboration with the Public Health England 

(PHE) Southampton laboratory. All validation of real-time PCR assays was undertaken by 

the PHE laboratory, prior to analysis of these samples. 

 

2.4.1 Selection of Samples 

 

A sample size of 380 samples was chosen to be analysed by real-time PCR due to the 

predicted overall prevalence of bacterial carriage in nose and NP swabs of approximately 

30% (as determined by culture). This would enable carriage to be determined to within 

±4.6% with 95% confidence. Equal numbers of nose and nasopharyngeal swabs (190 of 

each) were analysed in order to be able to undertake comprehensive analysis of both 

datasets. The aim was for each swab set to be composed of equal numbers of the four 

age groups: 0-4, 5-17, 18-64 and 65+ years. If this was not possible, for example there 

were only 22 NP swabs available in the 5-17 years age group, numbers would be made 

up from the other age categories. It was also aimed to obtain equal sample numbers from 

each of the 20 GP practices. If this was not possible, for example due to practices not 

participating in one of the swabbing time-point or study groups, numbers would be made 

up from the other GP practices. The selection of samples was non-random; this is not the 

optimal method for sample selection. However, as the full set of samples was shaped by 

study participation (response rates), it was thought that random selection from this sample 

may not the best way of obtaining a diverse sample set.   



65 
 

2.4.2 Nucleic Acid Extraction 

 

Nucleic acid extraction of STGG samples was undertaken using the QIAxtractor 

automated nucleic acid purification instrument (Qiagen) and QIAamp Viral RNA Mini kits 

(Qiagen, 52906). The vaccum protocol was used on the QIAxtractor, as follows. Firstly, 

560µl of Buffer AVL containing carrier RNA was added to 200µl of each STGG sample 

before being mixed six times and incubated at room temperature for 10 minutes. Then 

560µl of 100% ethanol was added to each sample and mixed six times before incubation 

for 30 seconds. 1,300µl of each sample was then loaded onto the capture plate and 

vacuumed for 5 minutes at 25kPa. 750µl of Buffer AW1 was then added to the samples 

and vacuumed for 5 minutes at 25kPa. Then, 750µl of Buffer AW2 was then added to the 

samples and vacuumed for 3 minutes at 40kPa then 5 minutes at 25kPa. Finally, 120µl of 

Buffer AVE was added to the tubes, which were then incubated for 5 minutes at room 

temperature and vacuumed for 1 minute at 35kPa. 

 

2.4.3 Real-time PCR 

 

2.4.3.1 Primers and Probes 

 

Primers and probes used in the real-time PCR reaction are listed in Table 2 (bacterial) 

and Table 3 (viral). These were made up to stock concentrations of 100μM in Ultra High 

Quality (UHQ) water or as recommended by the manufacturer. 
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Table 2. Primers and Probes used in the Bacterial Real-time PCR Reactions 

Species Target gene Sequence (5’ to 3’) 
Performance/Limit of 

Detection 
Reference 

S. aureus  femB-F GAC ATT TGA TAG TCA ACG TAA ACG TAA TAT T 
100% specificity 
100% sensitivity 

(Saeed et al., 2010) 
(Jonas et al., 2002) 

 femB-R GCT CTT CAG TTT CAC GAT ATA AAT CTA AGA 

 femB-Pro FAM-TCA TCA CGT TCA AGG AAT CTG ACT TTA ACA CCA TAG T-TAMRA 

M. catarrhalis copB-F GTG AGT GCC GCT TTT ACA ACC 
91% specificity 

100% sensitivity 
(Greiner et al., 2003)  copB-R TGT ATC GCC TGC CAA GCA A 

 copB-Pro FAM-TGC TTT TGC AGC TGT TAG CCA GCC TAA-TAMRA 

H. influenzae hel-F CCG GGT GCG GTA GAA TTT AAT AA 

6 CFU per 100ml* (Rogers et al., 2014)  hel-R CTG ATT TTT CAG TGC TGT CTT TGC 

 hel-Pro FAM-ACA GCC ACA ACG GTA AAG TGT TCT ACG-TAMRA 

S. pneumoniae lytA-F ACG CAA TCT AGC AGA TGA AGC A 
97.1% specificity 
97.5% sensitivity 

(Wu et al., 2013a)  lytA-R TCG TGC GTT TTA ATT CCA GCT 

 lytA-Pro FAM-TGC CGA AAA CGC TTG ATA CAG GGA G-TAMRA 

P. aeruginosa regA-F TGC TGG TGG CAC AGG ACA T 
15.5 gene copies per 

100ml 
(Shannon et al., 2007)  regA-R TTG TTG GTG CAG TTC CTC ATT G 

 regA-Pro FAM-CAG ATG CTT TGC CTC AA-TAMRA 

N. meningitidis ctrA-F GCT GCG GTA GGT GGT TCA A 
100% specificity 
88.4% sensitivity 

(Corless et al., 2001)  ctrA-R TTG TCG CGG ATT TGC AACT A 

 ctrA-Pro FAM-CAT TGC CAC GTG TCA GCT GCA CAT-TAMRA 

Forward primer (-F), reverse primer (-R) and probe (-Pro) sequences. femB = aminoacyltransferase gene; copB = outer membrane protein gene; hel 

= lipoprotein e (P4) gene; lytA = autolysin gene; regA = toxin A synthesis regulating gene; ctrA = capsular transport gene. FAM = 6-

carboxyfluorescein (fluorophore at 5’ end of probe); TAMRA = tetramethylrhodamine (quencher at 3’ end of probe). CFU = colony-forming units. 

*Unpublished information provided by PHE Southampton Laboratory. 
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Table 3. Primers and Probes used in the Viral Real-time PCR Reactions 

Species  
(Target gene) 

Name Sequence (5’ to 3’) Limit of Detection Reference 

Influenza A virus 
(M) 

AM-F GAG TCT TCT AAC MGA GGT CGA AAC GTA 

Not provided 
(Wu et al., 2013b) 

(Ellis and Curran, 2011) 
AM-R GGG CAC GGT GAG CGT RAA 

AM2-Pro FAM-CCC CTC AAA GCC GA-MGBNFQ 

Influenza B virus 
(HA) 

InfB-F AAA TAC GGT GGA TTA AAT AAA AGC AA 
11 copies RNA 
0.006 TCID50 

(van Elden et al., 2001) InfB-R CCA GCA ATA GCT CCG AAG AAA 

InfB-Pro VIC-CAC CCA TAT TGG GCA ATT TCC TAT GGC-TAMRA 

RSV A 
(N) 

RSVA-F GCT CTT AGC AAA GTC AAG TTG AAT GA 
2 copies RNA 

0.023 PFU 
(Hu et al., 2003) RSVA-R TGC TCC GTT GGA TGG TGT ATT 

RSVA-Pro 6FAM-ACA CTC AAC AAA GAT CAA CTT CTG TCA TCC AGC-NFQ TaqMan® 

RSV B 
(N) 

RSVB-F GAT GGC TCT TAG CAA AGT CAA GTT AA 
9 copies RNA 

0.018 PFU 
(Hu et al., 2003) RSVB-R TGT CAA TAT TAT CTC CTG TAC TAC GTT GAA 

RSVB-Pro 6FAM-TGA TAC ATT AAA TAA GGA TCA GCT GCT GTC ATC CA-NFQ TaqMan® 

MPV 
(L) 

MPV-F CAT ATA AGC ATG CTA TAT TAA AAG AGT CTC 
5-10 copies RNA 

0.006-0.01 TCID50 
(Maertzdorf et al., 2004) MPV-R CCT ATT TCT GCA GCA TAT TTG TAA TCA G 

MPV-Pro VIC-TGY AAT GAT GAG GGT GTCACT GCG GTT G-NFQ TaqMan® 

Adenovirus 
(Hexon) 

AD-F GCC CCA GTG GTC TTA CAT GCA CAT C 

15 copies DNA (Heim et al., 2003) AD-R GCC ACG GTG GGG TTT CTA AAC TT 

AD-Pro FAM-TGC ACC AGA CCC GGG CTC AGG TAC TCC GA-TAMRA 

BMV 
(RNA2) 

BMV-F GTT CAC CGA TAG ACC GCT G 

Not provided (Ferns and Garson, 2006) BMV-R AAG AGC CCG GAA TGT CAA GA 

BMV-Pro CY5-CCT CAA GCT GAA ATG GCA CGG ATG-BHQ2 

RSV = Respiratory syncytial virus; MPV = metapneumovirus; BMV = Brome Mosaic Virus; Forward primer (-F), reverse primer (-R) and probe (-Pro) 

sequences. FAM = 6-carboxyfluorescein; MGB = minor groove binding; NFQ = non-fluorescent quencher; VIC = fluorophore; TAMRA = 

tetramethylrhodamine (quencher); CY5 = cyanine 5 fluorescent dye; BHQ = black hole quencher; PFU = plaque-forming unit; TCID50 = 50% tissue 

culture infective dose; RNA = ribonucleic acid; DNA = deoxyribonucleic acid; M = matrix protein; HA = haemagglutinin; N = nucleocapsid; L = large 

polymerase. 



68 
 

2.4.3.2 Commercial PCR Kits 

 

Commercial PCR kits were used for the detection of Coronavirus and Parainfluenza Virus 

(71-045, Argene) as well as Enterovirus/Rhinovirus (i.e. targeting the Enterovirus genus) 

(71-042, Argene). The limits of detection, as described in the product information sheets 

of these kits, are shown in Table 4 below. 

 

Table 4. Limits of Detection of the Commercial PCR Kits 

Kit Number Species Limit of Detection (TCID/50ml) 

71-045 

Coronavirus 229E 0.20 

Coronavirus OC43 86.85 

Coronavirus NL63 0.002 

Coronavirus HKU1 18.07* 

Parainfluenza virus 1 379.79 

Parainfluenza virus 2 529.93 

Parainfluenza virus 3 245.28 

Parainfluenza virus 4 0.21 

71-042 

Human Rhinovirus B 14 0.43 

Human Rhinovirus A 1B 3.30 

Echovirus 25 37.96 

*copies/ml, TCID = tissue culture infective dose 

 

2.4.3.3 Working Solutions and Master Mix Preparation 

 

Working stock solutions of the primers and probes were made up prior to PCR. For the 

bacterial monoplex reactions these consisted of 21µl of 100µM forward primer, 21µl of 

100µM reverse primer, 12µl of 100µM probe and 1,694µl of UHQ water. For the Influenza 

A-B and BMV reaction the working stock consisted of 20µl of 100µM AM-F, 40µl of 100µM 

AM-R, 8µl of 100µM AM2-Pro, 12µl of 100µM InfB-F, 12µl of 100µM InfB-R, 4µl of 100µM 

InfB-Pro, 10µl of 100µM BMV, 10µl of 100µM BMV-F, 10µl of 100µM BMV-R, 2µl of 

100µM BMV-Pro, 10µl ROX and 1,212µl UHQ water. For the RSVA-B and MPV reaction 

the working stock consisted of 15µl of 100µM RSVA-F, 15µl of 100µM RSVA-R, 2.5µl of 
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100µM RSVA-Pro, 15µl of 100µM RSVB-F, 15µl of 100µM RSVB-R, 2.5µl of 100µM 

RSVB-Pro, 15µl of 100µM MPV-F, 15µl of 100µM MPV-R, 5µl of 100µM MPV-Pro, 10µl 

ROX and 1,290µl UHQ water. For the Adenovirus reaction the working stock consisted of 

25µl of 100µM AD-F, 25µl of 100µM AD-R, 20µl of 100µM AD-Pro and 1,430µl UHQ 

water. 

Bacterial real-time PCR reactions were done in monoplex 20µl reactions, consisting of 5µl 

of the primer/probe working stock solution, 10µl Lightcycler 480 Probes Master 

(4887301001, Roche) and 5µl extracted DNA. Viral real-time PCR reactions were done in 

multiplex 25µl reactions. The Influenza A-B and BMV reaction consisted of 12.5µl 

Superscript III One-Step RT-PCR System 2x Reaction Mix, 0.8µl SuperScript III 

RT/Platinum Taq Enzyme Mix (both 11732-088, Invitrogen), 6.7µl of the primer/probe 

working stock solution and 5µl extracted RNA. The RSVA-B and MPV reaction consisted 

of 12.5µl Superscript III One-Step RT-PCR System 2x Reaction Mix, 0.5µl SuperScript III 

RT/Platinum Taq Enzyme Mix, 6.7µl of the primer/probe working stock solution and 5µl 

extracted RNA. The Adenovirus reaction consisted of 12.5µl TaqMan 2x Universal PCR 

Mastermix (4364338, Applied Biosystems), 7.5 µl of the primer/probe working stock 

solution and 5µl extracted DNA. 

For the commercial kits, a 1 in 10 dilution of the reverse transcriptase (RT) was made up 

in UHQ water. For each sample, 0.15µl of diluted RT was added to 15µl pre-amplification 

mix. 15µl of the amplification mix was then aliquoted into the reaction tube along with 10µl 

of extracted RNA. 

 

2.4.3.4 Real-time PCR 

 

Each monoplex bacterial real-time PCR was run on the Rotor-Gene Q (Qiagen) with the 

following thermal cycling conditions: 95°C for 5 minutes and 50 cycles of 95°C for 15 

seconds followed by 60°C for 45 seconds. Each multiplex viral real-time PCR was run on 

the ABI 7500 (Applied Biosystems) with the following thermal cycling conditions: 50°C for 

30 minutes, 95°C for 2 minutes and 50 cycles of 95°C for 15 seconds followed by 60°C for 

60 seconds. Both commercial PCR kits were run on the Rotor-Gene Q with the following 

thermal cycling conditions: 50°C for 5 minutes, 95°C for 15 minutes and 45 cycles of 95°C 

for 10 seconds, 60°C for 40 seconds and 72°C for 25 seconds. 
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2.4.4 Standard Curves for Quantification of Bacterial Species 

 

To enable quantification of bacterial species, a standard curve was set up for each of the 

following bacterial references: S. pneumoniae ATCC 49619, S. aureus (clinical isolate), H. 

influenzae NCTC 11931, M. catarrhalis (clinical isolate), P. aeruginosa NCTC 10662 and 

N. meningitidis MC58. Firstly, a 1-2 McFarland solution of each bacterial species was 

made up in 1ml UHQ water (Ambion, AM9937). A 10-fold series dilution was then 

undertaken to dilute the bacterial solutions to 10-9. Each of the dilutions was then plated 

out in triplicate 10µl spots onto CBA, except for H. influenzae which was plated out onto 

CHOC. The plates were then incubated at 37°C for 24 hours, with 5% CO2 for S. 

pneumoniae, H. influenzae, M. catarrhalis and N. meningitidis. After incubation, colonies 

forming units (CFU) were counted on each of the ‘readable’ (between 0-300 colonies) 

plates and CFU/ml values were calculated for each dilution.  

Each dilution was also extracted using the QIAxtractor nucleic extraction method 

described previously. Once extracted each of the dilutions were run in duplicate on the 

Rotor-Gene real-time PCR instrument (Qiagen). For each extraction the CFU/ml values 

were entered into the Rotor-Gene Q software, which were then correlated to a given CT 

value, creating a standard curve. This curve could then be loaded during real-time PCR 

detection of swab samples in order to quantify each bacterial species according to its CT 

value. Standard curves for each of the bacterial species are given in Appendix 3. 

 

2.4.5 Statistical Analysis 

 

Real-time PCR identification results as well as information gathered from the participant 

questionnaire were entered into SPSS (IBM, version 20). Carriage and co-carriage of 

bacterial and viral species were then assessed. 

Overall prevalence of bacterial and viral species carriage and co-carriage within different 

swab types was calculated. For bacterial species, where the numbers of positive samples 

were large enough, Chi-squared and fisher’s exact tests were used to compare samples 

from different individuals (NP versus nose, NP versus self-taken WMS, self-taken WMS 

versus HCP-taken WMS, nose versus HCP taken WMS) and McNemar’s Chi-squared test 

was used to compare samples from the same individuals (nose versus self-taken WMS 

and NP versus HCP-taken WMS). Furthermore, McNemar’s test was used to determine 
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differences between overall bacterial prevalence between culture and real-time PCR 

detection methods. The formulas for these tests are shown in section 2.3.2.2. 

Due to the small numbers samples positive for respiratory viral species, only descriptive 

statistics and univariate analyses could be performed for comparing prevalence between 

swab types and for understanding the effect of demographic variables on the carriage and 

co-carriage of these species. The Mann-Whitney U-test was performed to assess the 

crude association between carriage and age. Chi-squared (Χ2) or Fisher’s Exact (FET) 

tests were used to determine crude associations between carriage and binary or 

categorical variables. Variables assessed using univariate analyses included age (in 

years), recent RTI (within a month prior to swabbing), geographical location (six 

geographical areas detailed in Figure 1), recent use of antibiotics (within a month prior to 

swabbing), vaccinations up-to-date (with the national immunisation schedule), season 

(winter or summer swabbing) and presence of other microbial species within the same 

sample. Formulas for Χ2 and FET are shown in section 2.3.2.2. 

Co-carriage of bacterial and viral species within the same sample using real-time PCR 

detection was performed using multivariable binary logistic regression analysis as 

described in section 2.3.2.2. 

In addition, a one-way analysis of variance (ANOVA) was used to determine within 

sample and between sample variance in bacterial species concentrations from real-time 

PCR data. ANOVA F test values, degrees of freedom (df) and p-values were recorded. 

 

2.5 Typing of Bacterial Isolates 

 

2.5.1 Selection of Isolates 

 

All nose and NP isolates of S. pneumoniae and H. influenzae collected during both 

swabbing seasons were used to undertake molecular typing. Furthermore, all S. aureus 

isolates from all swabs types collected during both swabbing seasons were used to 

undertake MRSA typing and to determine the prevalence of methicillin-resistant S. aureus 

(MRSA). 

 

 



72 
 

 

2.5.2 PCR Serotyping of S. pneumoniae and H. influenzae Isolates 

 

2.5.2.1 S. pneumoniae 

 

PCR serotyping of S. pneumoniae was undertaken using eight separate PCR reaction 

pools containing four to five serotypes per pool and covering 40 of the most common 

pneumococcal serotypes using the Centre for Disease Control and Prevention (CDC) 

protocol (Pai et al., 2006). Each pool also contained cpsA primers specific for S. 

pneumoniae as well as UHQ water, 50mM MgCl2 and 2x Red PCR Mix. 

Firstly master mixes of each PCR reaction were made up for each of the reaction pools, 

which are described in full in the Appendix 4. Then, 11.5µl of the appropriate master mix 

was aliquoted into PCR tubes and mixed with 1µl of isolate DNA or positive/negative 

control. PCR tubes were then loaded onto the thermocycler and run as follows: 94°C for 4 

minutes followed by 30 cycles of 94°C for 45 seconds, 54°C for 45 seconds and 72°C for 

2 minutes 30 seconds. 

Following PCR, 12.5µl PCR products were loaded in the wells of a 2% high-resolution 

agarose gel (AGTC Bioproducts, AGD1) containing GelRed Nucleic Acid Stain (Biotium, 

41003) and run for 1h45 at 125V. Hyperladder IV (Bioline, BIO-33056) was also loaded 

onto the gel for the determination of product sizes. The gel was then imaged using a UV 

gel imager and product sizes were determined. Reactions for the 134 pneumococcal 

isolates were undertaken sequentially through one to eight until a positive PCR reaction 

was found. 

 

2.5.2.2 H. influenzae 

 

Serotyping of H. influenzae was undertaken using previously published methods (Falla et 

al., 1994, Davis et al., 2011). Firstly, speciation PCR was undertaken on H. influenzae 

isolates using outer membrane protein P2 (ompP2) primers. Primers were diluted to a 

concentration of 10mM using distilled water. A mastermix was then made up using 

0.625µl of each primer (forward and reverse), 6.25µl 2x Red PCR Mix and 4µl of distilled 

water per reaction. 11.5µl of mastermix was then aliquoted into each PCR tube along with 
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1µl of isolate DNA or positive/negative control. The PCR was then run on the 

thermocycler using the following parameters: 95°C for 2 minutes then 25 cycles of 94°C 

for 1 minute, 52°C for 1 minute and 72°C for 1 minute and then a final step of 72°C for 8 

minutes. PCR products were then run on a 2% agarose gel for 70 minutes at 120V. The 

gel was then imaged using a UV gel imager and product sizes were determined. Banding 

patterns were then assessed to determine H. influenzae positive isolates. 

Subsequently, an encapsulation PCR was undertaken on the ompP2-positive isolates by 

targeting the bexB gene. Primers were again diluted to a concentration of 10mM using 

distilled water. A mastermix was then made up using 1µl of each primer (forward and 

reverse), 10µl 2x Red PCR Mix and 6.4µl of distilled water per reaction. 18.4µl of 

mastermix was then aliquoted into each PCR tube along with 1.6µl of isolate DNA or 

positive/negative control. The PCR was then run on the thermocycler using the following 

parameters: 95°C for 4 minutes then 30 cycles of 95°C for 30 seconds, 54°C for 30 

seconds and 72°C for 45 seconds and then a final step of 72°C for 8 minutes. PCR 

products were then run on a 2% agarose gel for 70 minutes at 120V. The gel was then 

imaged using a UV gel imager and product sizes were determined. Banding patterns were 

then assessed to determine encapsulated H. influenzae isolates. 

Finally a serotyping PCR was undertaken on each of the encapsulated isolates using 

primers specific to serotypes a-f. Primers were once more diluted to a concentration of 

10mM using distilled water. A mastermix was then made up for each serotype using 

0.625µl of each primer (forward and reverse), 6.25µl 2x Red PCR Mix and 4µl of distilled 

water per reaction. 11.5µl of mastermix was then aliquoted into each PCR tube along with 

1µl of isolate DNA or positive/negative control. The PCR was then run on the 

thermocycler using the following parameters: 95°C for 2 minutes then 25 cycles of 94°C 

for 1 minute, 52°C for 1 minute and 72°C for 1 minute and then a final step of 72°C for 8 

minutes. PCR products were then run on a 2% agarose gel for 70 minutes at 120V. The 

gel was then imaged using a UV gel imager and product sizes were determined. Banding 

patterns were then assessed to determine the serotype of each H. influenzae isolates. 

 

2.5.3 MRSA Typing of S. aureus 

 

For MRSA typing, all of the S. aureus isolates from all four swab types and both time-

points were used. S. aureus isolates were tested for methicillin resistance by plating out 

10µl of pure culture stored in STGG onto Brilliance MRSA Agar (Oxoid, PO1162) and 
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incubating at 37°C for 18-20 hours. The presence of denim blue colonies of the plates 

was indicative of MRSA. 

 

2.6 Whole Genome Sequencing 

 

Whole genome sequencing was undertaken in-house using the Illumina MiSeq 

sequencer. Sample preparation for sequencing was undertaken using Nextera XT Sample 

Preparation (FC-131-1024, Illumina) and Index (FC-131-1001) kits. 

 

2.6.1 Selection of Isolates 

 

All nose and NP isolates of S. pneumoniae and H. influenzae from both swabbing time-

points were used for in silico typing methods. For further in-depth analysis of vaccine 

candidate and antigen genes, a selection of S. pneumoniae and H. influenzae, were 

selected as follows: all co-colonisers of these species were selected from the first 

swabbing time-point along with a small set (3-5 isolates) of non co-colonisers from the first 

swabbing time-point. 

 

2.6.2 DNA Extraction 

 

Isolates were plated out onto CBA (CHOC for H. influenzae) and incubated at 37°C with 

5% CO2 for 24 hours. Plates were checked for purity and mixed isolates were re-streaked 

from a single colony to obtain pure cultures. DNA was extracted from a sweep of 

approximately 10 colonies of pure culture using the Qiagen QIAamp DNA Mini Kit (51306, 

Qiagen) Blood Protocol, as follows.  

The sweep of pure culture colonies was transferred to 200µl of lysis buffer and vortexed 

briefly before being incubated at 37°C for one hour. After incubation, 10µl of proteinase K 

was added and tubes were then incubated in a water bath at 56°C for 1-2 hours. 200µl of 

Buffer AL was then added to the tubes followed by incubation on a heat block at 90°C for 

10mins. 200µl of 100% ethanol was then added to the samples, followed by centrifugation 

and transfer of the liquid to a spin column. Tubes were then centrifuged at 6000xg for 1 
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minute and the filtrate discarded. Subsequently, 500µl of AW1 buffer was added to the 

tubes and centrifuged at 6000xg for 1 minute before discarding the filtrate. Then, 500µl of 

AW2 buffer was added to the tubes and centrifuged at maximum speed for 3 minutes 

before discarding the filtrate and repeating the step. The spin column was then eluted by 

adding 200µl of UHQ water, incubating at room temperature for 1 minute and centrifuging 

at 6000xg for 1 minute. This final step was repeated to increase the elution volume. The 

extracted DNA was then stored at -20°C. 

 

2.6.3 DNA Quantification 

 

DNA extracted from the nose isolates was quantified using the Quant-iT dsDNA HS Assay 

(Invitrgoen, Q-33120), as follows. Quant-iT reagent and Quant-iT buffer were mixed in a 

1:200 ratio to create a working solution. 195µl of this working solution was then added to 

5µl of extracted DNA, vortexed and incubated at room temperature for 2 minutes before 

being read on the Qubit fluorometer. Controls were prepared to calibrate the machine 

before the samples were read by adding 190µl of working solution to 10µl of Control 1 and 

Control 2. Sample concentrations for each isolate extraction were given in µg/ml. DNA 

was then diluted to 0.2ng/µl for DNA sequencing. 

 

2.6.4 Genomic DNA Tagmentation 

 

Five microliters of 0.2ng/µl DNA was added to PCR tubes along with 10µl Tagment DNA 

Buffer (TD) and 5µl Amplicon Tagment Mix (ATM). The tubes were then placed on a 

thermocycler which heated the tubes to 55°C for five minutes and held them at 10°C. 

Subsequently 5µl of Neutralize Tagment Buffer (NT) was added to each tube and 

incubated at room temperature for 5 minutes. 

 

2.6.5 PCR Amplification of Tagmented DNA 

 

Fifteen microliters of Nextera PCR Master Mix (NPM) was added to each well of 

tagmented DNA along with 5µl of appropriate index primers 1 (i7) and 2 (i5). The 

centrifuge tubes were then placed on the thermocycler and run as follows: 72°C for 3 



76 
 

minutes, 95°C for 30 seconds followed by 12 cycles of 95°C for 10 seconds, 55°C for 30 

seconds and 72°C for 30 seconds, and then finally 72°C for 5 minutes and hold at 10°C. 

 

2.6.6 PCR Clean-up 

 

Amplified tagmented DNA was cleaned up using the AMPure XP kit (A63880, Agencourt), 

as follows. 30µl of beads was added to each well containing the tagmented DNA and 

incubated for 5 minutes at room temperature. The tubes were then placed on a magnetic 

stand for 2 minutes (or until the liquid has become clear) and the supernatant removed. 

The beads were then resuspended using 200µl of 80% ethanol and incubated for 30 

seconds. This step was repeated and the tubes air-dried for 30 minutes. 52.5µl of 

Resuspension Buffer (RSB) was then added to each well before being incubated for 2 

minutes at room temperature. Tubes were again placed on the magnetic stand and 50µl 

of the supernatant transferred to new PCR tubes. 

 

2.6.7 Library Normalisation 

 

45µl of Library Normalisation Additives 1/ Library Normalisation Beads 1 (LNA1/LNB1) 

mix (in a 5.5:1 ratio) was added to 20µl of the clean amplified tagmented DNA in 1.5ml 

centrifuge tubes and placed on a shaker at 250rpm for 30 minutes. After shaking, tubes 

were placed on a magnetic stand for 2 minutes (or until the liquid has become clear) and 

then the supernatant removed. 45µl of Library Normalisation Wash 1 (LNW1) when then 

added to the tubes before being place on the magnetic stand and supernatant removed 

once the liquid has cleared. This step was then repeated with 30µl of 0.1M NaOH before 

transferring 30µl of the supernatant to 30µl of Library Normalisation Storage buffer 1 

(LNS1). 

 

2.6.8 Library Pooling and Loading the MiSeq Cartridge 

 

Five microliters of each normalised DNA library was pooled into a single microcentrifuge 

tube. 12µl of this Pooled Amplicon Library (PAL) was then added to 588µl of Hybridisation 

Buffer 1 (HT1), vortexed and incubated at 96°C for 2 minutes. Then this Diluted Amplicon 
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Library (DAL) tube was placed in an ice bath for 1-2 minutes and the whole volume loaded 

into the MiSeq cartridge sample well. 

 

2.6.9 De novo Sequencing on the MiSeq 

 

The flow cell and reagent cartridge containing the DAL were placed into the MiSeq 

Sequencer. The de novo assembly workflow was selected and the run commenced after 

pre-run checks. 

Illumina technology uses the sequencing by synthesis method whereby fluorescently 

labelled nucleotides are incorporated one by one and imaged in order to determine the 

nucleic acid sequence. Solid-phase bridge amplification is used to immobilise and amplify 

the nucleic acid fragments (which are tagged according to sample) on the flow cell surface 

(Metzker, 2010, Illumina, 2010). 

 

2.7 Whole Genome Sequence Analysis 

 

2.7.1 Trimming of Sequencing Adaptors 

 

Illumina Nextera sequencing adapters were removed from the raw sequences using 

Trimmomatic (v0.32, available at http://www.usadellab.org/cms/?page=trimmomatic) 

(Bolger et al., 2014). This tool produces paired reads from the raw sequence files. This 

was undertaken as follows: 

$ module load trimmomatic 

$ module load jdk 

$ java –jar /local/software/trimmomatic/0.32/trimmomatic-0.32.jar 

PE –threads 4 –phred33 –trim.log file_1.fastq.gz file_2.fastq.gz 

file_1_paired.fastq.gz file_1_unpaired.fastq.gz 

file_2_paired.fastq.gz file_2_unpaired.fastq.gz 

SLIDINGWINDOW:10:20 MINLEN:50 ILLUMINACLIP:nextera.fa:1:40:15 

 

http://www.usadellab.org/cms/?page=trimmomatic
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2.7.2 Determining the Quality of Sequences 

 

Trimmed sequence files were then checked for sequence quality using the FastQC 

software. Detailed information about each sequence is given, including number of 

sequences generated, per base sequence quality, Kmer content, per base N content, per 

base GC content and overrepresented sequences. 

 

2.7.3 Genome Assembly using Velvet 

 

Trimmed sequence files were assembled using the Velvet Optimiser script (Victorian 

Bioinformatics Consortium, version 2.2.5, available from https://github.com/Victorian-

Bioinformatics-Consortium/VelvetOptimiser.git), as follows: 

$ module load sanger  

$ velvetopti.sh –f paired_sequence_1.fastq –p –r 

paired_sequence_2.fastq –s sequence_shuffled.fastq 

This script produced a contiguous sequence file (contigs.fa) for the paired trimmed 

sequence files for each isolate. 

 

2.7.4 Assembly Improvement 

 

Following assembly, contig sequences were improved using the Assembly Improver perl 

module (available at http://search.cpan.org/~ajpage/Bio_AssemblyImprovement-

1.140300/lib/Bio/AssemblyImprovement.pm), which uses Abacas/SSpace and GapFiller. 

This removes gaps from the sequences and reorders contigs. 

$ improve_assembly -a contigs.fa -f sequence_1.fastq -r 

sequence_2.fastq 

 

  

http://search.cpan.org/~ajpage/Bio_AssemblyImprovement-1.140300/lib/Bio/AssemblyImprovement.pm
http://search.cpan.org/~ajpage/Bio_AssemblyImprovement-1.140300/lib/Bio/AssemblyImprovement.pm
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2.7.5 Determining the Quality of Assemblies 

 

After assembly, contigs were quality controlled using the assemblathon_stats.pl script 

(University of California Davis, available at https://github.com/ucdavis-

bioinformatics/assemblathon2-analysis) (Earl et al., 2011, Bradnam et al., 2013). This 

script calculates the basic metrics for genome assembly including number of contigs and 

scaffolds, number of contigs within the scaffolds, N50 contig size and mean contig size. 

The script was run as follows: 

$ perl assemblathon_stats.pl contigs.fa > contigs.txt 

The information provided via this script determines the quality of each assembly and 

whether further analyses would be reliable. 

 

2.7.6 Serotyping 

 

Contiguous sequence files (contig.fa) were then serotyped using the in silico PCR 

experiment simulation system (ipcress, European Bioinformatics Institute, available at 

http://manpages.ubuntu.com/manpages/precise/man1/ipcress.1.html). The system is part 

of the exonerate tool. Firstly, a tab-delimited file containing primer sequences was 

generated. This file included each primer name, forward and reverse primer sequences 

and maximum and minimum product lengths. Primer sequences for in silico serotyping of 

S. pneumoniae and H. influenzae are shown in Appendices 5 and 6, respectively. In silico 

PCR was then undertaken as follows: 

$ module load exonerate 

$ ipcress primers.txt contigs.fa –p F –P T > result_file.txt 

 

Diversity of the serotypes detected within this set of isolates was assessed using 

Simpson’s Index of Diversity, as follows: 

 

1 − 𝐷 = 1 − (
∑ 𝑛(𝑛 − 1)

𝑁(𝑁 − 1)
) 

n = Total number of organisms of a particular species 

N = total number of organisms of all species 

https://github.com/ucdavis-bioinformatics/assemblathon2-analysis
https://github.com/ucdavis-bioinformatics/assemblathon2-analysis
http://manpages.ubuntu.com/manpages/precise/man1/ipcress.1.html
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2.7.7 Sequence Typing 

 

2.7.7.1 Short Read Sequence Typing using SRST2 

 

Raw sequence files were then used to determine the sequence type of each isolate of S. 

pneumoniae and H. influenzae using short read sequence typing (SRST, available at 

https://github.com/katholt/srst2) (Inouye et al., 2012, Inouye et al., 2014a). SRST allows 

the identification of MLST alleles of each of the housekeeping genes based on DNA 

sequence. The housekeeping genes used in MLST analysis are shown below in Table 5. 

SRST was undertaken as follows: 

Firstly srst2 was loaded in order to perform the analysis. 

$ module load srst2 

Then, the MLST dataset of the bacterial species to be analysed, was downloaded from 

the MLST database using the getmlst.py script. The script gathers the sequences of each 

MLST gene allele as well as MLST profiles from the MLST website found at 

http://pubmlst.org/data/. 

$ getmlst.py --species “species name” 

Finally, the srst2 script was used to determine the ST of each of the bacterial isolates 

using paired raw sequence files and the MLST dataset. 

$ srst2 --input_pe sequence_1.fastq.gz sequence_2.fastq.gz --

output_pe isolate_reference --log --mlst_db species.fasta --

mlst_definitions species.txt 

The script searches the paired files for each of the MLST genes and according to the 

sequence of each gene, determines a sequence type. Any mismatches or uncertainties 

are reported, along with a measure of depth. This enables the certainty in the designated 

ST to be determined. 

Diversity of the STs detected within this set of isolates was assessed using Simpson’s 

Index of Diversity, as shown in section 2.7.6. 

 

https://github.com/katholt/srst2
http://pubmlst.org/data/
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Table 5. MLST genes for S. pneumoniae and H. influenzae 

Species MLST Gene Gene Role 

S. pneumoniae 

aroE Shikimate dehydrogenase 

gdh Glucose-6-phophate dehydrogenase 

gki Glucose kinase 

recP Transketolase 

spi Signal peptidase I 

xpt Xanthine phosphoribosyltransferase 

ddl D-alanine-D-alanine ligase 

H. influenzae 

adk Adenylate kinase 

atpG ATP synthase gamma chain 

frdB Fumarate reductase 

fucK Fuculose kinase 

mdh,  Malate dehydrogenase 

pgi Phosphoglucose isomerase 

recA Recombinase A 

MLST = multilocus sequence typing 

 

2.7.7.2 eBURST Analysis 

 

MLST data was visualised and compared against the MLST databases using eBURST 

(version 3, available at http://eburst.mlst.net/) (Feil et al., 2004). This allowed the 

relationships between the nose isolates to be determined and for these to be compared 

with historical and geographically-distinct isolates found within the database. By 

comparing against the MLST database any changes that may have occurred over time 

were determined. 

 

2.7.8 Antibiotic Resistance Analysis 

 

SRST2 was used to screen the whole genome sequences of the selected S. pneumoniae, 

and H. influenzae isolates for a defined set of antibiotic resistance genes from ResFinder 

(http://cge.cbs.dtu.dk/services/ResFinder/) and Comprehensive Antibiotic Resistance 

Database (CARD, http://arpcard.mcmaster.ca) and available from the SRST2 website. 

http://eburst.mlst.net/
http://cge.cbs.dtu.dk/services/ResFinder/
http://arpcard.mcmaster.ca/


82 
 

The full list of antibiotic resistance genes are listed in the original articles (Zankari et al., 

2012, McArthur et al., 2013). This was undertaken as follows: 

$ module load srst2 

$ srst2 --input_pe sequence_1.fastq.gz sequence_2.fastq.gz --

output isolate --gene_db resistance.fasta 

Antibiotic resistance testing using SRST2 only targets acquired resistance genes, 

therefore in addition to these genes, pbp1a, pbp2x and pbp2b genes were also identified 

within S. pneumoniae isolates using ipcress (script detailed in section 2.7.6) and primers 

described previously (Nagai et al., 2001). 

 

2.7.9 Vaccine Candidates and Antigens 

 

SRST2 was used to screen the whole genome sequences of the selected S. pneumoniae, 

and H. influenzae isolates for a defined set of genes from the Virulence Factors of 

Pathogenic Bacteria Database (VFBD) (Chen et al., 2005, Chen et al., 2012). The full list 

of genes, DNA sequences and protein sequences is available on the VFDB website 

(http://www.mgc.ac.cn/VFs/main.htm). Antigens which are or have been considered as 

vaccine candidates are of particular interest. S. pneumoniae vaccine candidates include 

piaA, pspA, pspC/cbpA, psaA, nanA, lytA and ply (Brown et al., 2001, Tai, 2006, Ogunniyi 

et al., 2007, Bogaert et al., 2004b). H. influenzae vaccine candidates include hpd, ompP2, 

ompP5, tbpA/B, hmw1/2 and Hia (Poolman et al., 2001, Forsgren et al., 2008). This was 

undertaken as follows: 

$ module load srst2 

$ srst2 --input_pe sequence_1.fastq.gz sequence_2.fastq.gz --

output isolate --gene_db virulence_factors.fasta 

In addition to these genes, the H. influenzae protein D (hdp) gene was also identified 

using ipcress (script detailed in section 2.7.6) and primers described previously (Binks et 

al., 2012). 

 

 

http://www.mgc.ac.cn/VFs/main.htm
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2.8 Ecological Analysis 

 

2.8.1 Nestedness 

 

Nestedness is a measure of organisation within an ecological system and allows the level 

of order in species extinction to be determined. A nestedness tool, PlotTemp.R, was used 

within the R graphical user interface (CRAN, version 3.0.1) to determine the level of order 

within real-time PCR datasets. The PlotTemp.R script, which was created by Patrick 

Doncaster and modified for use with the swab sample data, is shown in full in Appendix 7. 

This script required Vegan and Permute packages as well as the ResetPar.R. This was 

undertaken as follows: 

$ library (vegan) 

$ source (“PlotTemp.R”) 

$ plot_temp(“dataset.txt”) 

Real-time PCR datasets were converted to matrices of species presences (1) or absences 

(0) across samples. The plot_temp script then takes the matrix and ‘packs’ it so that 

samples and species are shuffled according to incidence and richness. Presences are 

represented by red squares and absences by white squares.  

A line of perfect fill is also constructed and is based on all absences being organised to 

the right and presences to the left. Surprise presences are presences found to the right of 

the line of perfect fill and surprise absences are absences found to the left of the line of 

perfect fill.  

The script also calculates a matrix temperature, ranging from 0-100°, determined by the 

sum of the distances of surprise absences or presences from the line of perfect fill. The 

temperature is interpreted to determine the level of nestedness within the system. A low 

temperature shows a highly nested matrix and a high temperature shows a highly random 

matrix. 

Data was analysed according to age, recent RTI and season. 
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2.8.2 Species Distribution 

 

Species distribution of the different bacterial and viral species across swab samples was 

analysed by plotting the observed frequency of species types (i.e. number of observations 

of 1, 2, 3, etc. species within swab samples). This distribution was compared to the 

Poisson (random) distribution, shown below: 

𝑃(𝑥) = 𝑒−𝑥̅
𝑥̅𝑥

𝑥!
 

e = Euler’s number (2.71828)  

 x̅ = mean number of species observed within samples 
x = actual number of species within samples 

 

Deviations of the observed distribution from the Poisson distribution were then calculated 

using the X2 Goodness of Fit test, shown below: 

 

X2 = Pearson’s cumulative test statistic 
Oi = Observed frequency 
Ei = Expected frequency 

a = number of cells in table 
 

The X2 test would then enable us to determine if the observed distribution differed from 

the Poisson distribution. A significant deviation (p < 0.05) was then interpreted. If the 

observed distribution was narrower than the Poisson distribution (regular distribution with 

many swab samples containing a similar number of species) then there was indirect 

evidence of mutual repulsion in competition. If the observed distribution was broader then 

the Poisson distribution (clumped distribution with many swab samples containing very 

few or many species) then there was indirect evidence of mutual attraction in facilitation. 

Data was analysed according to age, recent RT and season. 
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2.8.3 Application of Ecological Theory 

 

Species abundance distribution curves of bacterial and viral abundances (n) as well as 

bacterial concentrations (CFU/ml) were plotted and compared to McArthur’s Broken Stick 

model, a neutral model of community assembly (Macarthur, 1957), as shown below: 

𝑅𝑎𝑛𝑘 =  𝑆 × 𝑒−𝑆×
𝑛
𝑁 

S = total number of species 
n = number of individuals 

N = total number of individuals 
 

The species abundance distribution curves were then compared to this theoretical species 

abundance distribution curve using X2 Goodness of Fit test in order to determine any 

deviations from the theoretical distributions. 
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Chapter 3. Participation in a Community Swabbing Study 

 

3.1 Introduction 

 

Participation, the proportion of individuals taking part in the study relative to the total 

number of individuals invited, was assessed in order to determine the number of samples 

that can be collected by undertaking a large community-based swabbing study. By 

gauging the level of participation from members of the community, this will facilitate the 

set up of larger multi-site national and international studies. The level of participation 

within a study is important as low participation rates can result in sampling bias, whereby 

a certain group of individuals are over-sampled and another group are under-sampled. 

Therefore greater participation rates tend to produce more accurate sampling results and 

will be more representative. Furthermore increased participation also increases sample 

size and hence power of a study in addition to reducing the per capita costs of conducting 

the study. 

Participation was calculated for each study arm (self-swabbing and HCP swabbing), GP 

practice and age group in order to determine whether swab collection method, location 

and age affected the participation of individuals. The level of deprivation and urban/rural 

location were also analysed in relation to participation rates. It was hypothesised that 

participation rates would be greater within the self-swabbing group due to the 

convenience of performing self-swabbing when compared with HCP-performed swabbing. 

It was also hypothesised that older patients and those in less deprived locations would be 

more willing to participate when compared with younger participants and those from more 

deprived areas potentially due to more time available for participation in the study. Finally, 

it was hypothesised that participants in more urban locations would be more likely to 

respond, especially in the HCP swabbing group, due to greater proximity to healthcare 

services.   
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3.2 Analysis of Community Participation 

 

3.2.1 Characteristics of Participants 

 

A total of 2,417 patients from 20 GP practices across the South West PCRN East Hub 

participated in the swabbing study across the two swabbing time-points. Different 

individuals were swabbed in each study arm and time-point. The characteristics of the 

study participants are shown in Table 6. 

 

Table 6. Characteristics of the Study Participants 

 Summer 2012 
n (%) 

Winter 2013 
n (%) Total 

n (%) 
(N = 2,417) 

Self-
swabbing 

(N = 1,260) 

HCP 
swabbing 
(N = 314) 

Self-
swabbing 
(N = 843) 

Age (years)     

Mean 37.4 50.1 40.7 40.2 

Minimum 0 0 0 0 

Maximum 94 88 95 95 

0-4 329 (26.1) 56 (17.8) 168 (19.9) 553 (22.9) 

5-17 137 (10.9) 24 (7.6) 127 (15.1) 288 (11.9) 

18-64 465 (36.9) 89 (28.3) 286 (33.9) 840 (34.8) 

65+ 311 (24.7) 145 (46.2) 244 (28.9) 700 (29.0) 

Unknown/missing 18 (1.4) 0 (0.0) 18 (2.1) 36 (1.5) 

Recent Antibiotic Treatment    

Yes 101 (8.0) 26 (8.3) 79 (9.4) 206 (8.5) 

No 1124 (89.2) 286 (91.1) 743 (88.1) 2153 (89.1) 

Unknown/missing 35 (2.8) 2 (0.6) 21 (2.5) 58 (2.4) 

Recent Respiratory Tract Infection (RTI)    

Yes 365 (29.0) 61 (19.4) 367 (43.5) 793 (32.8) 

No 860 (68.3) 250 (79.6) 453 (53.7) 1563 (64.7) 

Unknown/missing 35 (2.8) 3 (1.0) 23 (2.7) 61 (2.5) 

Vaccination Status     

Up-to-date 1022 (81.1) 270 (86.0) 680 (80.7) 1972 (81.6) 

Not up-to-date 40 (3.2) 10 (3.2) 33 (3.9) 83 (3.4) 

Unknown/missing 198 (15.7) 34 (10.8) 130 (15.4) 362 (15.0) 

Recent antibiotic treatment or RTI refer to those having occurred with one month of swab 

sample collection. HCP = healthcare professional. 
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3.2.2 Participation of the Study Groups 

 

Overall participation, as shown in Figure 3, was greater in the self-swabbing group in both 

time-points with 23.4% (n = 1,260, 95% CI 22.27% to 24.53%) in summer and 18.9% (n = 

843, 95% CI 17.7% to 20.0%) in winter compared with the HCP swabbing group at 6.2% 

(n = 314, 95% CI 5.54% to 6.86%). Individual GP practice participation, as shown in 

Figure 4, varied from 9.3% (n = 27) to 33.1% (n = 96) in the summer self-swabbing group, 

1.0% (n = 3) to 12.3% (n = 34) in the summer HCP swabbing group and 9.1% (n = 21) to 

30.4% (n = 80) in the winter self-swabbing group. The anticipated level of participation, of 

25% or higher, was not achieved within the HCP swabbing group by any of the GP 

practices. Only three practices achieved this anticipated level in both self-swabbing time-

points and eight achieved this in one self-swabbing time-point. Nine practices failed to 

achieve 25% in either time-point. 

 

HCP = healthcare professional  
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Figure 4. Participation of the 20 GP practices by Study Arm and Time-point 
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3.2.3 Age Distribution of Participants 

 

Participation, as shown in Figure 5, was greater in those aged 5 years and older when 

compared with those aged 0-4 years, in both study groups and time-points. A larger 

discrepancy between age group participation was found within the self-swabbing group 

(summer 2012 ∆ = -11.2, winter 2013 ∆ = -14.3) versus the HCP swabbing group 

(summer 2012 ∆ = -5.3). This is a largely due to the greater participation by patients aged 

5 years and older within the self-swabbing group versus the HCP swabbing group, 

whereas participation of patients aged 0-4 years varied less between study groups.  

The distribution of participants according to age, as shown in Figure 6, shows two peaks 

in the number of participants. This first peak, representing patients aged 0-10 years, is a 

result of the sampling method which involved inviting a large number of children aged 0-4 

years to take part in the study. The second peak, representing individuals aged 61-70 

years, demonstrates that participation increases with age in adults but decreases again 

after the age of 70 years.   
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HCP = Healthcare professional 

 

Figure 6. Distribution of Participants by Age Group 

HCP = Healthcare professional 
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3.3 The Impact of Deprivation on Participation 

 

The UK IMD 2010 score is a measure of deprivation within small geographical areas 

referred to as lower layer super output areas (LSOA) within the United Kingdom. These 

are based on levels of crime, education, income, health and disability, living environment, 

employment and barriers to housing and services. IMD scores of the GP practices’ LSOA 

ranged from 2.70 to 55.60, with a mean of 18.04. Participation, as shown in Figure 7, is 

negatively correlated with IMD score within the self-swabbing group in summer 2012. This 

negative relationship indicates that more deprived areas participated less in the study than 

less deprived areas. However, a wide range of participation levels are observed at similar 

deprivation scores indicating other factors unrelated to deprivation may also be influencing 

participation. 
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(a) 

 

(b) 

  

Figure 7. Pearson’s Correlation Analysis of Practice Participation as a function of UK 
IMD 2010 Score for (a) Summer 2012 and (b) Winter 2013 Swabbing Time-points 

HCP = Healthcare professional, IMD = Indices of Multiple Deprivation 
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3.4 The Impact of Population Density on Participation 

 

Population density, the number of individuals per square kilometre, is a measure of 

urban/rural location with rural locations having lower numbers of individuals per square 

kilometre and urban locations having greater numbers of individuals per square kilometre. 

Population density of the GP practices’ geographic locations ranged from 173 individuals 

per km2 to 5146 individuals per km2, with a mean of 2785 individuals per km2. 

Participation, as shown in Figure 8, does not correlate with the population density. Again 

however, a wide range of participation levels are observed at similar population densities 

indicating other factors unrelated to population density may also be influencing 

participation. 

 

  



 96 

(a) 

 

(b)

 
Figure 8. Pearson’s Correlation Analysis of Practice Participation as a function of 

Population Density for (a) Summer 2012 and (b) Winter 2013 Swabbing Time-points 

HCP = Healthcare professional 
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3.5 Discussion 

 

Characteristics of the participants were largely similar between both of the study groups 

and both time-points, reflecting appropriate stratified random sampling of the population. 

Numbers of participants reporting recent antibiotic use was between 8.0% and 9.4%, 

dependent on study group. The national average of UK community and hospital 

prescriptions in 2013 was 27.4 defined daily doses (DDD) per 1,000 inhabitant per day 

(Public Health England, 2014a). The lack of data on antibiotic doses within this study 

limits the comparison of our data to national prescription data.  

Numbers of participants reporting an up-to-date vaccination status was between 80.7% 

and 86.0%, dependent on study group. This was lower than the published vaccination 

coverage for the UK and Hampshire between October and December 2014, which were 

approximately 92.7% and 94.3% respectively (Public Health England, 2015c). This 

difference in vaccination coverage may reflect the limitations of the question posed within 

the study questionnaire as a number of individuals may not be aware of which 

vaccinations they are meant to have had. This information should be collected more 

precisely, with details of individual vaccinations, and from healthcare professionals to 

enable accurate data capture. Furthermore self-reported vaccination status, although a 

useful tool, is not as accurate as HCP reported vaccination status, as shown in a study 

comparing self-reported influenza vaccination status and data from an immunisation 

registry, where the positive predictive value and negative predictive value of self-reporting 

were 89% and 96% respectively (Irving et al., 2009). 

Numbers of participants reporting a recent RTI was between 19.4% and 43.5%, 

dependent on study group. Overall, this was similar to the consultation rate for all 

respiratory infections in 2000 across 108 GP practices in England, which was 27.3% 

(Ashworth et al., 2004). Recent RTI was greater in the winter swabbing group versus 

either of the summer swabbing groups, which is expected as upper RTI, especially colds 

and flu, are often more frequent in the winter months (Dushoff et al., 2004, Eccles, 2002).  

The mean age of participants within the study ranged from 37.4 to 50.1 years, dependent 

on study group. The distribution of ages differed from the age distribution of Hampshire 

(mean age 42 years, 5.7% 0-4 years, 76.3% 5-64 years and 18% ≥65 years) and the UK 

as a whole (mean age 39 years, 6% 0-4 years, 77.7% 5-64 years and 16.3% ≥65 years) 

with more individuals aged 0-4 years and ≥65 years and fewer individuals aged 5-64 

years represented within the study (Hampshire County Council, 2011). This difference in 
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distribution reflects the design of the study, with stratified random sampling in order to 

obtain greater numbers of participants aged 0-4 years. Age distribution of responders 

showed similar patterns in both study groups and both time-points, with elderly 

participants accounting for the greater levels of participation in those aged 5 years and 

older. The greater numbers of participants in this age group are most likely due to the 

amount of time available to elderly participants as they are generally free from work or 

childcare commitments. Many elderly people are more likely to have experienced severe 

RTI, which might mean that they are able to relate to the study aims (Nicholson et al., 

1997). Previous studies have shown increased response rates with increasing age in the 

adult population, with those aged 40 years and older more likely to respond to 

questionnaires sent via mail than those aged less than 40 years old (Eaker et al., 1998). 

However, elderly patients 65 years and older showed decreased response rates 

compared to those aged 30-64 years old (Murthy et al., 2004). 

Participation in the self-swabbing group was much greater than the HCP swabbing group, 

when compared in the summer time-point. This is most likely due to the limited availability 

of swabbing appointments, which were within GP practice opening hours, and the amount 

of time required to attend a swabbing appointment, including time off work. The time taken 

to contact the GP practice and attend a swabbing clinic is most likely a disincentive for 

participation.This may have led to a large proportion of responders with the HCP group 

being those who were most available for such appointments, including the elderly, 

unemployed, stay at home parents and young children. As such individuals of school or 

working age are underrepresented, as shown in Figure 6 with low levels of participation 

for ages 11-60 years. Furthermore the NP swab is known to cause slight discomfort, 

which might discourage some individuals from taking part. The ease of self-swabbing, on 

the other hand, which can be done easily at each participant’s convenience, is much more 

appealing. For many participants, especially children, self-swabbing is a much easier 

option which could explain the higher participation in this group.  

Self-swabbing has previously been used for the detection of respiratory viruses (Smieja et 

al., 2010, Akmatov et al., 2012), S. aureus (Gamblin et al., 2013) and Group A 

Streptococci (Murray et al., 2015). Furthermore, self-swabbing is also thought to be 

essential in the collection of samples during the symptomatic stages of viral respiratory 

infections (Akmatov et al., 2012). Studies have also demonstrated that thorough swabbing 

technique for sampling viruses, with high levels of human epithelial cell with samples, was 

achieved via self-swabbing (Smieja et al., 2010, Akmatov et al., 2012). Finally the cost per 

participant for self-swabbing versus HCP-swabbing is lower, making the method much 

more cost-effective (Coughtrie et al., 2014).  Despite the advantages of self-swabbing, the 
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mishandling of swabs and poor swabbing technique are entirely possible with self-

swabbing, which may produce poor microbial recovery (Akmatov and Pessler, 2011). 

Furthermore, delays in returning the swabs once taken may also be problematic in terms 

of microbial recovery, as transport media will only maintain species survival for a limited 

period of time (Ellner and Ellner, 1966).  

The IMD score varied between GP practices’ LSOA from 2.7 to 55.6, which was similar to 

the IMD scores from all LSOA across the country (0.53 to 87.80, mean 21.67). IMD was 

negatively correlated with participation. This has previously been observed in community 

swabbing studies (Gamblin et al., 2013). This is potentially due lack of time available for 

participation, with individuals living in more deprived areas undertaking multiple 

employments or lacking access to childcare. Previous reports have shown socioeconomic 

status to be an important determinant in participation in clinical trials, which may be a 

result of poor health status of individuals from more deprived areas, which can result in 

ineligibility for trial participation (Unson et al., 2004). However, this study did not include 

stringent exclusion criteria as seen in clinical trials. Furthermore, lack of finances and less 

access to healthcare may also reduce trial participation in individuals with lower 

socioeconomic status (Gross et al., 2005). However, within this study, the large range of 

participation levels across similar deprivation scores would seem to suggest that other 

factors may have influenced study participation. 

Further factors which may influence study participation include ethnicity and female 

gender, which have also been shown to influence participation in cancer trials (Murthy et 

al., 2004). However, using multivariate analysis, one study demonstrated that the 

difference in participation in different ethnic groups may be explained by socioeconomic 

status (Gross et al., 2005). Further studies have in fact shown no differences in 

participation rates by ethnic group (Corbie-Smith et al., 2003). Furthermore, differences in 

participation by gender were thought to be limited to elderly patients (Murthy et al., 2004). 

Study design has also been shown to affect participation rates, with the use of telephone 

surveys, interviews, preliminary warnings and financial incentives all increasing the level 

of response (Yu and Cooper, 1983).  
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Chapter 4. Microbial Carriage in the Upper Respiratory Tract 

 

4.1 Introduction 

 

Carriage studies permit the estimation of the prevalence of microbial species within the 

upper respiratory tract at a given time. Such carriage studies have been undertaken in the 

United Kingdom in order to determine levels of carriage of S. pneumoniae (Tocheva et al., 

2013, Flasche et al., 2011, Lakshman et al., 2003), H. influenzae (Barbour et al., 1995, 

McVernon et al., 2004) and N. meningitidis (Maiden and Stuart, 2002, Cartwright et al., 

1987, Read et al., 2014) before and after the introduction of conjugate vaccines. However, 

a standard method for assessing carriage is only currently available for S. pneumoniae 

(Satzke et al., 2013, Gladstone et al., 2012, O'Brien and Nohynek, 2003). The aim of the 

current study was to compare swabbing methodologies for detecting six key upper 

respiratory tract bacterial species, S. pneumoniae, H. influenzae, M. catarrhalis, S. 

aureus, P. aeruginosa and N. meningitidis. In order to assess the best swabbing method 

for detecting carriage within the upper respiratory tract, two study groups were compared: 

self-swabbing, via nose and whole mouth swabs (WMS), and HCP swabbing, via NP and 

WMS. It was hypothesised that self-swabbing would be a non-inferior method for sampling 

the upper respiratory tract bacterial flora as HCP swabbing. In this study, non-inferior 

signifies no significant difference in the detection of the target bacteria between self-

swabbing and HCP swabbing.  Evidence for the usefulness of self-swabbing in carriage 

studies has been observed previously for S. aureus (Gamblin et al., 2013). 

In addition. real-time PCR, a method which enables the detection of respiratory viruses 

(van de Pol et al., 2007, van Elden et al., 2001), was performed. Using carriage data and 

demographic data collected throughout the study, the effects of demographic variables 

such as age, recent RTI, vaccinations, antibiotics and geographical location (areas shown 

in Figure 1) on carriage would be determined and a mathematical model of upper 

respiratory tract carriage would be constructed. It was hypothesised that age and recent 

RTI were likely to have a large effect on carriage as the microbial flora changes 

throughout life and in the event of infection (Vives et al., 1997, Peltola et al., 2005). 

However, it was hypothesised that antibiotics and vaccination were unlikely to have a 

large effect due to low and stable levels of antibiotic resistance with respiratory species 

(Reynolds, 2009) and high levels of vaccine uptake within the United Kingdom (95% 

vaccination coverage at five years of age) (Public Health England, 2014b). Furthermore, 

vaccination has been shown to change the distribution of S. pneumoniae serotypes but 
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not the overall prevalence of carriage of this species (Gladstone et al., 2015). Due to the 

effects of herd immunity, similar patterns of carriage are likely to be observed within the 

unvaccinated population compared with the vaccinated population (Miller et al., 2011). 

 

4.2 Sample Information 

 

Details of swab samples analysed by culture and real-time PCR are shown in Table 7 

below.  

 

Table 7. Real-time PCR and Culture Sample Information 

 Real-time PCR 
n (%) 

(N = 380) 

Culture 
n (%) 

(N = 2,417) 

Age (years)   

Mean (SD) 34.0 (30.8) 40.2 (29.6) 

Minimum 0 0 

Maximum 92 95 

0-4 115 (30.3) 553 (22.9) 

5-17 72 (18.9) 288 (11.9) 

18-64 93 (24.5) 840 (34.8) 

65+ 100 (26.3) 700 (29.0) 

Unknown 0 (0.0) 36 (1.5) 

Recent Antibiotic Treatment  

Yes 34 (8.9) 206 (8.5) 

No 345 (90.8) 2153 (89.1) 

Unknown 1 (0.3) 58 (2.4) 

Recent RTI   

Yes 118 (31.1) 793 (32.8) 

No 262 (68.9) 1563 (64.7) 

Unknown 0 (0.0) 61 (2.5) 

Vaccination Status   

Up-to-date 332 (87.4) 1972 (81.6) 

Not up-to-date 9 (2.6) 83 (3.4) 

Unknown 39 (10.3) 362 (15.0) 

SD = standard deviation, RTI = respiratory tract infection, PCR = polymerase chain reaction. 

 

The sample size for real-time PCR detection (n = 190 for each swab type) was not 

designed to be able to provide a highly precise measure of carriage prevalence but rather 

to enable the preliminary application of novel ecological methods to respiratory samples 

(see Chapter 6). Therefore, although carriage prevalence is compared between culture 
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and real-time PCR, mathematical regression modelling would utilise results from culture 

detection (where available) as a higher sample size for this method would enable greater 

statistical power. 

 

4.3 Analysis Methodologies 

 

4.3.1 Bacterial Carriage 

 

Firstly, the prevalence of bacterial carriage was calculated for the six target bacteria. 

Overall carriage of each of the bacterial species was assessed in relation to swab type 

(nose, self-taken WMS, NP and HCP-taken WMS) and detection method (culture and 

real-time PCR). Chi-squared and fisher’s exact tests were used to compare samples from 

different individuals (NP versus nose, NP versus self-taken WMS, self-taken WMS versus 

HCP-taken WMS, nose versus HCP taken WMS). McNemar’s Chi-squared test was used 

to compare samples from the same individuals (nose versus self-taken WMS and NP 

versus HCP-taken WMS). This analysis was designed to compare overall crude 

prevalence between methods in all individuals and hence does not incorporate 

stratification according to potential confounders such as age. This analysis would enable 

the identification of the most effective swabbing method for each species within the 

respiratory tract, which would then be used to perform multivariate analysis. Confounders 

would be assessed within these subsequent multivariate analyses.  

Subsequently, multivariate binary logistic regression analysis of carriage was performed 

for the bacterial species using the data collected from the swabbing or detection method 

deemed most effective. Demographic information collected during the study (see 

questionnaire in Appendix 1; variables include participant age, recent RTI, vaccination 

status and recent antibiotic treatment) was used to perform the regression analysis. RTI 

status was classified into ‘yes’, ‘no’ and ‘do not know/missing’. Vaccination status was 

classified as ‘up-to-date’, ‘not up-to-date’ and ‘do not know/missing’. Finally recent 

antibiotic treatment was classified into ‘yes’, ‘no’ and ‘do not know/missing’. Recent (for 

RTI and antibiotic treatment) refers to within the month prior to swabbing, which was self-

reported by participants. N. meningitidis carriage could not be analysed as a single isolate 

was collected from the winter 2013 swabbing time-point. 



 104 

Binary logistic regression modelling is a method for modelling outcomes using binary or 

categorical variables (Harrell, 2001). The method measures the relationship between a 

dependent variable (carriage of a specific species) and a set of independent variables 

(e.g. age, recent RTI, antibiotics use). The method calculates an odds ratio (OR) for each 

independent variable, accounting for all other independent variables in the model. This 

method was used in order to understand the effects of different variables on carriage of a 

specific species. The method also allows any confounding variables to be controlled for by 

construction of a multi-variable model (McNamee, 2005).  

 

Where numbers were sufficient, >10 cases per independent variable (Hosmer et al., 

2013), multivariable logistic regression analysis was performed.  Univariate regression 

analysis was firstly undertaken for each of the bacterial species and significant covariates 

(10% significance level) from the univariate analysis were then included in the 

multivariable model. Backward elimination of covariates which did not meet the 5% 

significance level within the multivariable model was then undertaken. An odds ratio (OR) 

and 95% confidence intervals were calculated for each variable, controlling for all other 

variables in the model. An OR of 1 indicates that the covariate does not affect carriage; an 

OR of less than 1 indicates that the covariate has a negative effect (decrease) on carriage 

and an OR of greater than 1 indicates that the covariate has a positive effect (increase) on 

carriage. P-values were calculated to determine the strength of positive or negative 

associations with carriage of that particular species. 

 

For all covariates, a reference category was assigned for comparison. This reference 

category was the Southampton/Romsey area for geographical location, the summer for 

season and the ‘no’ group for recent RTI, recent antibiotics use, vaccinations up-to-date 

and the presence of other species. 

 

4.3.2 Viral Prevalence 

 

Prevalence of respiratory viruses within upper respiratory tract samples was calculated for 

the following species: rhinovirus/enterovirus, respiratory syncytial virus (RSV), 

coronavirus, adenovirus, influenza viruses A and B, parainfluenza viruses 1-3 and 

metapneumovirus. Identification of these viral species was undertaken using real-time 

PCR on a subset of swab samples collected during the swabbing study (N = 380). The 

selection of this subset of samples was described previously (see section 2.4.1). Viral 



 105 

prevalence was assessed within each swabbing method in order to ascertain the variation 

in prevalence between these methods.  

Prevalence of each viral species was described in relation to participant demographics in 

order to determine patterns of prevalence of the different viral species and the effects of 

such demographic variables. Given that numbers of positive samples were low, only 

univariate analyses could be performed and any differences that may be observed are 

interpreted with caution. 

 

4.3.3 Co-carriage 

 

Firstly, chi-squared and fisher’s exact tests were used to compare the prevalence of co-

carriage between samples from different individuals (NP versus nose, NP versus self-

taken WMS, self-taken WMS versus HCP-taken WMS, nose versus HCP taken WMS). 

McNemar’s Chi-squared test was used to compare samples from the same individuals 

(nose versus self-taken WMS and NP versus HCP-taken WMS). This analysis was 

designed to compare overall crude prevalence of co-carriage between methods in all 

individuals and hence does not incorporate stratification according to potential 

confounders such as age. This analysis would enable the identification of the most 

effective sampling method for co-carriage of species within the respiratory tract which 

would then be used to perform multivariate analysis. Confounders would be assessed 

within these subsequent multivariate analyses.  

Subsequently, multivariate binary logistic regression analysis of carriage was performed 

for the bacterial species co-carriage as well as bacterial-viral co-carriage using the data 

collected from the swabbing or detection method deemed most effective. Multivariable 

analysis was informed by univariate regression analysis, as described previously for 

bacterial carriage (section 4.3.1). For viral species co-carriage, multivariable analysis 

could not be performed due to too few virus-positive samples, and therefore univariate 

analysis using Chi-squared and Fisher’s Exact tests (for categorical variables) and the 

Mann-Whitney U-test (for continuous variables) were performed. 
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4.4 Carriage of Bacterial Species in the Respiratory Tract 

 

4.4.1 Analysis of Swabbing Methodologies for Detecting the Prevalence of 

Bacterial Carriage 

 

Bacterial carriage was assessed within each swabbing method in order to ascertain the 

variation in carriage between these methods and well as to determine the most effective 

swabbing method for detecting the presence of each of the bacterial species. 

 

4.4.1.1 Swab Type 

 

Carriage of each of the bacterial species was determined for all four swab types and 

compared using Chi-squared and Fisher’s Exact tests (for samples from different 

individuals) or McNemar’s Chi-squared test (for samples from the same individuals). 

Carriage prevalence of each bacterial species within the swab types is shown in Figure 9 

to Figure 14, with p-values for each pairwise comparison. 

Culture results demonstrated S. pneumoniae carriage to be highest in the nose and NP 

swabs, which were significantly higher than both mouth swabs. M. catarrhalis carriage 

was significantly higher in the HCP-taken WMS than all other swab types. There was no 

significant difference in P. aeruginosa carriage between any of the swab types. S. aureus 

carriage was significantly higher in the nose swab than any other swab type. Finally H. 

influenzae carriage was highest in the nose and NP, which were both significantly higher 

than the self-taken WMS but not the HCP taken WMS. 

Real-time PCR results demonstrated S. pneumoniae and H. influenzae carriage to be 

higher in the nose compared to the NP swabs. However, carriage of M. catarrhalis and S. 

aureus did not differ significantly between nose and NP swabs. Furthermore, carriage of 

P. aeruginosa was significantly higher in NP swabs compared with nose swabs. 
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Figure 9. S. pneumoniae carriage prevalence by swab type detected by culture 

Brackets demonstrate pairwise comparison of swab types. Swabs samples were collected in 

summer and winter (*) seasons. NP = nasopharyngeal, WMS = whole mouth swab, SS = self-taken 

swab, HCP = HCP-taken swab. P-values are two-tailed χ
2 
p-values unless otherwise indicated: 

† 

McNemar’s χ
2
 p-value, 

#
 Fisher’s exact test p-value. 
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Figure 10. M. catarrhalis carriage prevalence by swab type detected by culture 

Brackets demonstrate pairwise comparison of swab types. Swabs samples were collected in 

summer and winter (*) seasons. NP = nasopharyngeal, WMS = whole mouth swab, SS = self-taken 

swab, HCP = HCP-taken swab. P-values are two-tailed χ
2 
p-values unless otherwise indicated: 

† 

McNemar’s χ
2
 p-value, 

#
 Fisher’s exact test p-value. 
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Figure 11. P. aeruginosa carriage prevalence by swab type detected by culture 

Brackets demonstrate pairwise comparison of swab types. Swabs samples were collected in 

summer and winter (*) seasons. NP = nasopharyngeal, WMS = whole mouth swab, SS = self-taken 

swab, HCP = HCP-taken swab. P-values are two-tailed χ
2 
p-values unless otherwise indicated: 

† 

McNemar’s χ
2
 p-value, 

#
 Fisher’s exact test p-value. 
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Figure 12. S. aureus carriage prevalence by swab type detected by culture 

Brackets demonstrate pairwise comparison of swab types. Swabs samples were collected in 

summer and winter (*) seasons. NP = nasopharyngeal, WMS = whole mouth swab, SS = self-taken 

swab, HCP = HCP-taken swab. P-values are two-tailed χ
2 
p-values unless otherwise indicated: 

† 

McNemar’s χ
2
 p-value, 

#
 Fisher’s exact test p-value. 
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Figure 13. H. influenzae carriage prevalence by swab type detected by culture 

Brackets demonstrate pairwise comparison of swab types. Swabs samples were collected in 

summer and winter (*) seasons. NP = nasopharyngeal, WMS = whole mouth swab, SS = self-taken 

swab, HCP = HCP-taken swab. P-values are two-tailed χ
2 
p-values unless otherwise indicated: 

† 

McNemar’s χ
2
 p-value, 

#
 Fisher’s exact test p-value. 
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Figure 14. Carriage of bacterial species in nose and NP swabs detected by real-time PCR 

Brackets demonstrate pairwise comparison of swab types. Swabs samples were collected in summer and winter (*) seasons. NP = nasopharyngeal. P-values 

are two-tailed χ
2 
p-values. 
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4.4.1.2 Detection Method 

 

Carriage of each of the bacterial species was compared between detection methods 

(culture and real-time PCR) for the subset of samples analysed by both culture and real-

time PCR. Only nose and NP samples were analysed using real-time PCR, therefore no 

data is available for either WMS. This would enable the determination of any differences 

in the level of detection between these two methods. McNemar’s Chi-squared test was 

used to compare results for culture and real-time PCR, which is shown in Table 8. 

 

Table 8. Comparison of Culture and Real-time PCR Methods for the Detection of Bacterial 

Species using McNemar’s Chi-squared Test 

n (%) 

Culture 

Nose 
(N = 190) 

NP 
(N = 190) 

No Yes No Yes 

R
e

a
l-

ti
m

e
 P

C
R

 

S. pneumoniae 

No 
125 

(65.8) 
1 

(0.5) 
161 

(84.7) 
1 

(0.5) 

Yes 
35 

(18.4) 
29 

(15.3) 
8 

(4.2) 
20 

(10.5) 

p-value <0.001 0.039 

M. catarrhalis 

No 
140 

(73.7) 
5 

(2.6) 
151 

(79.5) 
3 

(1.6) 

Yes 
37 

(19.5) 
8 

(4.2) 
27 

(14.2) 
9 

(4.7) 

p-value <0.001 <0.001 

P. aeruginosa 

No 
118 

(62.1) 
3 

(1.6) 
73 

(38.4) 
0 

(0.0) 

Yes 
67 

(35.3) 
2 

(1.1) 
114 

(60.0) 
3 

(1.6) 

p-value <0.001 <0.001 

S. aureus 

No 
98 

(51.6) 
9 

(4.7) 
125 

(65.8) 
1 

(0.5) 

Yes 
41 

(21.6) 
42 

(22.1) 
45 

(23.7) 
19 

(10.0) 

p-value <0.001 <0.001 

H. influenzae 

No 
121 

(63.7) 
2 

(1.1) 
170 

(89.5) 
2 

(1.1) 

Yes 
57 

(30.0) 
10 

(5.3) 
13 

(6.8) 
5 

(2.6) 

p-value <0.001 0.007 

NP = Nasopharyngeal. P-values are McNemar’s Chi-squared P-values. 

The results from McNemar’s Chi-squared test show real-time PCR to detect more 

bacterial isolates than culture in all species tested. As such, high levels of culture-negative 
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PCR-positive samples were observed in all of these species. However, some culture-

positive PCR-negative samples are also present. 

 

4.4.2 Patterns of Carriage according to Participant Demographics 

 

Culture results would be used for regression modelling due to the greater numbers of 

overall and positive samples available, which increases the statistical power of a 

mathematical model. Furthermore, the lack of detection of dead cells using culture 

detection, which may be problematic in PCR, prevents the assessment of potential false 

positive results. Furthermore, self-taken swabs would be used for regression modelling, 

again due to greater numbers of samples available compared with HCP-taken swabs and 

due to the non-inferiority of self-taken swabs in detecting carriage of these bacterial 

species compared to HCP-taken swabs (with the exception of M. catarrhalis). In addition, 

due to these advantages, self-swabbing was continued during the second time-point of 

the study and therefore differences in carriage between these time-points could be 

assessed accounting for swabbing season. Nose swabs were therefore chosen for S. 

pneumoniae, H. influenzae and S. aureus due to significantly higher prevalence of 

carriage in these swabs compared with self-taken WMS. M. catarrhalis and P. aeruginosa 

carriage, however, were assessed using self-taken WMS due to significantly higher 

prevalence of carriage in these swabs compared with nose swabs. 

 

4.4.2.1 S. pneumoniae 

 

Summary statistics and multivariable binary logistic regression modelling results for S. 

pneumoniae using culture-detected nose swabs are presented in Table 9. Covariates that 

were found to significantly increase the odds of S. pneumoniae carriage were recent RTI, 

M. catarrhalis carriage, H. influenzae carriage and geographical location (relative to 

Southampton/Romsey).Covariates that were found to significantly decrease the odds of S. 

pneumoniae carriage were age, winter season (relative to summer) and S. aureus 

carriage. The final model gave a pseudo-R2 (Nalgerkerke) of 0.396. The area under the 

curve (AUC) for this final model was 0.885 (95% CI 0.862, 0.908) which was significantly 

different from 0.5 (p < 0.001), demonstrating that the model predicts S. pneumoniae 

carriage significantly better than chance.  
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Table 9. Logistic Regression Model of S. pneumoniae Carriage in Self-taken Nose Swabs 

Covariate N 

S. pneumoniae 
Carriage 

Crude Multivariate-adjusted 

Yes 
n (%) 

No 
n (%) 

OR 
(95% CI) 

P-value 
OR 

(95% CI) 
P-value 

Age (years)       

Mean (SD) - 7.3 (16.7) 42.2 (28.2) 0.934 <0.001 
0.943 

(0.932, 0.955) 
<0.001 

Recent RTI       

Yes 729 140 (19.2) 589 (80.8) 
4.334 

(3.192, 5.885) 
<0.001 

2.071 
(1.448, 2.963) 

<0.001 

No 1308 68 (5.2) 1240 (94.8) Ref. - Ref. - 

Recent Antibiotics      

Yes 179 15 (8.4) 164 (91.6) 
0.790 

(0.456, 1.368) 
0.4000 - - 

No 1860 193 (10.4) 1667 (89.6) Ref. - - - 

Vaccinations up-to-date      

Yes 1695 199 (11.7) 1496 (88.3) 
3.104 

(0.968, 9.951) 
0.057 - - 

No 73 3 (4.1) 70 (95.9) Ref. - - - 

Geographical Location      

1 487 31 (6.4) 456 (93.6) Ref. <0.001 Ref. 0.015 

2 106 20 (18.9) 86 (81.1) 
3.421 

(1.863, 6.280) 
<0.001 

3.055 
(1.480, 6.303) 

0.003 

3 400 58 (14.5) 342 (85.5) 
2.495 

(1.578, 3.944) 
<0.001 

2.224 
(1.322, 3.741) 

0.003 

4 851 83 (9.8) 768 (90.2) 
1.590 

(1.036, 2.440) 
0.034 

1.621 
(0.998, 2.633) 

0.051 

5 89 6 (6.7) 83 (93.3) 
1.063 

(0.430, 2.628) 
0.894 

1.052 
(0.393, 2.817) 

0.920 

6 126 11 (8.7) 115 (91.3) 
1.407 

(0.687, 2.884) 
0.351 

1.589 
(0.709, 3.560) 

0.261 

Season        

Summer 1254 138 (11.0) 1116 (89.0) Ref. - Ref. - 

Winter 841 74 (8.8) 767 (91.2) 
0.780 

(0.580, 1.050) 
0.101 

0.550 
(0.376, 0.804) 

0.002 

H. influenzae       

Yes 79 41 (51.9) 38 (48.1) 
11.641 

(7.288, 18.595) 
<0.001 

4.195 
(2.460, 7.154) 

<0.001 

No 2016 171 (8.5) 1845 (91.5) Ref. - Ref. - 

M. catarrhalis       

Yes 95 30 (31.6) 65 (68.4) 
4.610 

(2.914, 7.293) 
<0.001 

1.974 
(1.130, 3.449) 

0.017 

No 2000 182 (9.1) 1818 (90.0) Ref. - Ref. - 

S. aureus       

Yes 418 14 (3.3) 404 (96.7) 
0.259 

(0.149, 0.450) 
<0.001 

0.354 
(0.193, 0.650) 

0.001 

No 1677 198 (11.8) 1479 (88.2) Ref. - Ref. - 

P. aeruginosa       

Yes 27 5 (18.5) 22 (81.5) 
0.808 

(0.108, 6.016) 
0.835 - - 

No 2068 207 (10.0) 1862 (90.0) Ref. - - - 

OR = odds ratio; 95% CI = 95% confidence intervals; SD = standard deviation; RTI = respiratory 
tract infection. Geographical areas are listed in methods section. Ref. = reference category.   
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4.4.2.2 M. catarrhalis 

 

Summary statistics and multivariable binary logistic regression modelling results for M. 

catarrhalis using culture-detected self-taken WMS swabs are shown in Table 10. 

Covariates that were found to significantly increase the odds of M. catarrhalis carriage 

were H. influenzae carriage and geographical location (relative to Southampton/Romsey). 

Covariates that were found to significantly decrease the odds of M. catarrhalis carriage 

were recent RTI and winter season (relative to summer). The final model gave a pseudo-

R2 (Nalgerkerke) of 0.670. The area under the curve (AUC) for this final model was 0.670 

(95% CI 0.630, 0.709) which was significantly different from 0.5 (p < 0.001), 

demonstrating that the model predicts M. catarrhalis carriage significantly better than 

chance.  
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Table 10. Logistic Regression Model of M. catarrhalis Carriage in Self-taken Whole Mouth 

Swabs  

Covariate N 

M. catarrhalis Carriage Crude Multivariate-adjusted 

Yes 
n (%) 

No 
n (%) 

OR 
(95% CI) 

P-value 
OR 

(95% CI) 
P-value 

Age (years)       

Mean (SD) - 41.5 (29.2) 38.3 (29.4) 
1.004 

(0.999, 1.009) 
0.149 - - 

Recent RTI       

Yes 729 53 (7.3) 676 (92.7) 
0.614 

(0.442, 0.852) 
0.004 

0.688 
(0.492, 0.964) 

0.030 

No 1307 148 (11.2) 1159 (88.7) Ref. - Ref. - 

Recent Antibiotics      

Yes 178 19 (10.7) 159 (89.3) 
1.095 

(0.664, 1.805) 
0.722 - - 

No 1860 183 (9.8) 1677 (90.2) Ref. - - - 

Vaccinations up-to-date      

Yes 1694 166 (9.8) 1528 (90.2) 
2.535 

(0.789, 8.140) 
0.118 - - 

No 73 3 (4.1) 70 (95.9) Ref. - - - 

Geographical Location      

1 487 43 (8.8) 444 (91.2) Ref. 0.022 Ref. 0.014 

2 105 19 (18.1) 86 (81.9) 
2.281 

(1.268, 4.104) 
0.006 

2.262 
(1.237, 4.138) 

0.008 

3 400 38 (9.5) 362 (90.5) 
1.084 

(0.686, 1.713) 
0.730 

1.007 
(0.628, 1.615) 

0.977 

4 851 75 (8.8) 776 (91.2) 
0.998 

(0.674, 1.478) 
0.992 

1.129 
(0.754, 1.692) 

0.555 

5 89 14 (15.7) 75 (84.3) 
1.927 

(1.005, 3.695) 
0.048 

2.188 
(1.117, 4.287) 

0.022 

6 126 15 (11.9) 111 (88.1) 
1.395 

(0.748, 2.603) 
0.295 

1.797 
(0.948, 3.409) 

0.073 

Season        

Summer 1254 167 (13.3) 1087 (86.7)     

Winter 840 38 (4.5) 802 (95.5) 
0.308 

(0.214, 0.444) 
<0.001 

0.311 
(0.213, 0.453) 

<0.001 

S. pneumoniae       

Yes 7 0 (0.0) 7 (100.0) - - - - 

No 2087 205 (9.8) 1882 (90.2) - - - - 

H. influenzae       

Yes 13 5 (38.5) 8 (61.5) 
5.878 

(1.905, 18.139) 
0.002 

6.640 
(1.972, 22.359) 

0.002 

No 2081 200 (9.6) 1881 (90.4) Ref. - Ref. - 

S. aureus       

Yes 56 5 (8.9) 51 (91.1) 
0.901 

(0.355, 2.284) 
0.826 - - 

No 2038 200 (9.8) 1838 (90.2) Ref. - - - 

P. aeruginosa       

Yes 53 3 (5.7) 50 (94.3) 
0.546 

(0.169, 1.767) 
0.313 - - 

No 2041 202 (9.9) 1839 (90.1) Ref. - - - 

OR = odds ratio; 95% CI = 95% confidence intervals; SD = standard deviation; RTI = respiratory 
tract infection. Geographical areas are listed in methods section. Ref. = reference category.   
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4.4.2.3 H. influenzae 

 

Summary statistics and multivariable binary logistic regression modelling results for H. 

influenzae using culture-detected nose swabs are shown in Table 11. Covariates that 

were found to significantly increase the odds of H. influenzae carriage were S. 

pneumoniae carriage and winter season (relative to summer).The only covariate that was 

found to significantly decrease the odds of H. influenzae carriage was age. The final 

model gave a pseudo-R2 (Nalgerkerke) of 0.295. The area under the curve (AUC) for this 

final model was 0.874 (95% CI 0.838, 0.910) which was significantly different from 0.5 (p 

< 0.001), demonstrating that the model predicts H. influenzae carriage significantly better 

than chance. 
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Table 11. Logistic Regression Model of H. influenzae Carriage in Self-taken Nose Swabs 

Covariate N 

H. influenzae Carriage Crude Multivariate-adjusted 

Yes 
n (%) 

No 
n (%) 

OR 
(95% CI) 

P-value 
OR 

(95% CI) 
P-value 

Age (years)       

Mean (SD) - 6.8 (14.1) 39.9 (29.1) 
0.934 

(0.916, 0.953) 
<0.001 

0.948 
(0.930, 0.966) 

<0.001 

Recent RTI       

Yes 729 54 (7.4) 675 (92.6) 
4.676 

(2.824, 7.744) 
<0.001 - - 

No 1308 22 (1.7) 1286 (98.3) Ref. - - - 

Recent Antibiotics      

Yes 179 6 (3.4) 173 (96.6) 
0.887 

(0.380, 2.071) 
0.781 - - 

No 1860 70 (3.8) 1790 (96.2) Ref. - - - 

Vaccinations up-to-date      

Yes 1695 74 (4.4) 1621 (95.6) 
3.287 

(0.451, 23.979) 
0.241 - - 

No 73 1 (1.4) 72 (98.6) Ref. - - - 

Geographical Location      

1 487 13 (2.7) 474 (97.3) Ref. 0.685 - - 

2 106 2 (2.8) 103 (97.2) 
1.062 

(0.297, 3.794) 
0.926 - - 

3 400 18 (4.5) 382 (95.5) 
1.718 

(0.831, 3.551) 
0.144 - - 

4 851 36 (4.2) 815 (95.8) 
1.611 

(0.846, 3.067) 
0.147 - - 

5 89 3 (3.4) 86 (96.6) 
1.272 

(0.355, 4.557) 
0.712 - - 

6 126 4 (3.2) 122 (96.8) 
1.195 

(0.383, 3.731) 
0.759 - - 

Season        

Summer 1254 34 (2.7) 1220 (97.3) Ref. - Ref. - 

Winter 841 45 (5.4) 796 (94.6) 
2.029 

(1.288, 3.195) 
0.002 

2.495 
(1.529, 4.071) 

<0.001 

S. pneumoniae       

Yes 212 41 (19.3) 171 (80.7) 
11.641 

(7.288, 18.595) 
<0.001 

4.602 
(2.755, 7.688) 

<0.001 

No 1883 38 (2.0) 1845 (98.0) Ref. - Ref. - 

M. catarrhalis       

Yes 95 16 (16.8) 79 (83.2) 
6.227 

(3.441, 11.268) 
<0.001 - - 

No 2000 63 (3.2) 1937 (96.9) Ref. - - - 

S. aureus       

Yes 418 6 (1.4) 412 (98.6) 
0.320 

(0.138, 0.741) 
0.008 - - 

No 1677 73 (4.4) 1604 (95.6) Ref. - - - 

P. aeruginosa       

Yes 27 0 (0.0) 27 (100.0) - - - - 

No 2068 79 (3.8) 1989 (96.2) - - - - 

OR = odds ratio; 95% CI = 95% confidence intervals; SD = standard deviation; RTI = respiratory 
tract infection. Geographical areas are listed in methods section. Ref. = reference category. 
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4.4.2.4 P. aeruginosa 

 

Summary statistics and multivariable binary logistic regression modelling results for P. 

aeruginosa using culture-detected self-taken WMS are shown in Table 12. Covariates that 

were found to significantly decrease the odds of P. aeruginosa carriage were age and 

winter season (relative to summer). The final model gave a pseudo-R2 (Nalgerkerke) of 

0.024. The area under the curve (AUC) for this final model was 0.624 (95% CI 0.546, 

0.701) which was significantly different from 0.5 (p = 0.003), demonstrating that the model 

predicts P. aeruginosa carriage significantly better than chance.  
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Table 12. Summary Statistics of P. aeruginosa Carriage in Self-taken Whole Mouth 
Swabs 

Covariate N 

P. aeruginosa Carriage Crude Multivariate-adjusted 

Yes 
n (%) 

No 
n (%) 

OR 
(95% CI) 

P-
value 

OR 
(95% CI) 

P-value 

Age (years)       

Mean (SD) - 28.9 (30.6) 38.9 (29.3) 
0.998 

(0.979, 0.998) 
0.018 

0.989 
(0.979, 0.998) 

0.024 

Recent RTI       

Yes 729 23 (3.2) 706 (96.8) 
1.488 

(0.851, 2.603) 
0.164 

- - 

No 1307 28 (2.1) 1279 (97.9) Ref. - - - 

Recent Antibiotics      

Yes 178 5 (2.8) 173 (97.2) 
1.140 

(0.447, 2.906) 
0.784 

- - 

No 1860 46 (2.5) 1814 (97.5) Ref. - - - 

Vaccinations up-to-date      

Yes 1694 44 (2.6) 1650 (97.4) 
1.920 

(0.261, 14.132) 
0.522 

- - 

No 73 1 (1.4) 72 (98.6) Ref. - - - 

Geographical Location      

1 487 14 (2.9) 473 (97.1) Ref. 0.506 - - 

2 105 3 (2.9) 102 (97.1) 
0.994 

(0.280, 3.521) 
0.992 

- - 

3 400 12 (3.0) 388 (97.0) 
1.045 

(0.478, 2.285) 
0.912 

- - 

4 851 17 (2.0) 834 (98.0) 
0.689 

(0.336, 1.410) 
0.307 

- - 

5 89 4 (4.5) 85 (95.5) 
1.590 

(0.511, 4.946) 
0.423 

- - 

6 126 1 (0.8) 125 (99.2) 
0.270 

(0.035, 2.075) 
0.208 

- - 

Season        

Summer 1254 39 (3.1) 1215 (96.9) Ref. - Ref. - 

Winter 840 14 (1.7) 826 (98.3) 
0.528 

(0.285, 0.979) 
0.043 

0.525 
(0.277, 0.992) 

0.047 

S. pneumoniae       

Yes 7 0 (0.0) 7 (100.0) - - - - 

No 2087 53 (2.5) 2034 (97.5) - - - - 

H. influenzae       

Yes 13 0 (0.0) 13 (100.0) 
0.546 

(0.169, 1.767) 
0.313 

- - 

No 2081 53 (2.5) 2028 (97.5) Ref. - - - 

M. catarrhalis       

Yes 205 3 (1.5) 202 (98.5) - - - - 

No 1889 50 (2.6) 1839 (97.4) - - - - 

S. aureus       

Yes 56 3 (5.4) 53 (94.6) 
2.251 

(0.680, 7.446) 
0.184 

- - 

No 2038 50 (2.5) 1988 (97.5) Ref. - - - 

OR = odds ratio; 95% CI = 95% confidence intervals; SD = standard deviation; RTI = respiratory 
tract infection. Geographical areas are listed in methods section. Ref. = reference category. 
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4.4.2.5 S. aureus 

 

Summary statistics and multivariable binary logistic regression modelling results for S. 

aureus using culture-detected nose swabs are shown in Table 13. Covariates that were 

found to significantly decrease the odds of S. aureus carriage were S. pneumoniae 

carriage and M. catarrhalis carriage. No covariates were found to significantly increase the 

odds of S. aureus carriage. The final model gave a pseudo-R2 (Nalgerkerke) of 0.064. The 

area under the curve (AUC) for this final model was 0.557 (95% CI 0.528, 0.586) which 

was significantly different from 0.5 (p < 0.001), demonstrating that the model predicts S. 

aureus carriage significantly better than chance. 
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Table 13. Logistic Regression Model of S. aureus Carriage in Self-taken Nose Swabs 

Covariate N 

S. aureus Carriage Crude Multivariate-adjusted 

Yes 
n (%) 

No 
n (%) 

OR  
(95% CI) 

P-value OR  
(95% CI) 

P-value 

Age (years)       

Mean (SD) - 42.3 (27.0) 37.8 (29.9) 
1.005 

(1.002, 1.009) 
0.006 - - 

Recent RTI       

Yes 729 132 (18.1) 597 (81.9) 
0.838 

(0.665, 1.056) 
0.134 - - 

No 1308 273 (20.9) 1035 (79.1) Ref. - - - 

Recent Antibiotics      

Yes 179 34 (19.0) 145 (81.0) 
0.947 

(0.641, 1.400) 
0.786 - - 

No 1860 369 (19.8) 1491 (80.2) Ref. - - - 

Vaccinations up-to-date      

Yes 1695 322 (19.0) 1373 (81.0) 
0.835 

(0.474, 1.474) 
0.535 - - 

No 73 16 (21.9) 57 (78.1) Ref. - - - 

Geographical Location      

1 487 90 (18.5) 397 (81.5) Ref. 0.165 - - 

2 106 14 (13.2) 92 (86.6) 
0.671 

(0.366, 1.232) 
0.198 - - 

3 400 92 (23.0) 308 (77.0) 
1.318 

(0.951, 1.826) 
0.098 - - 

4 851 180 (21.2) 671 (78.8) 
1.183 

(0.893, 1.569) 
0.242 - - 

5 89 14 (15.7) 75 (84.3) 
0.823 

(0.445, 1.523) 
0.536 - - 

6 126 23 (18.3) 103 (81.7) 
0.985 

(0.593, 1.635) 
0.953 - - 

Season        

Summer 1254 269 (21.5) 985 (78.5) Ref. - - - 

Winter 841 149 (17.7) 692 (82.3) 
0.788 

(0.631, 0.985) 
0.036 - - 

S. pneumoniae       

Yes 212 14 (6.6) 198 (93.4) 
0.259 

(0.149, 0.450) 
<0.001 

0.282 
(0.162, 0.492) 

<0.001 

No 1883 404 (21.5) 1479 (78.5) Ref. - Ref. - 

H. influenzae       

Yes 79 6 (7.6) 73 (92.4) 
0.320 

(0.138, 0.741) 
0.008 - - 

No 2016 412 (20.4) 1604 (79.6) Ref. - - - 

M. catarrhalis       

Yes 95 5 (5.3) 90 (94.7) 
0.213 

(0.086, 0.529) 
0.001 

0.258 
(0.103, 0.642) 

0.004 

No 2000 413 (20.7) 1587 (79.4) Ref. - Ref. - 

P. aeruginosa       

Yes 27 7 (25.9) 20 (74.1) 
1.411 

(0.593, 3.360) 
0.437 - - 

No 2068 411 (19.9) 1657 (80.1) Ref. - - - 

OR = odds ratio; 95% CI = 95% confidence intervals; SD = standard deviation; RTI = respiratory 
tract infection. Geographical areas are listed in methods section. Ref. = reference category. 
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4.5 Prevalence of Viral Species in the Respiratory Tract 

 

Overall, viruses were detected in 28.9% (n = 110) of samples using real-time PCR. Viral 

carriage was highest for rhinovirus/enterovirus (12.9%, n = 49), then RSV (9.5%, n = 36), 

coronavirus (6.8%, n = 26), adenovirus (1.8%, n = 7), influenza A virus (0.5%, n = 2) and 

finally parainfluenza virus (0.3%, n = 1). Metapneumovirus and influenza B virus were not 

detected in any of the samples. Due to small numbers of positive samples, multivariable 

analyses were not performed for these viral species. Therefore, only summary statistics 

and univariate analysis of species prevalence was performed.  

 

4.5.1 Analysis of Swabbing Methodologies for Detecting the Prevalence of 

Viral Species 

 

The differences in prevalence between swabbing methods are summarised in Table 14. 

Viral prevalence, as detected by real-time PCR did not differ between nose and NP swabs 

in any of the species tested. Low numbers of positive samples mean that confidence 

intervals for viral prevalence are wide and cannot allow the accurate determination of the 

prevalence of these species between swab types and swabbing season. Overlapping 

confidence intervals mean that comparisons between groups are difficult and any potential 

differences may not be discernible. 

 

  



 125 

Table 14. Viral Carriage by Swabbing Method 

Viral species 
% (n) 

(95% CI) 

Summer 2012 Winter 2013 

Nose 
(N = 115) 

NP 
(N = 190) 

Nose 
(N = 75) 

IVA 
0 (0) 
NA 

0 (0) 
NA 

2.7 (2) 
(-1.0, 6.4) 

RSV 
6.1 (7) 

(1.7, 10.5) 
12.1 (23) 

(7.5, 16.7) 
8.0 (6) 

(1.9, 14.1) 

ADV 
4.3 (5) 

(0.6, 8.0) 
0.5 (1) 

(-0.5, 1.5) 
1.3 (1) 

(-1.3, 3.9) 

RV/EV 
16.5 (19) 

(9.7, 23.3) 
12.6 (24) 

(7.9, 17.3) 
8.0 (6) 

(1.9, 14.1) 

COV 
10.4 (12) 

(4.8, 16.0) 
3.7 (7) 

(1.0, 6.4) 
9.3 (7) 

(2.7, 15.9) 

PIV 
0 (0) 
NA 

0 (0) 
NA 

1.3 (1) 
(-1.3, 3.9) 

NA = not applicable, NP = Nasopharynx, IVA = influenza virus A, RSV = respiratory syncytial virus, 

ADV = adenovirus, RV/EV = rhinovirus/enterovirus, COV = coronavirus, PIV = parainfluenza virus 

 

4.5.2 Patterns of Viral Species Prevalence according to Participant 

Demographics 

 

Nose swab results would be used for these analyses as greater numbers of positive 

samples were obtained in this swab compared to NP swabs. Furthermore, the nose swab 

was collected during both study time-points and hence seasonal variation could be 

analysed via this swab type. 

 

4.5.2.1 Respiratory Syncytial Virus 

 

Summary statistics and univariate analyses were undertaken for this species, as shown in 

Table 15. Without adjusting for other covariates, prevalence of RSV was found to differ 

significantly by geographical location. However, further samples would need to be 

collected in order to confirm these findings via multivariate analysis. 
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Table 15. Summary Statistics of RSV Prevalence in Nose Swabs 

 N 

RSV 

P-value Yes 
n (%) 

No 
n (%) 

Age (years)    

Mean (SD) - 26.2 (28.1) 27.9 (29.0) 0.836
#
 

Recent RTI    
Yes 77 4 (5.2) 73 (94.8) 

0.566 
No 113 9 (8.0) 104 (92.0) 

Recent Antibiotics    
Yes 19 1 (5.3) 18 (94.7) 

1.000* 
No 170 12 (7.1) 158 (92.9) 

Vaccinations up-to-date    
Yes 163 10 (6.1) 153 (93.9) 

0.241* 
No 4 1 (25.0) 3 (75.0) 

Geographical Location    
1 56 8 (14.3) 48 (85.7) 

0.012* 

2 10 1 (10.0) 9 (90.0) 

3 37 3 (8.1) 34 (91.9) 

4 68 0 (0.0) 68 (100.0) 

5 9 1 (11.1) 8 (88.9) 

6 10 0 (0.0) 10 (100.0) 

Season     
Summer 115 7 (6.1) 108 (93.9) 

0.770 
Winter 75 6 (8.0) 69 (92.0) 

S. pneumoniae    
Yes 64 5 (7.8) 59 (92.2) 

0.764* 
No 126 8 (6.3) 118 (93.7) 

H. influenzae    
Yes 67 7 (10.4) 60 (89.6) 

0.227* 
No 123 6 (4.9) 117 (95.1) 

M. catarrhalis    
Yes 45 5 (11.1) 40 (88.9) 

0.193* 
No 8 8 (5.5) 137 (94.5) 

S. aureus    
Yes 83 6 (7.2) 77 (92.8) 

1.000 
No 107 7 (6.5) 100 (93.5) 

P. aeruginosa    
Yes 69 2 (2.9) 67 (97.1) 

0.139* 
No 121 11 (9.1) 110 (90.9) 

ADV     
Yes 6 0 (0.0) 6 (100.0) 

1.000* 
No 184 13 (7.1) 171 (92.9) 

RV/EV     
Yes 25 2 (8.0) 23 (92.0) 

0.682* 
No 165 11 (6.7) 154 (93.3) 

COV     
Yes 19 0 (0.0) 19 (100.0) 

0.369* 
No 171 13 (7.6) 158 2.4) 

SD = standard deviation; RTI = Respiratory tract infection; RSV = Respiratory Syncytial Virus; ADV = 
adenovirus; RV/EV = rhinovirus/enterovirus; COV = coronavirus. Geographical areas are listed in 

methods section. P-values are 2-tailed Chi-squared P-values unless otherwise indicated, *Fisher’s 
Exact Test, #Mann Whitney Test. 
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4.5.2.2 Adenovirus 

 

Summary statistics and univariate analyses were undertaken for this species, as shown in 

Table 16. Without adjusting for other covariates, prevalence of adenovirus was found to 

differ significantly in the presence of S. pneumoniae, H. influenzae and M. catarrhalis. 

However, further samples would need to be collected in order to confirm these findings via 

multivariate analysis. 
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Table 16. Summary Statistics of Adenovirus Prevalence in Nose Swabs 

 N 

ADV 

P-value Yes 
n (%) 

No 
n (%) 

Age (years)    

Mean (SD) - 27.2 (39.2) 27.8 (28.6) 0.450
#
 

Recent RTI    
Yes 77 3 (3.9) 74 (96.1) 

0.688* 
No 113 3 (2.7) 110 (97.3) 

Recent Antibiotics    
Yes 19 0 (0.0) 19 (100.0) 

1.000* 
No 170 6 (3.5) 164 (96.5) 

Vaccinations up-to-date    
Yes 163 6 (3.7) 157 (96.3) 

1.000* 
No 4 0 (0.0) 4 (100.0) 

Geographical Location    
1 56 1 (1.8) 55 (98.2)  
2 10 1 (10.0) 9 (90.0)  
3 37 0 (0.0) 37 (100.0)  
4 68 4 (5.9) 64 (94.1) 0.378* 
5 9 0 (0.0) 9 (100.0)  
6 10 0 (0.0) 10 (100.0)  

Season     
Summer 115 5 (4.3) 110 (95.7) 

0.406* 
Winter 75 1 (1.3) 74 (98.7) 

S. pneumoniae    
Yes 64 5 (7.8) 59 (92.2) 

0.017* 
No 126 1 (0.8) 125 (99.2) 

H. influenzae    
Yes 67 5 (7.5) 62 (92.5) 

0.021* 
No 123 1 (0.8) 122 (99.2) 

M. catarrhalis    
Yes 45 4 (8.9) 41 (91.1) 0.029* 
No 8 2 (1.4) 143 (98.6)  

S. aureus    
Yes 83 1 (1.2) 82 (98.8) 

0.234* 
No 107 5 (4.7) 102 (95.3) 

P. aeruginosa    
Yes 69 1 (1.4) 68 (98.6) 

0.420* 
No 121 5 (4.1) 116 (95.9) 

RSV     
Yes 6 0 (0.0) 13 (100.0) 

1.000* 
No 184 6 (3.4) 171 (96.6) 

RV/EV     
Yes 25 2 (8.0) 23 (92.0) 

0.179* 
No 165 4 (2.4) 161 (97.6) 

COV     
Yes 19 0 (0.0) 19 (100.0) 

1.000* 
No 171 6 (3.5) 165 (96.5) 

SD = standard deviation; RTI = Respiratory tract infection; RSV = Respiratory Syncytial Virus; ADV = 
adenovirus; RV/EV = rhinovirus/enterovirus; COV = coronavirus. Geographical areas are listed in 

methods section. P-values are 2-tailed Chi-squared P-values unless otherwise indicated, *Fisher’s 
Exact Test, #Mann Whitney Test. 
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4.5.2.3 Rhinovirus/enterovirus 

 

Summary statistics and univariate analyses were undertaken for this species, as shown in 

Table 17. Without adjusting for other covariates, prevalence of Rhinovirus/Enterovirus was 

found to differ significantly with age, recent RTI as well as in the presence of S. 

pneumoniae and H. influenzae. However, further samples would need to be collected in 

order to confirm these findings via multivariate analysis. 
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Table 17. Summary Statistics of Rhinovirus/Enterovirus Carriage in Nose Swabs 

 N 

RV/EV 

P-value Yes 
n (%) 

No 
n (%) 

Age (years)    

Mean (SD) - 10.9 (20.9) 30.4 (29.1) <0.001
#
 

Recent RTI    
Yes 77 15 (19.5) 62 (80.5) 

0.048 
No 113 10 (8.8) 103 (91.2) 

Recent Antibiotics    
Yes 19 0 (0.0) 19 (100.0) 

0.082* 
No 170 25 (14.7) 145 (985.3) 

Vaccinations up-to-date    
Yes 163 22 (13.5) 141 (86.5) 

0.450* 
No 4 1 (25.0) 3 (75.0) 

Geographical Location    
1 56 9 (16.1) 47 (83.9) 

0.431* 

2 10 0 (0.0) 10 (100.0) 

3 37 7 (18.9) 30 (81.1) 

4 68 7 (10.3) 61 (89.7) 

5 9 0 (0.0) 9 (100.0) 

6 10 2 (20.0) 8 (80.0) 

Season     
Summer 115 19 (16.5) 96 (83.5) 

0.124 
Winter 75 6 (8.0) 69 (92.0) 

S. pneumoniae    
Yes 64 16 (25.0) 48 (75.0) 

0.001 
No 126 9 (7.1) 117 (92.9) 

H. influenzae    
Yes 67 13 (19.4) 54 (80.6) 

0.073 
No 123 12 (9.8) 111 (90.2) 

M. catarrhalis    
Yes 45 13 (28.9) 32 (71.1) 

0.001 
No 8 12 (8.3) 133 (91.7) 

S. aureus    
Yes 83 8 (9.6) 75 (90.4) 

0.280 
No 107 17 (15.9) 90 (84.1) 

P. aeruginosa    
Yes 69 13 (18.8) 56 (81.2) 

0.117 
No 121 12 (9.9) 109 (90.1) 

RSV     
Yes 6 2 (15.4) 11 (84.6) 

0.179* 
No 184 23 (13.0) 154 (87.0) 

ADV     
Yes 25 2 (33.3) 4 (66.7) 

0.682* 
No 165 23 (12.5) 161 (87.5) 

COV     
Yes 19 5 (26.3) 14 (73.7) 

0.142* 
No 171 20 (11.7) 151 (88.3) 

SD = standard deviation; RTI = Respiratory tract infection; RSV = Respiratory Syncytial Virus; ADV = 
adenovirus; RV/EV = rhinovirus/enterovirus; COV = coronavirus. Geographical areas are listed in 

methods section. P-values are 2-tailed Chi-squared P-values unless otherwise indicated, *Fisher’s 
Exact Test, #Mann Whitney Test. 
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4.5.2.4 Coronavirus 

 

Summary statistics and univariate analyses were undertaken for this species, as shown in 

Table 18. Without adjusting for other covariates, prevalence of coronavirus was found to 

differ significantly with recent RTI, by geographical location and in the presence of S. 

pneumoniae and S. aureus. However, further samples would need to be collected in order 

to confirm these findings via multivariate analysis. 
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Table 18. Summary Statistics of Coronavirus Carriage in Nose Swabs 

 N 

COV 

P-value Yes 
n (%) 

No 
n (%) 

Age (years)    

Mean (SD) - 16.6 (25.0) 29.1 (29.1) 0.100
#
 

Recent RTI    
Yes 77 13 (16.9) 64 (83.1) 

0.013 
No 113 6 (5.3) 107 (94.7) 

Recent Antibiotics    
Yes 19 1 (5.3) 18 (94.7) 

0.699* 
No 170 18 (10.6) 152 (89.4) 

Vaccinations up-to-date    
Yes 163 15 (9.2) 148 (90.8) 

1.000* 
No 4 0 (0.0) 4 (100.0) 

Geographical Location    
1 56 7 (12.5) 49 (87.5) 

0.038* 

2 10 0 (0.0) 10 (100.0) 

3 37 8 (21.6) 29 (78.4) 

4 68 2 (2.9) 66 (97.1) 

5 9 1 (11.1) 8 (88.9) 

6 10 1 (10.0) 9 (90.0) 

Season     
Summer 115 12 (10.4) 103 (89.6) 

1.000 
Winter 75 7 (9.3) 68 (90.7) 

S. pneumoniae    
Yes 64 12 (18.8) 52 (81.3) 

0.006 
No 126 7 (5.6) 119 (94.4) 

H. influenzae    
Yes 67 9 (13.4) 58 (86.6) 

0.312 
No 123 10 (8.1) 113 (91.9) 

M. catarrhalis    
Yes 45 8 (17.8) 37 (82.2) 

0.083* 
No 8 11 (7.6) 134 (92.4) 

S. aureus    
Yes 83 16 (19.3) 67 (80.7) 

<0.001 
No 107 3 (2.8) 104 (97.2) 

P. aeruginosa    
Yes 69 7 (10.1) 62 (89.9) 

1.000 
No 121 12 (9.9) 109 (90.1) 

RSV     
Yes 6 0 (0.0) 13 (100.0) 

0.369* 
No 184 19 (10.7) 158 (89.3) 

ADV     
Yes 25 0 (0.0) 6 (100.0) 

1.000* 
No 165 19 (10.3) 165 (89.7) 

RV/EV     
Yes 19 5 (20.0) 20 (80.0) 

0.142* 
No 171 14 (8.5) 151 (91.5) 

SD = standard deviation; RTI = Respiratory tract infection; RSV = Respiratory Syncytial Virus; ADV = 
adenovirus; RV/EV = rhinovirus/enterovirus; COV = coronavirus. Geographical areas are listed in 

methods section. P-values are 2-tailed Chi-squared P-values unless otherwise indicated, *Fisher’s 
Exact Test, #Mann Whitney Test. 
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4.6 Co-carriage of Microbial Species in the Respiratory Tract 

 

Co-carriage, also known as co-colonisation, is the presence of two or more species within 

the same sample site. Samples containing co-carried species were identified from culture 

and real-time PCR results. In samples assessed by culture, 5.0% (n = 121) of all samples 

demonstrated co-carriage of bacterial species. In samples assessed by real-time PCR, 

51.1% (n = 194) of all samples demonstrated co-carriage of bacterial and/or viral species. 

The co-carriage of multiple viruses (2.9%, n = 11) was less common than the co-carriage 

of multiple bacteria (40.8%, n = 155). The co-carriage of at least one bacterial species and 

one viral species was also common (25.8%, n = 98). 

 

4.6.1 Analysis of Swabbing Methodologies for Detecting Co-carriage 

 

Co-carriage was assessed within each swabbing method in order to ascertain the 

variation in co-carriage between these methods and well as to determine the most 

effective method in detecting the presence of multiple microbial species within the upper 

respiratory tract.  

Culture results demonstrated co- carriage of bacterial species to be highest in the nose 

swabs, which was significantly higher than both mouth swabs but not significantly higher 

than NP swabs. Real-time PCR results demonstrated co-carriage of viral species was 

higher in nose swabs, however, due to small numbers of isolates the significance of the 

differences between these swab types cannot be determined. Furthermore, bacterial and 

viral co-colonisation (at least one bacteria and one virus), as detected by real-time PCR 

was not significantly different between swab types. The differences in co-carriage 

between swabbing methods are summarised in Figure 15.  
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(a)  

 

 (b) 
 

 

(c) 

 
Figure 15. Co-carriage by Swab Type for (a) Bacteria detected by culture, (b) Viruses detected by real-time PCR and (c) Bacteria & viruses detected 

by real-time PCR 

Brackets demonstrate pairwise comparison of swab types. Swabs samples were collected in summer and winter (*) seasons. NP = nasopharyngeal, WMS = whole 

mouth swab, SS = self-taken, HCP = HCP-taken. P-values are two-tailed χ
2 
p-values unless otherwise indicated: 

† 
McNemar’s χ

2
 p-value, 

#
 Fisher’s exact p-value. 
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4.6.2 Patterns of Co-carriage according to Participant Demographics 

 

Co-carriage was assessed in relation to participant demographics in order to ascertain the 

variation in co-carriage between individuals and well as to determine the effects of such 

demographic variables. For bacterial co-carriage, nose swabs detected by culture were 

analysed due to the greater numbers of samples available for this swab type and 

detection method as well as greater prevalence of co-carriage within nose swabs when 

compared to other culture-detected swab types. For viral co-carriage, PCR-detected nose 

swabs were analysed due to the greater number of virus-positive samples obtained from 

this swab type compared to NP swabs. Finally for bacterial and viral co-carriage, nose 

swabs detected by real-time PCR were used as greater numbers of virus-positive samples 

were obtained from this swab type compared to NP swabs. Co-carriage of viral species 

was less common and therefore multivariable analysis could not be performed. 

A multivariable binary logistic regression model was constructed for co-carriage of 

bacterial species in nose swabs detected by culture. Multivariable binary logistic 

regression results are shown in Table 19. The only covariate to significantly increase the 

odds of bacterial co-carriage was recent RTI. Furthermore, the only covariate to 

significantly decrease the odds of bacterial co-carriage was age. The final model gave a 

pseudo-R2 (Nalgerkerke) of 0.186. The area under the curve (AUC) for this final model 

was 0.806 (95% CI 0.763, 0.849) which was significantly different from 0.5 (p < 0.001), 

demonstrating that the model predicts bacterial co-carriage significantly better than 

chance. 

Descriptive statistics and univariate analyses of viral species co-carriage were performed 

using PCR-detected nose swabs, as shown in Table 20. Without adjusting for other 

covariates, prevalence of multiple viruses was found to differ significantly by participant 

age. However, further samples would need to be collected in order to confirm these 

findings via multivariate analysis. 

A multivariable binary logistic regression model was constructed for co-carriage of 

bacterial and viral species in nose swabs detected by real-time PCR. Multivariable binary 

logistic regression results are shown in Table 21. The only covariate to significantly 

increase the odds of co-carriage was recent RTI. Furthermore, the only covariate to 

significantly decrease the odds of co-carriage was age. The final model gave a pseudo-R2 

(Nalgerkerke) of 0.119. The area under the curve (AUC) for this final model was 0.702 

(95% CI 0.619, 0.785) which was significantly different from 0.5 (p < 0.001), 
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demonstrating that the model predicts co-carriage of viral and bacterial species 

significantly better than chance. 
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Table 19. Logistic Regression Model for Bacterial Co-carriage in Culture-detected Nose 

Swabs 

Covariate N 

Bacterial Co- Carriage  Crude Multivariate-adjusted 

Yes 
n (%) 

No 
n (%) 

OR (95% CI) P-value OR (95% CI) P-value 

Age (years)       

Mean (SD) - 10.9 (20.3) 40.0 (29.1) 
0.954 

(0.943, 0.966) 
<0.001 

0.959 
(0.948, 0.970) 

<0.001 

Recent RTI       

Yes 729 67 (9.2) 662 (90.8) 
4.627 

(2.947, 7.263) 
<0.001 

2.519 
(1.612, 3.938) 

<0.001 

No 1308 28 (2.1) 1280 (97.9) Ref. - Ref. - 

Recent Antibiotics      

Yes 179 11 (6.1) 168 (93.9) 
1.384 

(0.724, 2.647) 
0.325 - - 

No 1860 84 (4.5) 1776 (95.5) Ref. - - - 

Vaccinations up-to-date      

Yes 1695 88 (5.2) 1607 (94.8) 
3.943 

(0.542, 28.704) 
0.176 - - 

No 73 1 (1.4) 72 (98.6) Ref. - - - 

Geographical Location      

1 487 16 (3.3) 471 (96.7) Ref. 0.093 - - 

2 106 8 (7.5) 98 (92.5) 
2.403 

(1.001, 5.771) 
0.050 - - 

3 400 27 (6.8) 373 (93.3) 
2.131 

(1.131, 4.013) 
0.019 - - 

4 851 39 (4.6) 812 (95.4) 
1.414 

(0.782, 2.558) 
0.252 - - 

5 89 3 (3.4) 86 (96.6) 
1.027 

(0.293, 3.600) 
0.967 - - 

6 126 3 (2.4) 123 (97.6) 
0.718 

(0.206, 2.503) 
0.603 - - 

Season        

Summer 1254 49 (3.9) 1205 (96.1) Ref. - - - 

Winter 841 51 (6.1) 790 (93.9) 
1.588 

(1.062, 2.374) 
0.024 - - 

OR = odds ratio; 95% CI = 95% confidence intervals; SD = standard deviation; RTI = respiratory 
tract infection. Geographical areas are listed in methods section. Ref. = reference category.  
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Table 20. Summary Statistics of Viral Co-carriage Prevalence in Real-time PCR-detected 

Nose Swabs 

Covariate N 

Viral Co- Carriage  
 

Yes 
n (%) 

No 
n (%) 

P-value 

Age (years)    

Mean (SD) - 2.4 (2.3) 29.1 (30.0) <0.001
#
 

Recent RTI    

Yes 77 4 (5.2) 73 (94.8) 
1.000* 

No 113 5 (4.4) 108 (95.6) 

Recent Antibiotics    

Yes 19 0 (0.0) 19 (100.0) 
0.602* 

No 170 9 (5.3) 161 (94.7) 

Vaccinations up-to-date   

Yes 163 8 (4.9) 155 (95.1) 
1.000* 

No 4 0 (0.0) 4 (100.0) 

Geographical Location    

1 56 3 (5.4) 53 (94.6) 

0.562* 

2 10 0 (0.0) 10 (100.0) 

3 37 4 (10.8) 33 (89.2) 

4 68 2 (2.9) 66 (97.1) 

5 9 0 (0.0) 9 (100.0) 

6 10 0 (0.) 10 (100.0) 

Season     

Summer 115 7 (6.1) 108 (93.9) 
0.487* 

Winter 75 2 (2.7) 73 (97.3) 

SD = standard deviation; RTI = Respiratory tract infection. Geographical areas are listed in 
methods section. P-values are 2-tailed Chi-squared P-values unless otherwise indicated, *Fisher’s 

Exact Test, #Mann Whitney Test. 
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Table 21. Logistic Regression Model for Bacterial and Viral Co-carriage in Real-time 

PCR-detected Nose Swabs 

Covariate N 

Bacterial Co- Carriage  Crude Multivariate-adjusted 

Yes 
n (%) 

No 
n (%) 

OR (95% CI) P-value OR (95% CI) P-value 

Age (years)       

Mean (SD)  17.5 (25.8) 31.7 (29.1) 
0.980 

(0.968, 0.993) 
0.003 

0.985 
(0.971, 0.998) 

0.024 

Recent RTI       

Yes 77 31 (40.3) 46 (59.7) 
2.952 

(1.530, 5.697) 
0.001 

2.381 
(1.201, 4.721) 

0.013 

No 113 21 (18.6) 92 (81.4) Ref. - Ref. - 

Recent Antibiotics      

Yes 19 3 (15.8) 16 (84.2) 
0.463 

(0.129, 1.660) 
0.237   

No 170 49 (28.8) 121 (71.2) Ref. -   

Vaccinations up-to-date      

Yes 163 44 (27.0) 119 (73.0) 
0.370 

(0.051, 2.706) 
0.327   

No 4 2 (50.0) 2 (50.0) Ref. -   

Geographical Location      

1 56 19 (33.9) 37 (66.1) Ref. 0.244   

2 10 2 (20.0) 8 (80.0) 
0.487 

(0.094, 2.523) 
0.391   

3 37 14 (37.8) 23 (62.2) 
1.185 

(0.499, 2.814) 
0.700   

4 68 12 (17.6) 56 (82.4) 
0.417 

(0.181, 0.960) 
0.040   

5 9 2 (22.2) 7 (77.8) 
0.556 

(0.105, 2.944) 
0.490   

6 10 3 (30.0) 7 (70.0) 
0.835 

(0.194, 3.598) 
0.808   

Season        

Summer 115 33 (28.7) 82 (71.3) Ref. -   

Winter 75 19 (25.3) 56 (74.7) 
0.843 

(0.436, 1.629) 
0.612   

OR = odds ratio; 95% CI = 95% confidence intervals; SD = standard deviation; RTI = respiratory 
tract infection. Geographical areas are listed in methods section. Ref. = reference category.  

 

  



140 
 

4.7 Discussion 

 

The results from this swabbing study demonstrate clear differences between swabbing 

methodologies as well as according to different participant demographics, highlighting the 

variability in carriage between swab sites and individuals. The study aimed to determine 

the swab type which would allow the greatest detection of the target species and hence 

determine patterns of carriage amongst individuals with the greatest statistical power. 

The current gold standard for detection of S. pneumoniae within the respiratory tract is an 

NP swab which is cultured onto selective nutrient agar (Satzke et al., 2013). This study 

demonstrated self-swabbing to be non-inferior to HCP swabbing in detecting many of the 

target organisms. Nose swabs were as effective as NP swabs in detecting S. 

pneumoniae, M. catarrhalis, S. aureus, P. aeruginosa, H. influenzae, adenovirus and 

coronavirus. This demonstrates that nose swabs might be an acceptable alternative to 

HCP-taken NP swabs. A previous study in a paediatric population demonstrated levels of 

S. pneumoniae and H. influenzae to be similar in nose and NP swabs (Rapola et al., 

1997, Ridgway et al., 1995). There is also evidence supporting the use of self-taken nasal 

swabs for detection of respiratory viruses (Smieja et al., 2010, Akmatov et al., 2012). 

These findings would mean a decrease in study costs as well as increased levels of 

participation within large swabbing studies (Gamblin et al., 2013). 

On the other hand, whole mouth swabs detected greater carriage of M. catarrhalis and P. 

aeruginosa than nose or NP swabs. This swab type would therefore be recommended for 

studying carriage of these two species. Mouth sampling methods have previously been 

shown to be useful in detecting species such as N. meningitidis as throat swabs are more 

difficult to perform (Jordens et al., 2002). The low number of N. meningitidis isolates within 

this study is potentially a result of swab type, as the oropharynx is the optimal sampling 

site for this organism (Olcen et al., 1979). Furthermore the distribution of responders may 

have limited the number of N. meningitidis isolates as teenagers, the most frequently 

colonised age group, responded in fewer numbers (n = 92 aged 13-19 years)  than other 

age groups (Cartwright et al., 1987).  

PCR results demonstrated higher levels of carriage within nose and NP swabs than 

detected by culture. This may be due to a number of factors including the lower limit of 

detection, the detection of non-viable cells’ nucleic acid as well as potential detection of 

closely related species such as S. pseudopneumoniae within PCR assays (Satzke et al., 

2013). Both false-positives and false-negatives may occur in real-time PCR detection with 
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problems such as environmental contamination as well as PCR inhibiting agents (Yang 

and Rothman, 2004). Furthermore, the volume of STGG may also have contributed to 

higher carriage prevalence using real-time PCR-detection as 10µl of STGG was used for 

culture compared with 200µl of STGG for real-time PCR. However, the volume of STGG 

used in culture is acceptable for detecting S. pneumoniae carriage according to the World 

Health Organization Pneumococcal Carriage Working Group recommendations and offers 

greater swab sample preservation over direct plating of swab samples (Satzke et al., 

2013). Nevertheless, increased sample volume would allow greater sensitivity for 

detection by culture (Satzke et al., 2013). The use of different volumes within culture and 

real-time PCR methods and the detection of live cells in culture methods versus nucleic 

acid in real-time PCR means that the comparison of these methods is flawed and may 

have resulted in culture results with artificially low prevalence of bacterial species.  

The study of clinical infection, such as meningitis and septicaemia, where microorganisms 

can be identified in usually sterile sites, benefits from the use of non-culture methods such 

as real-time PCR. In such cases, antibiotics are rapidly administered to patients leading to 

culture-negative results. However, real-time PCR is able to detect the presence of S. 

pneumoniae, H. influenzae and N. meningitidis in antibiotic-treated individuals enabling 

the aetiological agent of disease to be identified (Wu et al., 2013a). Furthermore, viral 

infection diagnosis, which was traditionally carried out via cell culture, also benefits from 

greater sensitivity and rapidity of real-time PCR (Heim et al., 2003). However, false-

positives in non-sterile sites such as the upper and lower respiratory tract are problematic 

when studying infection as their clinical significance may be questionable (Guclu et al., 

2005). 

Within this study, however, the small sample size (n=380) and the non-random method for 

obtaining the sample for use in PCR are limitations. Fewer samples result in reduced 

statistical power for detecting differences between groups and for the mathematical 

modelling of carriage. The sample size for real-time PCR was chosen in order to perform 

preliminary analysis of samples using ecological methods (Chapter 6) and hence does not 

have the same power for the precise analysis of carriage prevalence that is offered by 

culture-detected samples. The non-random sample used for real-time PCR may result in 

biased results and hence results should be interpreted with caution. For this reason, 

where possible, culture results were used in favour of PCR for describing and analysing 

the epidemiology of carriage. 

Viral species were found to be present in fewer respiratory tract samples than bacterial 

species. This might be a result of viruses being associated with infection rather than being 
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carried asymptomatically for long periods of time. Rhinovirus/enterovirus, coronavirus and 

RSV were the most commonly detected viral species within samples. High levels of 

rhinovirus, coronavirus and RSV in young children have previously been observed (van 

den Bergh et al., 2012, Tanner et al., 2012, van Benten et al., 2003). Lower levels of viral 

detection within this study may be due to the larger age range of participants as well as 

the swab types and transport media used, which were not optimised for virus survival but 

rather bacterial survival. Flocked swabs have been shown to have high efficacy in viral 

detection as they enable greater numbers of cells from the nasal epithelium, which 

harbour the viruses, to be gathered (Daley et al., 2006). 

Age was an important factor in both bacterial and viral colonisation. S. pneumoniae, H. 

influenzae, P. aeruginosa and rhinovirus/enterovirus were all found to significantly 

decrease with increasing age. A study of healthy participants aged <7 years, 7-15 years 

and >16 years showed decreased carriage of S. pneumoniae, H. influenzae and M. 

catarrhalis with age (Gunnarsson et al., 1998). Furthermore rhinovirus infections are 

common in young children (Korppi et al., 2004). The high prevalence of these species 

within the young is thought to be a result of the increased chances of transmission of the 

organisms between hosts within this age group (Bogaert et al., 2004a). Transmissibility 

and carriage have been demonstrated to occur at higher rates in environments such as 

nurseries where children are able to interact and facilitate the spread of microbial species 

(Sa-Leado et al., 2008). 

Recent respiratory tract infection was associated with increased carriage of S. 

pneumoniae, rhinovirus/enterovirus and coronavirus as well as decreased carriage of M. 

catarrhalis. One proposed explanation is that viral RTI can damage the protective barriers 

of the upper respiratory tract  as well as diverting immune cells hence allowing increased 

numbers of bacteria and viruses to colonise (Brundage, 2006). This positive association 

between viral infection and bacterial colonisation is thought to enable the increased 

transmission of carried species such as S. pneumoniae via symptoms of rhinitis (Klugman 

et al., 2009, Rodrigues et al., 2013). 

The use of antibiotics did not significantly affect carriage of any of the target microbial 

species in the upper respiratory tract. This could be a result of there being no effect of 

antibiotics on the overall carriage rates of the targeted species. Antibiotics are known to 

have short-term effects on some microbial communities such as those of the human gut 

(Panda et al., 2014). Azithromycin use has been associated with decreased carriage of S. 

pneumoniae, H. influenzae and M. catarrhalis in young children with bronchiectasis within 

two weeks of exposure to the antibiotic (Hare et al., 2013). Furthermore intravenous or 
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oral antibiotic use two months prior to swab sampling was found to significantly reduce 

carriage of S. pneumoniae in children less than two years of age using a multivariable 

model which adjusted for age (van den Bergh et al., 2012). The recent nature of antibiotic 

use within the study population cannot be confirmed as exposure dates were not 

requested from participants. Therefore antibiotic use may not have been recent enough to 

have a detectable effect on carriage. 

Furthermore, vaccination status did not significantly affect microbial carriage in the 

respiratory tract. This may reflect the lack of an effect of vaccination on overall carriage of 

these species. Vaccination has been shown to change the distribution of S. pneumoniae 

serotypes but not the overall prevalence of carriage of this species (Gladstone et al., 

2015). Furthermore due to the effects of herd immunity, similar patterns of carriage are 

likely to be observed within the unvaccinated population compared with the vaccinated 

population (Miller et al., 2011). However, the question posed within the questionnaire is 

flawed as it does not provide information on individual vaccines such as PCV-13 and Hib 

which are relevant to the species being studied.  

Seasonal differences in carriage were observed in S. pneumoniae, M. catarrhalis, 

P.aeruginosa and H. influenzae with the first three demonstrating significantly higher 

carriage prevalence in the summer versus the winter and H. influenzae demonstrating 

higher carriage in the winter. Nasopharyngeal carriage of S. pneumoniae and H. 

influenzae has previously been shown to be more frequent in winter in young children 

(Harrison et al., 1999, Gray et al., 1982). In contrast, in a further study, S. pneumoniae 

carriage was found to be higher in the summer compared with the winter in older children 

aged 7-15 years (Gunnarsson et al., 1998). Furthermore, other studies have 

demonstrated no effect of season on nasopharyngeal carriage of S. pneumoniae in 

children less than two years of age (Syrjanen et al., 2001). In addition, M. catarrhalis 

prevalence has been show n to be highest in the autumn and winter seasons in a study of 

children up to two years of age (Verhaegh et al., 2011). However, another study showed 

no difference in M. catarrhalis carriage between seasons (Ejlertsen et al., 1994). These 

conflicting findings concerning the seasonality of bacterial respiratory species carriage 

indicate that other factors may be contributing to these observed patterns, such as the 

prevalence of viral species. 

Viral prevalence was not significantly different between seasons, however influenza A and 

parainfluenza viruses were only present in samples collected in the winter. Influenza A is 

known to peak in the winter seasons and is thought to be a result of a drop in absolute 
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humidity which encourages transmission and survival of the virus (Shaman and Kohn, 

2009). 

Geographical differences in carriage were also observed for S. pneumoniae, M. 

catarrhalis, RSV and coronavirus. Geographical differences in rates of IPD have been 

observed between countries (Hausdorff et al., 2001). However, it is thought that 

methodologies may explain any differences in overall carriage with individuals from certain 

geographical areas performing superior swabbing technique than others. Unfortunately 

this is one of the pitfalls of the self-swabbing method which is more difficult to control than 

healthcare professional led swabbing where training of staff is a prerequisite to the role. 

In addition to the demographic variables studied, there are further variables which are 

important in understanding the epidemiology of bacterial carriage. These include smoking 

status where both smoking as well as passive smoking have been shown to increase 

carriage of S. pneumoniae (Greenberg et al., 2006, Bakhshaee et al., 2012). Furthermore, 

family structure can also affect carriage of S. pneumoniae with higher carriage in 

individuals with young siblings (Regev-Yochay et al., 2004b). 

Co-carriage was common within the upper respiratory tract samples collected in this 

study. Young age and recent RTI significantly increased the prevalence of co-carriage. 

Multiple bacteria as well as multiple viruses within swabs samples collected from children 

have previously shown to be common, especially in children of one year of age (van den 

Bergh et al., 2012). A number of positive relationships were observed between S. 

pneumoniae and H. influenzae, S. pneumoniae and M. catarrhalis, H. influenzae and M. 

catarrhalis, S. pneumoniae and adenovirus, S. pneumoniae and rhinovirus/enterovirus, M. 

catarrhalis and rhinovirus/enterovirus, H. influenzae and adenovirus, M. catarrhalis and 

adenovirus, S. pneumoniae and coronavirus as well as S. aureus and coronavirus. These 

positive associations were reflected in a study using nasopharyngeal samples collected 

from children under the age of 2 years, in addition to positive associations between 

influenza viruses and S. aureus (van den Bergh et al., 2012, Bosch et al., 2013).  

Adenovirus has previously been associated with S. pneumoniae and M. catarrhalis 

colonisation in children with recurrent otitis media (Wiertsema et al., 2011a) and H. 

influenzae carriage in healthy children (Moore et al., 2010). Furthermore, rhinovirus has 

been positively associated with M. catarrhalis carriage in healthy children (Moore et al., 

2010) and S. pneumoniae carriage in children with recurrent otitis media (Pitkaranta et al., 

2006). Positive associations between bacterial colonisers S. pneumoniae, H. influenzae 

and M. catarrhalis have also been observed although order of species colonisation and 

presence of other species are thought to affect the nature of these associations (Margolis 
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et al., 2010, Pettigrew et al., 2008, Verhaegh et al., 2011). The positive associations 

between these species, especially those observed between viruses and bacterial 

colonisers, are thought to enable the enhanced survival and transmission of colonising 

species between individuals via the symptoms of viral infection e.g. rhinitis (Bogaert et al., 

2004a).  

On the other hand, S. aureus was negatively associated with S. pneumoniae and M. 

catarrhalis carriage, demonstrating the competitive nature of these relationships. This 

negative relationship between S. pneumoniae and S. aureus has previously been reported 

in young children and is thought to be due to microbial interference (Regev-Yochay et al., 

2006). However, it is thought that age is the driving force behind the negative associations 

observed between carriage of S. pneumoniae and S. aureus and hence should be 

accounted for when observing these relationships (Rodrigues et al., 2013). Within this 

study, after accounting for age within the multivariable regression models, a number of 

relationships remained significant. Due to the small numbers of viral species isolated and 

hence the lack of power to perform multivariable modelling for these species, the 

significance of viral relationships with other species cannot be confirmed. 

Although this swabbing study allowed the collection of a large amount of data, response 

bias can be problematic if the characteristics of those responding are different to the 

characteristics of non-responders (Etter and Perneger, 1997). Unfortunately this type of 

bias is inherent in clinical studies involving mail-outs. Additionally the HCP swabbing 

group may also be biased towards individuals who attend GP clinics more often. Self-

swabbing, on the other hand, may overcome this bias as attendance at the GP clinic is not 

necessary for participation (Gamblin et al., 2013). The non-inclusion of Group A 

Streptococci within this study is also a potential limitation as these bacteria can also cause 

invasive respiratory disease (Lamagni et al., 2008). However, this bacterium was not 

considered a priority within this study at study design phase and the laborious bacterial 

culture methods within such carriage studies mean that all species cannot be detected 

and hence decisions regarding which species to include have to be made.  
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Chapter 5. Phenotypic and Molecular Diversity of Respiratory 

Bacteria 

 

5.1 Introduction 

 

Molecular and phenotypic typing of bacterial isolates is essential for determining the types 

and characteristics of circulating strains. This has been shown to be important for 

monitoring the changes in S. pneumoniae types associated with IPD (Singleton et al., 

2007, Pichon et al., 2013) as well as carriage (Huang et al., 2009, Tocheva et al., 2011) 

after the introduction of PCVs. Such monitoring enables the evaluation of current 

vaccination strategies as well as informing future vaccine design and policy. Historically, 

antibiotic resistance in isolates of S. pneumoniae and H. influenzae causing respiratory 

disease was common in the USA (Hofmann et al., 1995, Doern et al., 1997). However, 

vaccines have reduced rates of disease caused by highly antibiotic-resistant strains of S. 

pneumoniae in the USA (Kyaw et al., 2006). Furthermore, monitoring antibiotic resistance 

patterns is vital for the prevention of widespread antibiotic resistance as well as informing 

antibiotic prescription policies.  

It is hypothesised that levels of antibiotic resistance will be low within these isolates as 

there has been no observed alteration in antibiotic resistance as a result of PCV 

introduction in the UK (Miller et al., 2011). It is also hypothesised that bacterial types will 

be largely those not covered by current vaccines, including non-typeable H. influenzae 

and non-PCV-13 vaccine type S. pneumoniae. It is expected that these carriage isolates 

will be diverse in nature due to the selection pressures of vaccination which transiently 

affect the distribution of serotypes with the respiratory tract (Hanage et al., 2010). 

Therefore, antibiotic resistance levels were determined using selective plates and in silico 

whole genome analysis, serotyping was undertaken using a combination of traditional 

PCR and in silico analysis of capsular genes and finally multilocus sequence typing and 

vaccine candidate and antigen analysis was undertaken using in silico analysis. This 

would enable the characterisation of S. pneumoniae, H. influenzae and S. aureus isolates 

found within the respiratory tract of members of the general population. 
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5.2 Isolates Analysed 

 

A total of 237 S. pneumoniae isolates from nose and NP swabs and 87 H. influenzae 

isolates from nose and NP swabs were collected during the two time-points of the 

swabbing study. The aim was to analyse all S. pneumoniae and H. influenzae isolates in 

terms of serotype, multilocus sequence type and antibiotic resistance profile. A selection 

of these isolates was then chosen for further in-depth analysis of vaccine candidate genes 

and antigens. This included 34 S. pneumoniae and 32 H. influenzae. These isolates were 

those which co-colonised with other targeted species, as a further aim was to investigate 

co-colonisation.  All S. aureus isolates were tested for resistance to methicillin. 

 

5.3 Sequencing Quality Control 

 

The first step in whole genome sequencing quality control is to determine if each of the 

sequencing runs was of optimal quality. This was determined using data collected on the 

MiSeq during the sequencing run and optimal values specified by Illumina. For a 2x150bp 

run, 4.1-5.1GB of output, 24-30 millions clusters passing filter and >80% of bases higher 

than Q30 was indicative of good quality sequencing. For a 2x250bp run, 7.5-8.5GB of 

output, 24-30 millions clusters passing filter and >75% of bases higher than Q30 was 

indicative of good quality sequencing according to Illumina quality specifications (Illumina, 

2015). 

The second step in whole genome sequencing quality control is to determine the quality of 

the sequences themselves as well as the assemblies. This involves determining sequence 

and assembly metrics for all of the genomes sequenced. The quality control metrics for all 

of the genomes sequenced are listed in Table 22. 

Quality metrics were improved post-upgrade (from the 2 x 150bp pair-end read protocol to 

the 2 x 250bp pair-end read protocol) with greater coverage, fewer and larger contigs as 

well as higher N50 values. Both species showed similar sequence and assembly metrics 

with slightly better quality in H. influenzae when compared to S. pneumoniae. This may be 

a result of the thick capsule of S. pneumoniae which makes DNA extraction more difficult. 
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Table 22. Quality Control Metrics for Whole Genome Sequences of S. pneumoniae and 

H. influenzae 

 

Quality Control Metric  
Mean (SD) 

S. pneumoniae 
pre-upgrade*  

(n = 101) 

S. pneumoniae 
post-upgrade 

 (n = 131) 

H. influenzae 
(n = 80) 

Number of 
reads 

304,177 

(253,725) 

538,941 

(274,326) 

506,376 

(165,269) 

Fold-coverage 
29.5 

(27.8) 

66.4 

(33.8) 

69.2 

(23.0) 

Number of 
scaffolds 

455 

(415) 

154 

(130) 

177 

(381) 

Number of 
contigs 

462 

(419) 

155 

(129) 

181 

(398) 

Mean contig  
Size (bp) 

7,364 

(6,454) 

18,683 

(8,598) 

31,078 

(16,953) 

Total size of 
contigs (bp) 

1,933,339 

(291,341) 

2,133,271 

(114,139) 

1,996,983 

(448,585) 

Longest contig 
(bp) 

53,861 

(34,403) 

145,243 

(75,069) 

266,941 

(180,860) 

Shortest contig 
(bp) 

209 

(125) 

306 

(58) 

293 

(80) 

N50 contig 
length (bp) 

16,842 

(14,238) 

49,272 

(27,151) 

104,049 

(74,332) 

 

*Pre-upgrade runs were those performed using a 2 x 150bp protocol or those performed before 

optimisation of the 2 x 250bp protocol. SD = standard deviation, contigs = continguous sequences, 

bp = base pairs. N50 is a weighted median measure of the average length of the sequences.  

 
 

 

  



150 
 

5.4 S. pneumoniae 

 

5.4.1 Distribution of Serotypes 

 

S. pneumoniae isolates differ in their capsular type (serotype). Determining serotype 

distribution and prevalence is important for determining the genetic diversity of isolates 

and to determine the level of serotypes covered or not covered by PCVs. All nose and NP 

S. pneumoniae isolates (n = 232) were serotyped using in silico whole genome analysis 

and all nose isolates from the first (summer) swabbing time-point (n = 135) were 

serotyped by PCR amplification of capsular genes.  

Comparison of PCR and in silico results showed the two methods to be highly concordant. 

A total of 109 isolates gave the same result using both methods. Four isolates were 

classed as unknown using PCR but were successfully serotyped using in silico analysis. 

Twenty-one isolates were classed as unknown using in silico analysis but were 

successfully serotyped using PCR. A single isolate gave differing results using the two 

methods, 15A/F by PCR and 17F by in silico analysis. Where a serotype was identified by 

both methods, results were highly consistent and thus nose isolates from the second 

swabbing time-point and NP isolates from the first swabbing time-point were serotyped by 

in silico analysis alone.  

Overall, serotyping showed a diverse group of 27 S. pneumoniae serotypes. The most 

common serotypes were 11A/D (n = 28, 12.0%), 15B/C (n = 20, 8.6%), 6C (n = 20, 8.6%), 

23B (n = 17, 7.3%), 35F/47F (n = 15, 6.4%) and 24A/B/F (n = 14, 6.0%). The two samples 

containing two phenotypically distinct S. pneumoniae isolates both showed two different 

serotypes for the two phenotypes. The first sample contained serotypes 3 and 35B and 

the second sample contained 11A/D and 15B/C. Twelve isolates were of unknown 

serotype; which included five unencapsulated S. pneumoniae and seven serotypes not 

covered by the PCR assays. The frequency of serotypes is summarised in Figure 16. 

Monitoring vaccine types (VT) and non-vaccine types (NVT) is essential for observing the 

effects of vaccination on the population. Within these isolates, 10.0% (n = 23) were 

vaccine types. This included serotypes 3 (n = 6), 7A/F (n = 1), 6A/B (n = 1), 18 (n = 1), 

19A (n = 13) and 19F (n = 1). Therefore 90.0% (n = 210) were non-vaccine types (NVT). 

The small proportion of VT within this set of isolates is consistent with the reductions in 

PCV serotypes observed since the introduction of these vaccines (Kaye et al., 2009). The 

serotypes showed a Simpson’s Index of diversity (1-D) of 0.95. 
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Figure 16. Distribution of Pneumococcal Serotypes detected by PCR and in silico PCR 

For the single isolate where results were discordant by these methods, the in silico PCR result has 

been plotted. 

 

Of the 232 S. pneumoniae isolates, 179 (77.2%) of these were from individuals aged 0-4 

years, 52 (22.4%) were from individuals aged ≥5 years and a single isolate was from an 

individual of unknown age. Within those aged 0-4 years, 8.4% (n=15) of isolates were 

vaccine types and 88.8% (n=159) of isolates were non-vaccine types. Within those aged 

≥5 years, 15.4% (n=8) were vaccine types and 71.2% (n=37) were non-vaccine types. 

 

5.4.2 Sequence Type Diversity 

 

Sixty-three distinct sequence types (ST) of S. pneumoniae were identified within the entire 

set of isolates (n=232). There were also 14 isolates of unknown ST, of which six were new 

combinations of alleles. The remaining eight isolates could not be sequence typed due to 

poor quality sequences (many mismatches and uncertainties within the sequences) and 

thus were excluded from further analysis. The most common STs were 62 (11.2%, n = 

26), 199 (9.5%, n = 22), 162 (5.2%, n = 12), 439 (6.0%, n = 14) and 1635 (5.6%, n = 13). 

The set of S. pneumoniae STs gave a Simpson’s Index of Diversity (1-D) of 0.96. 
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A number of sequence types were observed to be frequently associated with specific 

serotypes; these are shown in Table 23. 

 

Table 23. Frequent Associations of Pneumococcal Sequence Types with Serotypes 

ST 
Frequently associated serotypes  

(n/N, % within serotype) 

ST199 19A (9/13, 69.2%); 15B/C (12/20, 60.0%) 

ST414 16F (3/7, 42.9%) 

ST433 22A/F (4/6, 66.7%) 

ST1635 35F/47F (12/15, 80.0%)  

ST162 24A/B/F (10/14, 71.4%) 

ST100 33A/F/37 (6/12, 50.0%) 

ST393 25A/F/37 (3/4, 75.0%) 

ST1262 15B/C (8/20, 40.0%) 

ST438 23A (5/5, 100%) 

ST439 23B (14/17, 82.4%) 

ST1877 21 (5/8, 62.5%) 

ST2068 10A (3/7, 42.9%) 

ST = Sequence type 

 

Analysis using eBURST revealed S. pneumoniae isolates as 9 clonal groups (groups of 

STs based on similarity to a single central allelic profile and share at least 5 of the same 

alleles, with single locus variants [SLV] differing by one allele and double locus variants 

[DLV] differing by two alleles) and 48 singleton STs (STs that do not share at least 5 loci 

with any other ST). This demonstrates that the isolates are not highly related; they are in 

fact a highly genetically diverse group of isolates. Figure 17 demonstrates the genetic 

relatedness of these isolates.  

The set of S. pneumoniae isolates was compared to the S. pneumoniae MLST dataset, 

which showed this set of isolates to spread across 35 clonal groups within the entire 

MLST dataset, demonstrating that a number of singletons from the set of isolates were 

actually part of clonal groups within the entire MLST dataset rather than being true 

singletons. Two of the isolates were singletons within the S. pneumoniae database and 

these were unknown sequence types. Twenty-six of the sequence types were also found 

to be founders of clonal groups (representing the single central allelic profile of a clonal 

group and the ST which differs most from other STs within the clonal group) within the S. 
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pneumoniae database. A number of the S. pneumoniae isolates are clustered into clonal 

complexes ST 460, ST 1379 and ST 30.The distribution of these isolates across the S. 

pneumoniae MLST database is shown in Figure 18. This eBURST figure is limited by the 

screen size, therefore in order to capture the entire dataset the resolution to visualise 

individual STs cannot be improved (seen as black lines within the figure).   
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Figure 17. eBURST Diagram of the S. pneumoniae Sequence Types (STs) isolated from study swab samples 

Black circles represent STs and the size of each circle is relative to abundance of each ST within the dataset. Lines indicate that isolates share 6 out of the 7 MLST 

genes (SLV) and belong to the same clonal complex. A-F = unknown STs. Positioning of STs does not reflect genetic relatedness if STs are not part of the same 

clonal complex.  
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Figure 18. eBURST Diagram Comparing S. pneumoniae Isolates to the S. pneumoniae MLST Database 

MLST Dataset: Blue circles = clonal group founders, yellow circles = subgroup founder, black circles = all other STs. Study Dataset: Pink outline = STs present in 

the MLST database, green outline = STs not present in the MLST database. Size of each circle is relative to abundance of each ST within the datasets. 
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5.4.3 Antibiotic Resistance 

 

S. pneumoniae isolates were tested for resistance to a range of antibiotics using in silico 

detection of resistance genes from whole genome sequences. Resistance genes were 

identified in 5.2% (n = 12) of isolates, with the number of genes present within each 

individual isolate ranging from one to six. Table 24 below summarises the resistance 

genes present within this set of S. pneumoniae isolates. For the full list of 1,913 alleles 

tested please refer to the original articles (Zankari et al., 2012, McArthur et al., 2013).  

Since only acquired genes are targeted in SRST2, penicillin-binding protein genes (pbp) 

were targeted separately. 

 

Table 24. Antibiotic Resistance and Susceptibility Genes present within S. pneumoniae 
isolates (N=232) 

Gene Antibiotic Allele(s) 
Number of Isolates 

containing gene  
(n) 

Prevalence of 
specific gene 

% (95% CI) 

cat Chloramphenicol pC194 1 0.4 (-0.4, 1.2) 

ermB Erythromycin 7, 16 6 2.6 (0.6, 4.7) 

mefA Macrolide 3,10 4 1.7 (0.0, 3.4) 

msrD Macrolide 2, 3 4 1.7 (0.0, 3.4) 

tet32 Tetracycline 2 1 0.4 (-0.4, 1.2) 

tetM Tetracycline 2, 4, 8, 10, 12 10 4.3 (1.7, 6.9) 

tetS Tetracycline 1, 3 2 0.9 (-0.3, 2.1) 

pbp1a Beta-lactam NA 214 92.2 (88.8, 95.7) 

pbp2x Beta-lactam NA 223 96.1 (93.6, 98.6) 

pbp2b Beta-lactam NA 204 87.9 (83.7, 92.1) 

Cat = chloramphenicol acetyltransferase, erm = erythromycin resistance methylase, mef = 

macrolide efflux, tet = tetracycline restsance, msr = macrolide and streptogramin B resistant, pbp = 

penicillin-binding protein, NA = not applicable. 

Acquired resistance genes were identified against three classes of antibiotics: phenicols, 

macrolides and tetracycline. Tetracycline resistance was the most common acquired 

resistance, with tetM being present in ten out of the twelve isolates that contained 

resistance genes. Multiple alleles of tetM were commonly found within the same isolate, 

with seven isolates containing three alleles. No beta-lactam acquired antibiotic resistance 

genes, such as beta-lactamase genes, were identified within this set of isolates. 
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Identification of pbp genes indicates that the isolates are susceptible strains with non-

altered pbp genes whereas non-detection is indicative of modified genes which result in 

reduced antibiotic susceptibility (Nagai et al., 2001). For 13.8% (32/232) of isolates tested, 

at least one pbp gene was not detected: eight isolates lacked all three genes, six isolates 

lacked pbp1a and pbp2b, one isolate lacked pbp2x and pbp2b, 13 isolates lacked pbp2b 

only and 4 isolates lacked pbp1a only. These 32 isolates are therefore thought to have 

varying levels of penicillin non-susceptibility.  

 

5.4.4 Analysis of Vaccine Candidates and Antigens 

 

Out of all of the genes tested, 95 were identified within the entire set of S. pneumoniae 

genomes. Individual isolates possessed between 26 and 55 of the 95 genes. Genes being 

considered as vaccine candidates found within this set of isolates are shown in Table 25. 

All other detected antigens are shown in full in Appendix 8. For the full list of the 1,077 

alleles tested please refer to the VFDB website (http://www.mgc.ac.cn/VFs/main.htm) and 

the SRST2 website (https://github.com/katholt/srst2). 

 

Table 25. Vaccine candidates found within the S. pneumoniae isolates (N=34) 

Gene Role n (%) 

lytA Autolysin 34 (100) 

piaA ABC transporter 34 (100) 

ply Pneumolysin 34 (100) 

psaA Pneumococcal surface antigen A 34 (100) 

pspA Pneumococcal surface protein A 9 (26.5) 

pspC/cbpA Choline binding protein 28 (82.4) 

nanA Neuraminidase A 32 (94.1) 

 

The presence of vaccine candidates lytA, piaA, ply and psaA in all isolates tested 

demonstrates the conserved nature of these antigens. Further vaccine candidates pspA, 

pspC/cbpA and nanA were not present in all isolates tested, with pspA only being present 

in nine isolates. Further common antigens present in all isolates were also identified. 

These may be considered as vaccine candidates in the future. 

http://www.mgc.ac.cn/VFs/main.htm
https://github.com/katholt/srst2
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5.5 H. influenzae 

 

5.5.1 Distribution of Serotypes 

 

H. influenzae isolates also varied in their capsular serotype, and like S. pneumoniae, it is 

important to understand the diversity of isolates in terms of their capsular type. All H. 

influenzae isolates (n = 80) were serotyped using in silico analysis and the nose isolates 

from the first (summer) swabbing time-point were also serotyped using PCR detection of 

capsular genes. The two methods were 100% concordant, classifying all nose isolates 

from the first swabbing time-point as non-typeable (NTHi). Overall, a single isolate was 

bexB positive, therefore a typeable but non a-f serotype. All other isolates were NTHi 

which means that they are unencapsulated. Serotype distribution could not be assessed 

in relation to participant characteristics, swabbing methodology and geographical location 

due to all but one isolate being NTHi. 

 

5.5.2 Sequence Type Diversity 

 

Forty-six distinct sequence types of H. influenzae were identified within the entire set of 

isolates. The H. influenzae isolates were highly diverse with only one or two isolates 

commonly being identified within most STs. The more common STs were 474 (7.5%, n = 

6), 57 (3.8%, n = 3), 348 (3.8%, n = 3), 569 (3.8%, n = 3) and 1215 (3.8%, n = 3). 

Fourteen isolates were of unknown sequence type, which were due to new combinations 

of alleles. The set of H. influenzae isolates gave a Simpson’s Index of Diversity (1-D) of 

0.99. 

eBURST analysis showed the isolates to be a collection of 5 clonal groups (groups of STs 

based on similarity to a single central allelic profile and share at least 5 of the same 

alleles) and 49 singletons (STs that do not share at least 5 loci with any other ST). This 

demonstrates that the H. influenzae isolates are not highly related; they are in fact a highly 

genetically diverse group of isolates. Figure 19 demonstrates the genetic relatedness of 

these isolates. 

The set of H. influenzae isolates was compared to the H. influenzae MLST dataset, which 

showed this set of isolates to be spread across 37 clonal groups within the entire 

database, demonstrating that a number of singletons from the set of isolates were actually 
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part of clonal groups within the entire MLST dataset rather than being true singletons.. 

The other 23 STs were singletons within the MLST database. Seventeen of the sequence 

types were also found to be founders of clonal groups (representing the single central 

allelic profile of a clonal group and the ST which differs most from other STs within the 

clonal group) within the H. influenzae MLST dataset. The distribution of the study isolates 

across the H. influenzae MLST database is shown below in Figure 20. 
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Figure 19. eBURST Diagram of H. influenzae Sequence Types (STs) 

Black circles represent STs and the size of each circle is relative to abundance of each ST within the dataset. Lines indicate that isolates share 6 out of the 7 MLST 

genes and belong to the same clonal complex. A-N = unknown STs. Positioning of STs does not reflect genetic relatedness if STs are not part of the same clonal 

complex.  
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Figure 20. eBURST Diagram Comparing the H. influenzae Isolates to the H. influenzae MLST Database 

MLST Dataset: Blue circles = clonal group founders, yellow circles = subgroup founder, black circles = all other STs; Study Dataset: Pink circles = STs present in the 

MLST database, green circles = STs not present in the MLST database. Size of each circle is relative to abundance of each ST within the datasets.
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5.5.3 Antibiotic Resistance 

 

H. influenzae isolates were tested for resistance to a range of antibiotics using in silico 

detection of resistance genes from whole genome sequences. Resistance genes were 

identified in 7.6% (n = 6) of isolates, with one or two resistance genes being present within 

each isolate. Table 26 below summarises the resistance genes present within this set of 

H. influenzae isolates. For the full list of 1,913 alleles tested please refer to the original 

articles (Zankari et al., 2012, McArthur et al., 2013). Only acquired genes are targeted in 

SRST2.   

 

Table 26. Antibiotic Resistance Genes present within H. influenzae Isolates (N=80) 

Gene Antibiotic Alleles Isolates (n) 
Prevalence of 
specific gene  
(%, 95% CI) 

blaTEM Beta-lactam 1 6 7.6 (1.8, 13.4) 

aph(3’)-I Aminoglycoside A 3 3.8 (-0.4, 8.0) 

BlaTEM = extended spectrum beta-lactamase, aph = aminoglycoside phosphotransferase. 

Acquired resistance genes were only identified against two classes of antibiotics: beta-

lactams and aminoglycosides. Beta-lactam resistance was the most common acquired 

resistance, with blaTEM being present in all six of the isolates that contained resistance 

genes. 

 

5.5.4 Analysis of Vaccine Candidates and Antigens 

 

Out of all of the genes tested, 130 were identified within the entire set of H. influenzae 

genomes. Individual isolates possessed between 87 and 105 of the 130 genes. Genes 

being considered as vaccine candidates found within this set of isolates are shown in 

Table 27. All other detected antigens are shown in full in Appendix 9. For the full list of the 

556 alleles tested please refer to the VFDB website (http://www.mgc.ac.cn/VFs/main.htm) 

and the SRST2 website (https://github.com/katholt/srst2). 

  

http://www.mgc.ac.cn/VFs/main.htm
https://github.com/katholt/srst2
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Table 27. Vaccine candidates found within the H. influenzae isolates (N=32) 

Gene Role n (%) 

hpd Surface lipoprotein 27 (84.4) 

ompP2 Outer membrane protein 32 (100) 

ompP5 Outer membrane protein 29 (90.6) 

tbpA/B Periplasmic binding 32 (100) 

hmw1 Adhesin 5 (15.6) 

hmw2 Adhesin 5 (15.6) 

hia Adhesin 11 (34.4) 

Hpd = Haemophilus protein D, omp = outer membrane protein, tbp = transferrin-binding protein, 

hmw = high molecular weight, hia = H. influenzae adhesin. 

 

The presence of vaccine candidate genes ompP2 and tbpA/B in all isolates tested 

demonstrates the conserved nature of these antigens. Further vaccine candidates hpd, 

ompP5, hmw1, hmw2 and hia were not present in all isolates tested, with hmw1/2 only 

being present in five isolates. Further common antigens present in all isolates were also 

identified. These may be considered as vaccine candidates in the future. 

 

 

5.6 Methicillin Resistant S. aureus 

 

All S. aureus isolates were tested for methicillin resistance using MRSA select plates. 

Results are shown below in Table 28. 

 

Table 28. Number (n) of Methicillin-resistant S. aureus isolates identified within each swab 
type and swabbing time-point 

Time-point Swab Type Total (N) n  % (95% CI) 

Summer 2012 

Nose  264 10 3.8 (1.5, 6.1) 

SS WMS  33 0 0.0 (NA) 

NP  35 3 8.6 (-0.7, 17.9) 

HCP WMS  2 0 0.0 (NA) 

Winter 2013 
Nose  145 2 1.4 (-0.5, 3.3) 

SS WMS  20 0 0.0 (NA) 

SS = self-swabbing, WMS = whole mouth swab, HCP = healthcare professional swabbing, NA = 

not applicable, 95% CI = 95% confidence interval of proportion. 
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Overall, levels of MRSA were low within the set of samples tested and did not vary 

significantly between the different swab types. 

 

5.7 Discussion 

 

Molecular and phenotypic typing methods were used to assess genotypes and 

phenotypes of bacteria found within the upper respiratory tract of members of the general 

population. Antibiotic resistance is an important global issue and tracking the resistance of 

bacterial isolates is important for controlling the issue and reducing costs associated with 

resistance (Reynolds et al., 2014, Carlet et al., 2014). Antibiotic resistance genes were 

detected within these carriage isolates of S. pneumoniae, H. influenzae and S. aureus. 

Macrolide resistance genes identified within these S. pneumoniae isolates were ermB 

(2.6%), mefA (1.7%) and msrD (1.7%). The ermB gene encodes a ribosomal methylase 

where as the mefA/msrD genes encode antibiotic efflux pumps (Hoban et al., 2001, 

Chancey et al., 2015). Approximately 17% of S. pneumoniae bacteraemia isolates from 

the United Kingdom and Ireland have been shown to express erythromycin resistance 

(Reynolds et al., 2004). The expression of the ermB gene is highly associated with 

erythromycin resistance in a number of European countries, with 98.5% of 202 

erythromycin-resistant isolates from France possessing the gene (Reinert et al., 2005). 

However, in the USA, mefA is a more common mechanism of erythromycin resistance, 

with 70.9% of 3,044 erythromycin-resistant isolates possessing the gene (Brown et al., 

2004).  

 

Tetracycline resistance genes identified within these S. pneumoniae isolates were tetM 

(4.3%), tetS (0.9%) and tet32 (0.4%). These genes are involved in protecting the bacterial 

ribosome from the effects of the antibiotic (Roberts, 2005). Approximately 4.3% of S. 

pneumoniae bacteraemia isolates from the United Kingdom and Ireland have been shown 

to express tetracycline resistance (Reynolds et al., 2004). Furthermore, the 

chloramphenicol resistance gene cat, which encodes an acetyltransferase that modifies 

the structure of the antibiotic, has previously been identified in 0.4% of S. pneumoniae 

isolates (Dang-Van et al., 1978). Approximately 5.4% of S. pneumoniae isolates in the UK 

between 1992 and 1995 were chloramphenicol resistant (Goldsmith et al., 1997).  
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Penicillin-binding protein (PBP) genes were also identified within a large proportion of the 

study isolates. These conserved proteins bind beta-lactam antibiotics and, in their non-

mutated forms, confer susceptibility to these antibiotics. The lack of detection of pbp 

genes in their non-mutated form may be indicative of the presence of mutated forms and 

hence beta-lactam resistance (Nagai et al., 2001). Prevalence of penicillin non-susceptible 

S. pneumoniae isolates in the UK between 2007-2008  was approximately 4.7% 

(Reynolds, 2009). 

 

Beta lactamase genes identified in H. influenzae isolates were blaTEM (7.6%). TEM beta-

lactamases are extended spectrum beta-lactamases which confer resistance to penicillin 

and first-generation cephalosporin antibiotics (Medeiros, 1984). Beta-lactamase 

production, particularly TEM-1, is common in H. influenzae with 15.7% prevalence of 

TEM-1 in the UK between 1999 and 2003 (Farrell et al., 2005). Furthermore, 

aminoglycoside resistance genes identified in H. influenzae isolates were aph(3’)-I (3.8%). 

This gene encodes an aminoglycoside phosphotransferase which modifies the structure of 

aminoglycoside antibiotics gentamicin B, neomycin and kanamycin amongst others (Shaw 

et al., 1993). Aminoglycoside resistance via aph(3’)-I has been reported in other European 

countries such as Spain (Gomez-Lus and Vergara, 1995) but, to our knowledge, is not 

common in the UK. 

 

The identification of few antibiotic resistance genes within these isolates is thought to 

reflect the low and stable levels of antibiotic resistant respiratory species within the UK 

(Reynolds, 2009). Antibiotic prescribing within the community in the UK is similar to a 

number of European countries, with 21.5 defined daily doses (DDD) per 1,000 inhabitants 

per day compared with the EU average of 22.4 DDD per 1,000 inhabitants per day 

(ECDC, 2014). However, antibiotic prescribing is increasing with a 6% rise in the overall 

number of antibiotic prescriptions between 2010 and 2013 (Public Health England, 

2014a). 

 

A limitation to examining antibiotic gene presence is that phenotypic expression of 

resistance does not always correlate with gene presence. Antibiotic resistance genes can 

be attenuated within a microbial species in order to reduce the biological cost associated 

with gene expression (Depardieu et al., 2007).  A study of Enterococcus faecium in 

livestock demonstrated that ermB can be present in erythromycin susceptible isolates of 

the species (Enne et al., 2006). Furthermore, the tetM gene is not always expressed in S. 

pneumoniae and Streptococcus pyogenes (Giovanetti et al., 2007). This indicates that 

phenotypic assessment of antimicrobial susceptibility is necessary to determine true levels 
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of resistance. A further limitation to the antibiotic susceptibility testing undertaken using 

SRST2 is that only acquired resistance genes are detected. Therefore other non-acquired 

resistance genes could not be assessed. This might include mutated forms of the H. 

influenzae pbp3 gene, which has been shown to be a common resistance mechanism in 

this organism in a number of countries (Ubukata et al., 2001, Skaare et al., 2014). 

 

Vaccine candidate genes present in all S. pneumoniae study isolates were lytA, piaA, ply 

and psaA. However, vaccine candidate genes pspA (26.5%), pspC/cbpA (82.4%) and 

nanA (94.1%) were not present in all isolates tested. LytA, piaA and psaA have been 

shown to be protective against infection by S. pneumoniae in mice and are also highly 

conserved (Yuan et al., 2011, Whatmore and Dowson, 1999, Brown et al., 2001, 

Talkington et al., 1996). Ply has also been shown to induce immune responses in clinical 

trials in humans (Kamtchoua et al., 2013). Low detection levels of pspA, pspC/cbpA and 

nanA has also been reported via quantitative PCR with 94.45%, 57.36% and 97.43% 

detection respectively in 50 nasopharyngeal samples (Sakai et al., 2013). 

 

Vaccine candidate genes present in all H. influenzae study isolates were tbpA/B and 

ompP2. However, vaccine candidate genes hpd (84.4%), ompP5 (90.6%), hmw1/2 

(15.6%) and hia (34.4%) were not present in all isolates tested. Despite being highly 

expressed, ompP2 proteins are thought to be highly variable between strains of H. 

influenzae (Duim et al., 1996). However, conserved regions within these proteins may 

enable them to be considered as potential vaccine candidates (Hiltke et al., 2002). 

Immunisation of rats with TbpB was found to reduce bacterial presence within the lung 

and, similarly to ompP2, variation within this protein may be problematic for its use within 

a vaccine (Webb and Cripps, 1999). Vaccination of non-typeable H. influenzae is thought 

to be most likely achieved via the use of multiple antigens (Barenkamp, 1996). 

 

The presence of these antigens in carriage isolates is not necessarily reflective of 

pathogenicity, as similar sets of genes can be found during both colonisation and disease 

(Donkor et al., 2012). The use of in-depth whole genome sequencing and single 

nucleotide polymorphism (SNP) analysis would enable greater insight into the 

mechanisms of carriage and pathogenicity, which has been investigated in S. aureus 

(Young et al., 2012). 

 

Serotyping revealed a diverse set of S. pneumoniae and H. influenzae isolates with non-

vaccine types being predominant. Increases in S. pneumoniae serotypes 11A/D, 15B/C, 

6C, 23B, 35F/47F and 24A/B/F have previously been reported within invasive disease and 
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paediatric carriage studies (Tocheva et al., 2013, Miller et al., 2011). The majority of 

serotypes within this study were non-vaccine types, reflecting the effectiveness of 

vaccination in reducing carriage of the targeted serotypes. Few vaccine types were 

collected during the study (10.0%). This is similar to further carriage studies within the UK 

paediatric population, where 11% of serotypes were found to be vaccine types (Gladstone 

et al., 2015). This is consistent with changes incurred as a result of PCV introduction 

(Gladstone et al., 2011). Distribution of serotypes is thought to vary with age with 

serogroups 6, 9 and 23 being carried for longer periods of time in young children than 

other serogroups (Cobey and Lipsitch, 2012, Hogberg et al., 2007). Since a large 

proportion of serotypes isolated within this study were from individuals less than five years 

of age, the longer duration of carriage within this age group would therefore explain the 

high prevalence of serotypes 6C (n=20), 23B (n=17) and 19A (n=13).  

 

S. pneumoniae ST199 was found to be a common sequence type within this collection of 

isolates. This ST has been shown to increase post-PCV-7 introduction but decrease post-

PCV-13 introduction due to its association with serotype 19A, which is included in the 

latter vaccine (Hanage et al., 2011, Pichon et al., 2013). The high levels of ST199 in this 

study might reflect the numbers of isolates of this sequence type expressing the serotype 

15B/C capsule in addition to those expressing the serotype 19A capsule.  

 

Non-typeable H. influenzae were found to predominate within this set of isolates. The 

frequency of non-typeable H. influenzae in disease and carriage studies has previously 

been recorded in other studies (Giufre et al., 2011, Puig et al., 2014). This is consistent 

with the fall in serotype b levels and rise in NTHi since the introduction of the H. influenzae 

type b (Hib) vaccine (Agrawal and Murphy, 2011). Prevalence of H. influenzae type b 

carriage in the UK has decreased from 4.0% in 1992 to 0.0% in 2002 (McVernon et al., 

2004). The proportion of non-typeable H. influenzae infections relative to all infections 

caused by the species has increased in the UK from 3.2% in 1990 to 69.6% in 2013 

(Public Health England, 2015a). 

 

Where a serotype was identified using both PCR and in silico PCR, a single isolate 

showed discordant results between the two methods. No cross-reactivity between 

serotypes 15 and 17 has been documented (Pai et al., 2006). The potential for multiple 

serotypes of S. pneumoniae within samples might, however, explain this result (Turner et 

al., 2011a). The methodology used here, which involved the isolation of single phenotypic 

colonies of bacteria from STGG samples for use in whole genome sequencing and 

serotyping, is a potential limitation. This method, although it is the recommended method 
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and enables a detailed analysis of a particular colony, does not adequately allow for the 

detection of multiple serotypes or sequence types within samples (Satzke et al., 2013).  

 

Analysis of the MLST data shows a diverse set of S. pneumoniae and H. influenzae 

isolates with more common STs, including clonal group founders, being found as well as a 

number of unknown STs. A larger number of unknown H. influenzae STs may be due to 

fewer STs being deposited within these MLST databases as these species were 

previously undescribed and greater efforts were previously being concentrated on 

understanding the epidemiology of S. pneumoniae, a well established pathogen. More 

recently, greater understanding of H. influenzae as pathogens has led to greater efforts in 

understanding the epidemiology of these species (Catlin, 1990, Turk, 1984). The 

presence of unknown STs is potentially a result of a lack of previous reports of these STs 

or the evolution of these species into varied and distinct types or both. This evolution may 

be important for vaccine and antibiotic development and should be taken into account 

when determining novel targets and biomarkers. 
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Chapter 6. Ecology of Microbial Respiratory Tract Communities 

 

6.1 Introduction 

 

A number of microbial communities have been extensively studied, including those of the 

lung (Rogers et al., 2004), the stomach (Dethlefsen et al., 2008) and the vagina (Zhou et 

al., 2004), in order to understand the microbial species present, the interactions occurring 

between them, and the effect of the host environment. Studying microbial communities 

has important implications for understanding disease states (Ley et al., 2006) as well as 

the effects of human interventions, such as antibiotics (Dethlefsen et al., 2008). The upper 

respiratory tract community includes species which are common to both health and 

disease states. The application of ecological analysis tools to upper respiratory tract swab 

samples will enable the interactions between species and the effect of host characteristics 

to be deciphered. 

Nestedness is a measurement of organisation within an ecological system (Darlington, 

1957, Patterson and Atmar, 1986). Organisation refers to the level of order in species 

extinction and colonisation within the ecological system (Atmar and Patterson, 1993). A 

more organised system will have a specific order of extinction whereas a less organised 

system will have a random order of extinction (Ulrich et al., 2009). A random order of 

extinction implies that species have equal chances of becoming extinct and extinction of 

one does not affect the presence of another species. On the other hand, a nested system 

is one where species found within ecologically-impoverished areas are subsets of species 

within ecologically-enriched areas. This implies that extinction occurs within a specific 

order and extinction of one species directly affects extinction of another (Atmar and 

Patterson, 1993). Nestedness is hence associated with β-diversity, the variation of 

species across habitats (Whittaker, 1960, Ulrich and Almeida-Neto, 2012). This method 

has been applied to distribution of bird species (Fernandez-Juricic, 2002) and fish 

parasites (Rohde et al., 1998) as well as interaction networks of plants and animals 

(Bascompte et al., 2003) in order to decipher community assembly patterns. 

Species distribution patterns, either using presence-absence data or abundance data, 

allow the analysis of biodiversity (Elith et al., 2006). Such patterns have been useful in 

aiding conservation efforts, as geographical patterns of species distribution can be 

monitored over time (Ferrier, 2002). The environmental and evolutionary factors 

influencing the distribution of species can also be determined (Ricklefs, 2004). Species 
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distribution patterns can be applied to microbial communities in order to understand the 

biodiversity of microbial species within different environments (Bohannan and Hughes, 

2003). Species distribution within microbial communities of the lung has been studied with 

the aim of understanding diseases such as cystic fibrosis and COPD (van der Gast et al., 

2011, Erb-Downward et al., 2011). 

There are two main ecological theories explaining species abundances and levels of 

diversity within communities. Niche models involve ‘niches’, or separated habitats, which 

have distinct sets of nutrients and environmental influences (Elton, 1927). The 

characteristics of a niche determine levels of species abundances (Grinnell, 1928) as well 

as subdivision of resources (Schoener, 1974). Neutral models, first developed by Stephen 

Hubbell (Hubbell, 2001), explain species abundances and diversity in terms of stochastic 

influences (including speciation, dispersal, immigration, birth and death). All species are 

equal and differences between niches do not determine the distribution of these species, 

which is left up to chance (McGill, 2003). 

MacArthur’s Broken Stick model was developed by Robert MacArthur to describe the 

abundance of bird species (Macarthur, 1957). This model involves neutral concepts as it 

states that an environment is analogous to a stick of a particular size (or length) which is 

broken sequentially at random. The lengths of the fragments of stick produced by random 

breakage are relative to the abundance of each species within this environment (King, 

1964).  

The aim was to apply the ecological methods mentioned above to human upper 

respiratory tract samples in order to understand community assembly, extinction and 

colonisation patterns. This would involve the use of nestedness in order to understand the 

organisation within the respiratory tract and order in species extinction. Furthermore, 

species distribution curves would be used to determine whether species are randomly 

distributed between individuals or whether facilitative or competitive interactions may be 

important. In addition, analysis of abundance levels and application of MacArthur’s Broken 

Stick model will enable the determination of community assembly patterns in order to 

understand whether communities have niche or neutral characteristics. This was a 

preliminary application of these ecological methods in a novel context and hence is not be 

without limitations. 

It is hypothesised that communities of the upper respiratory tract will be highly nested in 

adults or those without recent infection. On the other hand, less nested communities were 

expected in those with recent infection and in young children. This is thought to be the 
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result of increased colonisation and transmission of different species within the latter, 

resulting in greater flux of species (Ulrich et al., 2009, Sa-Leado et al., 2008). 

It is also hypothesised that species distribution will be more regular (similar numbers of 

species colonising different individuals) in adults or those without recent infection, which is 

indirectly indicative of competitive relationships. On the other hand, it is hypothesised that 

species distribution will be clumped (instances of few or many species colonising different 

individuals) in those with recent infection and in young children, which is indirectly 

indicative of facilitative relationships (Haase, 1995, He et al., 1997). This is thought to be a 

result of facilitation enabling the transmission of species, which is believed to occur 

frequently in young children and in the event of viral upper respiratory infections 

(Rodrigues et al., 2013).  

Finally it is hypothesised that communities within the upper respiratory tract will 

demonstrate niche characteristics as a result of environmental factors and host immunity 

playing a significant role in shaping the community (Garcia-Rodriguez and Fresnadillo 

Martínez, 2002). Previous ecological theory application to microbial communities in the 

soil have revealed the importance of pH, reflecting the role of niche dynamics (Dumbrell et 

al., 2010). Furthermore, animal gastrointestinal microbial communities have reflected 

niche patterns of community assembly, with diet and species interactions playing 

important roles (Jeraldo et al., 2012). A niche, in ecological terms, represents an entity 

within which species interactions and the environment determine the distribution of 

species abundances (Grinnell, 1928). Within the respiratory tract, different sites 

demonstrate varying species abundances and are thought to represent distinct niches 

(Charlson et al., 2011). 

 

6.2 Samples and Covariates used in Ecological Analyses 

 

Nose and NP swab samples detected by real-time PCR were used throughout this 

chapter rather than culture-detected samples due to the greater numbers of microbial 

species that could be detected by this method, including viral species. Thus analysis 

included the following species: S. pneumoniae, H. influenzae, M. catarrhalis, P. 

aeruginosa, S. aureus, RSV, influenza virus, parainfluenza virus, rhinovirus/enterovirus, 

coronavirus and adenovirus. Covariates used throughout this chapter were those that 

were found to be significant in individual species multivariable analyses in Chapter 4, in 
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order to reduce the effect of potential confounders. Thus analysis included the following 

covariates: age, recent RTI and season. 

 

6.3 Nestedness of Respiratory Communities 

 

Nestedness analysis transforms a matrix of presence-absence data into a packed matrix 

within which species and samples are shuffled according to incidence and richness 

respectively (Ulrich and Almeida-Neto, 2012). Samples, presented on the y-axis, are 

shuffled so that those with the highest levels of richness (greater numbers of different 

species within individuals) move towards the top of the matrix and species, presented on 

the x-axis, are shuffled so that those showing the highest incidence (greatest numbers of 

a given species across individuals) move towards the left of the matrix. This process aims 

to maximise the number of presences to the top left of the matrix and absences in the 

bottom right. This concept is illustrated using simplified examples in Figure 21 for both 

highly nested and highly random samples.  
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Figure 21. The Process of Shuffling during Nestedness Analysis in Highly Random and 
Highly Nested Communities 

Top matrices represent the original matrices and bottom matrices represent the shuffled matrices.  
A-D = species (ordered by incidence), 1-4 = samples (ordered by richness). 
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The matrix shows species presences as red squares and absences as white squares. A 

line of perfect fill is constructed based on all absences organised to the right and all 

presences to the left (Ulrich et al., 2009). Any absences found to the left or presences 

found to the right are known as surprise absences or surprise presences, respectively. A 

temperature (T) is also calculated, which is determined by the sum of the distances of 

surprise absences or surprise presences from the line of perfect fill (Patterson and Atmar, 

1986, Rodriguez-Girones and Santamaria, 2006). This matrix temperature ranges from 0 

to 100, indicating if the matrix is cold (highly nested) or hot (highly random) respectively. A 

matrix fill is also given, which indicates what proportion of the matrix is represented by 

presences. This tool was applied to upper respiratory tract microbial colonisation data 

collected from nose and NP swabs that were analysed by real-time PCR. The aim was to 

understand the factors affecting organisation within the respiratory tract and to determine 

whether the level of organisation was the same in different swab types as well as in 

different individuals. 

 

6.3.1 Patterns of Nestedness within Communities 

 

Levels of nestedness were calculated for nose and NP swabs detected using real-time 

PCR. Samples were assessed according to age, recent RTI and season. This would 

enable the determination of the effects of such factors on the organisation of the 

respiratory tract community. Nestedness results are summarised below in Table 29.  
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Table 29. Nestedness Results for Nose and NP Samples Detected by Real-time PCR 

Covariate 
Nose NP 

N T (matrix fill) N T (matrix fill) 

Season 
Summer 115 12.39 (0.24) 190 NA 

Winter 75 7.04 (0.18) 0 NA 

Age (years) 

0-4 60 11.67 (0.27) 56 22.37 (0.29) 

5-17 50 15.21 (0.28) 22 12.41 (0.19) 

18-64 40 8.92 (0.23) 88 5.69 (0.19) 

≥65 40 6.45 (0.15) 143 7.97 (0.15) 

RTI 
Yes 77 12.54 (0.22) 59 19.33 (0.30) 

No 113 8.47 (0.20) 247 5.23 (0.16) 

Temperature (T) = measure of nestedness. Low temperatures represent more nested (organised) communities and high temperatures represent less nested 
(random) communities. Matrix fill = proportion of species presences within the matrix. NP = nasopharyngeal swab. RTI = recent respiratory tract infection (within the 

past month). NA = not applicable. 
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6.3.2 Swabbing Season 

 

Nestedness temperatures were determined for samples collected in both summer and 

winter swabbing seasons in order to assess the effect of swabbing season on the 

organisation of respiratory tract communities. Lower temperatures were observed within 

the winter season when compared with summer season, as shown in Figure 22. This 

trend demonstrates greater species organisation within the winter. Furthermore, greater 

numbers of species were observed in winter samples compared with summer samples. 

This demonstrates increased numbers of bacterial and viral species circulating amongst 

individuals within the winter months. Lower matrix fill was also observed within winter 

samples, which indicates fewer species presences despite greater number of different 

species.  
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Figure 22. Incidence Matrices of Nose Swab Samples detected by Real-time PCR in 
(a) summer and (b) winter swabbing time-points 

 = presences, ☐ = absences, − = line of perfect fill, T = temperature. Pa = P.aeruginosa, Sa = 

S. aureus, Sp = S. pneumoniae, Hi = H. influenzae, Mc = M. catarrhalis, RV = 

rhinovirus/enterovirus, CoV = coronavirus, RSV = respiratory syncytial virus, ADV = adenovirus, 

PIF = parainfluenza virus, FluA = influenza virus A. 
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6.3.3 Participant Age 

 

Nestedness temperatures were determined for participants within four age categories (0-

4, 5-17, 18-64 and ≥65 years) in order to assess the effect of age on the organisation of 

respiratory tract communities. A general trend of decreasing temperature with age was 

observed, as shown in Figure 23, reflecting greater nestedness within older participants. 

Matrix fill was generally higher in those aged 0-4 years and ≥65 years and lower in those 

aged 5-17 years and 18-64 years. Order of species incidence varied with age, with the 

different age groups experiencing different species orders. S. pneumoniae and H. 

influenzae have the highest incidence in the young participants (0-4 years) whereas S. 

aureus and P. aeruginosa has the highest incidences in older children, adults and elderly 

participants.  
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Figure 23. Incidence Matrices in Nose Swab Samples detected by Real-time PCR in 
Participants Aged (a) 0-4 years (b) 5-17 years (c) 18-64 years and (d) 65+ years 

 = presences, ☐ = absences, − = line of perfect fill, T = temperature. Pa = P.aeruginosa, Sa = 

S. aureus, Sp = S. pneumoniae, Hi = H. influenzae, Mc = M. catarrhalis, RV = 

rhinovirus/enterovirus, CoV = coronavirus, RSV = respiratory syncytial virus, ADV = adenovirus, 

PIF = parainfluenza virus, FluA = influenza virus A. 
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6.3.4 Recent RTI 

 

Nestedness temperatures were determined for both participants who had experienced a 

recent RTI and participants who had not in order to assess the effect on RTI on the 

organisation of respiratory tract communities. Individuals with recent RTI demonstrated 

higher matrix temperatures and thus lower levels of nestedness when compared with 

samples collected form participants with no recent RTI (Figure 24). Matrix fill was also 

higher in participants with recent RTI, which demonstrates greater numbers of species 

present in the upper respiratory tract. Order of species incidence was modified by recent 

RTI, with H. influenzae being more dominant in participants with recent RTI and S. aureus 

being more dominant in cases without recent RTI. Certain viral species, notably 

parainfluenza viruses and influenza A, are also only present in samples from participants 

with recent RTI. 
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Figure 24. Incidence Matrices of Nose Swab Samples detected by Real-time PCR in 
Participants (a) with recent RTI (b) with no recent RTI 

 = presences, ☐ = absences, − = line of perfect fill, T = temperature. Pa = P.aeruginosa, Sa = 

S. aureus, Sp = S. pneumoniae, Hi = H. influenzae, Mc = M. catarrhalis, RV = 

rhinovirus/enterovirus, CoV = coronavirus, RSV = respiratory syncytial virus, ADV = adenovirus, 

PIF = parainfluenza virus, FluA = influenza virus A. 
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6.4 Species Distribution within Respiratory Communities 

 

Multiple bacterial and viral species inhabit the ecological niche of the human upper 

respiratory tract (Bogaert et al., 2011). Ecological species distribution patterns have been 

observed in insect-plant interactions in order to understand how the number of insects 

associated with a single tree reflect the overall abundance of that type of tree (Southwood, 

1961). These methods were applied to patterns of species distribution within the 

respiratory tract of different individuals in order to provide an insight into the types of 

relationships occurring between the different species and to understand how each 

individual’s characteristics might influence the number of species associated with that 

individual.  

This was done by plotting the frequency of different numbers of species types within each 

sample and comparing it to the Poisson (random) distribution. Deviations of observed data 

from the Poisson distribution, using the Chi-squared goodness-of-fit test, would then be 

interpreted. A narrower distribution than the Poisson distribution, with many individuals 

being colonised by a similar number of species, demonstrates a regular pattern of species 

distribution and provides indirect evidence for mutual repulsion and competition between 

the species. On the other hand, a wider distribution than the Poisson distribution, with 

many individuals having either few or many species, demonstrates a clumped pattern of 

species distribution and provides indirect evidence for mutual attraction and facilitation 

between the species. Such information is important for determining interactions occurring 

between microbial species within the respiratory tract in order to be able to predict the 

effects of an individual’s characteristics on the respiratory community. 

 

6.4.1 Patterns of Species Distribution within Individuals 

 

Species distribution patterns were determined within nose and NP swab types. Samples 

were assessed according to season, participant age and recent RTI. This would enable 

the determination of the effects of such factors on the distribution of species within the 

respiratory tract community and hence to understand the relationships occurring between 

different species. Overall species distribution results are shown in Figure 25 and detailed 

in full in Appendix 10.
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Figure 25. Deviation of Observed Species Distributions from Random Expectation 

* Significant deviations from the random distribution (X
2
 P-value < 0.05). RTI = respiratory tract infection. NP = nasopharyngeal swab. Red dots demonstrate 

microbial species distributed across individuals. Seasonal data not available for NP swabs. 
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6.4.2 Swabbing Season 

 

Species distribution patterns were determined for samples collected in both summer and 

winter swabbing seasons in order to assess the effect of season on the relationships 

occurring between different microbial species within the respiratory tract community. 

Distribution of species within nose samples from the summer was wider than the Poisson 

distribution (X2 = 21.75, df = 5, p < 0.001) whereas distribution of species within samples 

from the winter did not deviate from the Poisson distribution. This demonstrates that 

species in summer samples have a clumped pattern of species distribution within 

individuals which provides indirect evidence of facilitative relationships between species. 

On the other hand, distribution of species within winter samples is more random. NP 

swabs were only collected in the summer and therefore could not be compared according 

to season. 

 

6.4.3 Participant Age 

 

Species distribution patterns were determined for participants within four age categories 

(0-4, 5-17, 18-64 and ≥65 years) in order to assess the effect of age on the relationships 

occurring between different members of the respiratory tract community. Species 

distribution deviated from random in participants aged 0-4 years in nose samples (X2 = 

20.42, df = 6, p = 0.002). These individuals showed a wider distribution of microbial 

species than the random distribution. This demonstrates that the species have a clumped 

pattern of species distribution within individuals which is indirect evidence of facilitative 

relationships. NP samples also showed a clumped distribution but did not deviate 

significantly from the Poisson distribution. 

Samples collected from older participants, those aged 18-64 years and ≥65 years, 

showed narrower and hence more regular species distributions than the random 

distribution. However, only NP samples from individuals aged ≥65 years deviated 

significantly from random (X2 = 10.03, df = 3, p = 0.018). This demonstrates that species 

have a more regular pattern of species distribution within these older individuals which 

provides indirect evidence of competitive relationships.  
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6.4.4 Recent RTI 

 

Species distribution patterns were determined for both participants who had experienced 

a recent RTI and participants who had not in order to assess the effect of RTI on the 

relationships occurring between different members of the respiratory tract community. 

Nose samples showed a wider distribution of species in individuals without recent RTI 

compared to the random distribution (X2 = 15.44, df = 5, p = 0.009) and hence a clumped 

distribution of species.  However, NP samples showed a narrower distribution in 

individuals without recent RTI compared with the random distribution (X2 = 15.30, df = 4, p 

= 0.004) and hence a regular distribution of species. Participants with recent RTI, on the 

other hand, showed a more clumped distribution of species within both swab types but 

this distribution did not deviate significantly from random. 

 

6.5 Bacterial Abundances within Respiratory Communities 

 

Abundance in microbial populations can be measured across samples using patterns of 

species presence and absence or within samples using relative or absolute quantification. 

Assessing microbial abundance patterns is important for determining the key species 

within a biological sample. Furthermore applications include quantification for monitoring 

the efficacy of antimicrobial treatment (Honeyborne et al., 2011) as well as determining 

the effects of species abundance in disease (Esposito et al., 2013). Quantitative real-time 

PCR data from nose and NP swab samples were used in order to determine bacterial 

species abundances within and between samples. Ecological theory would be applied in 

order to decipher the interactions occurring between species within the upper respiratory 

tract. 

 

6.5.1 Bacterial Species Abundances 

 

Quantitative real-time PCR was undertaken on a set of nose and NP samples in order to 

determine the bacterial colony-forming units per millilitre (CFU/ml) within the swab 

samples stored in STGG. Mean, minimum and maximum CFU/ml for each species tested 

are shown below in Figure 26. Differences between concentrations of the different 

bacterial species within swab samples were assessed using one-way ANOVA. Bacterial 
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concentrations within the nose were shown to vary (F(4, 945) = 4.793, p = 0.001), with 

higher concentrations of S. aureus and lower concentrations of P. aeruginosa compared 

to the other bacterial types. Bacterial concentrations within the NP, however, were not 

different between species (F(4, 940) = 0.544, p = 0.704). 
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(A) 

 

  (B) 

 

Figure 26. Bacterial Species Concentrations (CFU/ml) within (A) Nose and (B) NP swabs 

Circles present mean concentrations across the 190 samples of each swab type and horizontal 
lines represent minimum and maximum values. Sa = S. aureus, Mc = M. catarrhalis, Hi = H. 

influenzae, Sp = S. pneumoniae, Pa = P. aeruginosa. CFU = colony-forming unit. 
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6.5.2 Ecological Theory an Patterns of Community Assembly 

 

MacArthur’s Broken Stick model, as described previously, was applied to the bacterial and 

viral presence-absence and abundance (CFU/ml) data collected using quantitative real-

time PCR. The model consists of ranking species in order of abundance across samples 

and comparing them to the MacArthur’s theoretical rank abundance. 

Both observed ranks and theoretical ranks were then plotted against bacterial 

abundances and a Chi-squared goodness-of-fit test was used to determine deviations 

from MacArthur’s Broken Stick model. MacArthur’s Broken Stick models neutral 

characteristics, and will hereafter be referred to as the ‘neutral model’. Deviations from the 

neutral model indicate niche characteristics of a dominance hierarchy if rare species have 

abundances below the line or resource segregation if rare species have abundances 

above the line. Observations that did not deviate from this model were thought to 

demonstrate neutral characteristics (Doncaster, 2009). 

 

6.5.2.1 Species Abundance Deviations from the Neutral Theory 

 

Species abundance patterns and deviations from the neutral model were determined 

within nose and NP swab types. Samples were assessed according to swabbing season, 

participant age and recent RTI. This would enable the determination of the effects of such 

factors on the abundance patterns of species within the respiratory tract community and 

hence to understand the contribution of niche or neutral factors in shaping these 

respiratory tract communities. Overall results of deviations from the neutral model using 

the Chi-squared test are shown in Table 30 below.
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Table 30. Chi-squared Results showing Species Abundance Deviations from MacArthur’s Broken Stick Model of Neutral Community Assembly 

 Nose NP 

X2 p df X2 p df 

Season 

Summer 12.356 0.015 2 NA NA NA 

Winter 3.052 0.549 2 NA NA NA 

Age (years) 

0-4 1.683 0.794 2 2.115 0.715 2 

5-17 11.243 0.024 2 1.767 0.779 2 

18-64 28.784 <0.001 2 21.659 <0.001 2 

≥65 29.689 <0.001 2 2.061 0.357 0 

RTI 

Yes 7.385 0.117 2 2.090 0.719 2 

No 9.025 0.050 2 10.109 0.039 2 

Results show deviations of bacterial abundances (colony-forming units per millilitre) from MacArthur’s Broken Stick model, a neutral model of community assembly, 
using Chi-squared (X

2
) goodness-of-fit test. df = degrees of freedom. NA = not applicable. RTI = respiratory tract infection, NP = nasopharyngeal swab.
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6.5.2.2 Swabbing Season 

 

Species abundance patterns and deviations from the neutral model were determined for 

samples collected in both summer and winter swabbing seasons in order to assess the 

effect of swabbing season on species abundance patterns. Species abundances within 

nose swabs collected from the summer deviated from the neutral model with fewer 

individuals then the neutral model, which is indicative of niche characteristics of a 

dominance hierarchy. On the other hand, samples collected from the winter did not 

deviate from the neutral model and therefore fit more closely to neutral theory than niche 

theory. 

 

6.5.2.3 Participant Age 

 

Species abundance patterns and deviations from the neutral model were determined for 

samples collected from participants within four age groups (0-4, 5-17, 18-64 and ≥65 

years) in order to assess the effect of age on species abundance patterns. Bacterial 

abundances in nose swabs from participants aged 5-17 years, 18-64 years and ≥65 years 

deviated from the neutral model (Figure 27). All of these age groups demonstrated fewer 

individuals than the neutral model. Bacterial abundances in NP swabs in participants aged 

18-64 years also deviated from the neutral model. Again, this age group demonstrated 

fewer individuals than this model reflecting niche characteristics of a dominance hierarchy.
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Figure 27. Species Abundance Curves (CFU/ml) for Nose and NP Swabs according to Age Group 
o = species abundance, -- = MacArthur’s Broken Stick model of neutral community assembly, deviations with X

2
 P-value < 0.05 in bold. CFU = colony-forming unit. 
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6.5.2.4 Recent RTI 

 

Species abundance patterns and deviations from the neutral model were determined for 

samples collected from participants who had recently experienced a RTI and participants 

who had not in order to assess the effect of RTI on species abundance patterns. Neither 

participants with recent RTI nor participants without recent RTI appeared to demonstrate 

species abundances that deviated from the neutral model within nose samples. NP 

samples, on the other hand, demonstrated species abundances that deviated from the 

neutral model in participants without recent RTI. These participants demonstrated 

samples with fewer individuals than this model, which is again indicative of niche 

characteristics of a dominance hierarchy. 

 

6.6 Discussion 

 

Ecological analysis of the upper respiratory tract community has allowed key patterns to 

be deciphered. Patterns of nestedness within these samples demonstrated bacterial 

communities to be more nested within samples collected within the winter season, from 

older individuals as well as individuals without recent RTI. There are a number of 

explanations which have been described for understanding patterns of nestedness, these 

include the abundance of species whereby more abundant species are more likely to 

colonise greater numbers of individuals (known as passive sampling or neutrality) 

(Andren, 1994, Ulrich and Zalewski, 2007). Furthermore, isolation is another possible 

explanation whereby greater isolation of sites (here, individuals) affects the dispersal 

ability of the species (Darlington, 1957). Additionally, selective pressures of the 

environment can also determine species distribution (Ulrich et al., 2009).  

Isolation is a potential explanation for low nestedness within young individuals as this age 

group is thought to enable greater transmission of species between individuals and hence 

has lower isolation of species within individuals of this age group. Attendance at day care 

is one environment in which greater species dispersal occurs as a result of the proximity 

of children (Sa-Leado et al., 2008). On the other hand, adults do not offer the same 

frequency of transmission opportunities and hence isolation of species may be more 

common. Similarly individuals with recent RTI may also enable greater transmission of 

species between individuals (due to symptoms of viral infection such as coryza) and have 
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lower isolation of species than those without recent RTI. Finally the selective pressures of 

the immune system may also determine nestedness of species. Previous modelling has 

shown that vaccine-induced selective pressures of PCV initially resulted in greater 

diversity of S. pneumoniae but over time diversity returned to pre-PCV levels (Hanage et 

al., 2010). Furthermore, again in S. pneumoniae, both PCV-induced serotype-specific 

immunity and acquired immunity have been shown to be involved in maintaining diversity 

of the species, sustaining competition and eliminating any fitness advantages between 

serotypes (Cobey and Lipsitch, 2012).  Although we cannot determine the effects of the 

immune system within this ecological analysis, it is likely to play an important role in 

shaping the microbial community structure. 

Bacterial species S. pneumoniae, H. influenzae and M. catarrhalis as well as viral species 

coronavirus and rhinovirus were commonly found higher up the order of species incidence 

in samples with lower levels of nestedness. This signifies that these species are more 

abundant than the other targeted species in younger individuals, those with RTI or from 

samples collected during the summer season. On the other hand, S. aureus and RSV 

were commonly found higher up the order of species incidence in samples with higher 

levels of nestedness. This signifies that these species are more abundant than the other 

targeted species in older individuals, those without RTI or from samples collected during 

the winter season. These observations have already been discussed in Chapter 4. 

Influenza A and parainfluenza viruses were only found in individuals with recent RTI which 

highlights the role of these species in causing infection. In most samples, viral species 

were commonly found lower down in the order of species incidence than bacteria which 

indicates that bacteria colonise and persist for detectably longer than viruses.  

Species distribution patterns were found to be significantly different from the random 

distribution within young individuals (0-4 years) and within samples collected from the 

summer season, with a wider distribution and clumping of species. Older age groups 

tended to have more regular species distribution patterns, although a significant deviation 

from random was only observed within the ≥65 year age group. Furthermore, winter 

samples also showed a wider distribution of species but not significantly different from 

random. Individuals without recent RTI demonstrated different results for the two swab 

types, with a wider distribution and clumping of species in the nose and a more regular 

distribution within the NP. For individuals with recent RTI, a more clumped distribution of 

species was observed, however this did not deviate from random in either swab type.  

Clumping of species demonstrates that individuals have few or many colonising species 

and indirectly indicates the presence of facilitative relationships occurring between 
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species (Tirado and Pugnaire, 2005). Facilitative relationships occurring between species 

in young individuals is thought to be the result of increased transmission opportunities 

within these individuals. Facilitative relationships may have evolved in order to enable 

survival and spread of species carried within the respiratory tract (Bogaert et al., 2004a, 

Sa-Leado et al., 2008). Although not significant in this study, the clumping of species 

within individuals with recent RTI is potentially the result of viral infections facilitating 

bacterial colonisation and even disease.  Influenza virus and coronavirus have previously 

been shown to facilitate bacterial invasion and have been associated with secondary 

bacterial infections (McCullers and Rehg, 2002, Golda et al., 2011). In terms of bacterial 

colonisation, viral infection is thought to promote the spread of colonising species between 

hosts (Moore et al., 2010, Jacoby et al., 2007). 

Regular distribution of species demonstrates individuals have similar numbers of 

colonising species and indirectly indicates the presence of competitive relationships 

between species (Getzin et al., 2006). Competitive relationships occurring between 

species in older individuals is potentially the result of greater carriage of species such as 

S. aureus which are though to compete with other respiratory species (Regev-Yochay et 

al., 2004a). Furthermore, maturation of the immune system as well as the lower 

prevalence of viruses such as rhinovirus might also influence the competitive relationships 

observed between species (Siegrist, 2008). 

Contradicting patterns of species distribution in individuals without recent RTI might be the 

result of sampling site. The nose demonstrates more clumping of species, where as the 

NP demonstrates a more regular distribution in these individuals. The nose might display 

such facilitative relationships due to greater potential for transmission of species within 

this more exposed anatomical site via hand-to-nose contact and direct transmission of 

infectious agents to the nasal mucosal layer which is thought to be important in the 

transmission of respiratory viruses and bacteria (Goldmann, 2000, Monto, 2002). 

However, other modes of transmission are also important including aerosol transmission 

(Musher, 2003). 

Species abundances demonstrated no deviation from the neutral model in young 

individuals (0-4 years), individuals with recent RTI and within samples collected from the 

winter season. However, in older individuals (≥5 years), in those without recent RTI and in 

samples collected from the summer season species abundances deviated from the 

neutral model with fewer individuals than would be expected by this model, demonstrating 

niche characteristics of a dominance hierarchy. Samples demonstrating more neutral 

community assembly patterns indicate the importance of stochastic factors such as 
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speciation, dispersal, immigration, birth and death in controlling levels of species 

abundance and diversity within the respiratory tract microbial community (Hubbell, 2001). 

However, samples demonstrating more niche community assembly patterns indicate the 

importance of environmental factors in determining the abundances and distribution of 

species (Mikkelson, 2005). In addition, other analyses performed within this chapter and 

other chapters would seem to indicate that environmental factors also play an important 

role within the microbial community. It is likely that there are both neutral and niche 

characteristics to the upper respiratory tract community with stochastic factors and 

environmental factors being involved. Other studies have demonstrated the role of both 

niche and neutral processes with gastrointestinal and microbial communities (Jeraldo et 

al., 2012, Dumbrell et al., 2010). 

The application of ecological theory to multi-species microbial carriage data is novel and 

hence the models have their limitations. The models are simplistic in nature as they do not 

account for acquired or specific host immunity which is important in shaping the ecology of 

the respiratory tract (Cobey and Lipsitch, 2012). Furthermore, as discussed previously, 

the real-time PCR samples were non-randomly sampled from the collection of swab 

samples from the swabbing study and hence may have led to some level of bias. 

Furthermore, different types of RTI have been analysed together within these models, 

however in reality these infections may have very different effects on the respiratory tract 

community and should preferably be analysed separately. The inclusion of both bacteria 

and viruses together within these models is also a potential limitation due to the differing 

nature of these microorganisms. However, due to the fact that they colonise the same 

habitats and interact with each other, it seems feasible to include them as a single 

ecology. Further analysis should include sensitivity analysis in order to determine whether 

inclusion of bacteria and viruses together or separately is optimal for understanding the 

respiratory community.  

Nestedness analysis is limited by the fact that no statistical measure of difference 

between temperatures can be used. This means that the results cannot be statistically 

compared and can therefore only be descriptive. Furthermore, additional information is 

thought to be required in order to determine the underlying mechanisms of nestedness 

such as level of immunity (Ulrich et al., 2009, Cobey and Lipsitch, 2012). Furthermore, 

species distribution analysis is unable to demonstrate the true complexity of microbial, 

which may be different between any pair of species within the respiratory tract and 

affected by other factors which have not been considered here. Neutral theory analysis is 

also limited by the fact that quantification of viruses was not possible due to difficulties in 

culturing and accurately quantifying viral species abundance.  
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Furthermore, these ecological analyses focus on a limited number of targeted species and 

hence a proportion of the species within the respiratory microbiome are missing within 

these models. This may mean that these models could be different in the presence of 

these other species. However, the inclusion of a larger number of species in the analysis 

of real-time PCR results would be unfeasible and hence other methods such as 16S rDNA 

sequencing should be considered. The respiratory microbiome is highly variable and has 

shown to be affected by environmental factors such as smoking (Morris et al., 2013), 

season (Bogaert et al., 2011) and viral infection (Allen et al., 2014).   
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Chapter 7. Discussion 

 

The primary aim of the project was to gain insight into the epidemiology and ecology of 

upper respiratory tract communities. This included gaining an understanding of the 

participation of members of the general population to a large community-based swabbing 

study. Furthermore, to achieve this aim, the determination of carriage prevalence of target 

bacterial and viral species and the construction of a mathematical model for microbial 

respiratory tract carriage were undertaken. Additionally, this involved gaining insight into 

the inter-species and intra-species microbial diversity of the upper respiratory tract 

community. Finally, species distribution and community assembly patterns within the 

respiratory tract community were determined. 

In order to achieve these aims, a large community-based swabbing study was 

undertaken. This involved the collection of swab samples from members of the general 

population, including self-taken nose and whole mouth swabs as well as HCP-taken 

nasopharyngeal and whole mouth swabs. A total of 2,417 participating individuals from 20 

GP practices across Hampshire in the United Kingdom enabled the collection of a large 

set of swab samples. These samples were then analysed using established culture-based 

methods, molecular techniques, whole genome sequencing as well as ecological and 

mathematical modelling approaches. 

 

7.1 Participation in a Community Swabbing Study 

 

Determination of levels of participation of members of the general population within this 

swabbing was essential for gaining an accurate measure of microbial carriage within the 

upper respiratory tract. Level of participation was assessed using information gathered on 

numbers of invitation letters or swab packs sent out to self-swabbing and HCP swabbing 

groups respectively. Results from the swabbing study showed participation to be higher 

for participants undertaking self-swabbing than those undertaking HCP swabbing 

(Coughtrie et al., 2014). Additionally higher responses were achieved in older children and 

adults as well as in less deprived geographical areas, demonstrating the associations 

between age and deprivation with participation in a community-based study (Goldberg et 

al., 2001). The usefulness of self-swabbing has been reported in studies of respiratory 

viruses as well as S. aureus (Akmatov et al., 2012, Gamblin et al., 2013). Self-swabbing 

has also been shown to dramatically reduce the costs of a study compared to HCP 
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swabbing (Akmatov et al., 2011). These results have implications for the set up of future 

large carriage studies as self-swabbing is shown to be a potential alternative to more 

traditional and costly HCP swabbing methods. 

  

Although numbers of responses were fewer than anticipated, a large number of samples 

were obtained which has provided important information regarding the epidemiology and 

ecology of microbial species carried within the upper respiratory tract. Furthermore, the 

targeting of a large variety of individuals, in terms of age range, geographical area 

deprivation as well as demographic characteristics, has enabled the collection of a diverse 

set of samples. A number of carriage studies have previously compared swabbing 

methodologies for identification of single bacterial species (Watt et al., 2004, Uemura et 

al., 2004, Vaneechoutte et al., 1990). Other studies have compared carriage of multiple 

bacterial species within a single swab site (Kwambana et al., 2011, Mackenzie et al., 

2010, Harrison et al., 1999). Within this study, a larger set of species were targeted using 

self- and HCP-swabbing methods and within four different swab types. This has enabled a 

more realistic insight into carriage within the respiratory tract to be generated, which is 

closer to the true microbial community of these sample sites. 

 

There are, however, several limitations to this study which should be taken into account in 

the design of future large carriage studies. Numbers of responses might be further 

improved via the use of reminder letters, which would help to capture the proportion of 

individuals who may have forgotten or not had time to take part when the first letter or 

swab pack was sent out. Reminders were found to increase response rates in mail-based 

studies (Asch et al., 1997). The use of incentives for participation is a further method to 

enable greater levels of participation without necessarily incurring excessive additional 

costs. For example, the use of prize draws to incentivise participation might raise the level 

of response and the number of samples obtained. Financial incentives have also 

previously been shown to increase the participation of individuals within mail-based 

studies, with greater effort in survey responses (James and Bolstein, 1990). Additionally, 

the collection of information about non-responders would enable increased understanding 

of the reasons for non-response, which might in turn enable better study design. 

Examples of this might include the use of additional small questionnaires sent specifically 

to non-responders, to capture additional information about these individuals as well as to 

check for any bias which might result from non-response. A study analysing non-response 

in mail-based studies showed questionnaires and telephone calls to be successful in 

obtaining non-responder information (Kotaniemi et al., 2001). 
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7.2 Microbial Carriage in the Upper Respiratory Tract 

 

Culture-based identification techniques were used to identify six common bacterial 

respiratory tract colonisers: S. pneumoniae, H. influenzae, M. catarrhalis, S. aureus, P. 

aeruginosa and N. meningitidis. Real-time PCR was also used on a subset of samples in 

order to identify the same six bacteria as well as eight viral species: influenza A virus, 

influenza B virus, adenovirus, metapneumovirus, RSV, parainfluenza virus, coronavirus 

and rhinovirus/enterovirus. A vast amount of microbial carriage data was collected which 

has provided important information on microbial prevalence within the human upper 

respiratory tract and has helped to determine specific patterns of carriage within this set of 

individuals.  

 

Carriage results demonstrated the non-inferiority of a self-taken nose swab for the 

detection of S. pneumoniae, M. catarrhalis, S. aureus, P. aeruginosa, H. influenzae, 

adenovirus and coronavirus when compared with a HCP-taken NP swab. Other studies 

have also shown nose swabs to be as effective as NP swabs in detecting carriage of S. 

pneumoniae and H. influenzae (Rapola et al., 1997). However, WMS were shown to 

enable greater detection of M. catarrhalis and P. aeruginosa than nose or NP swabs. The 

detection of a single N. meningitidis isolate in swab samples may be due to the type of 

swabs used, as an oropharyngeal swab is preferable (Olcen et al., 1979). Furthermore, 

delays in swab transport may also have resulted in fewer isolates than expected as N. 

meningitidis survive for shorter periods of time (24h) than other respiratory species such 

as S. pneumoniae (48h), although the use of charcoal can promote survival (Farhat et al., 

2001, Caugant et al., 2007). Furthermore direct plating of swabs may also be a better 

approach for this species (Cunningham et al., 2001). Viral prevalence was found to be 

lower than that of bacterial species, which is thought to be a result of viruses being less 

associated with carriage but rather symptomatic infection (Jartti et al., 2008).  

 

Multivariate analysis demonstrated age to significantly affect carriage of a number of 

bacteria and viruses, with young participants experiencing higher carriage of S. 

pneumoniae, H. influenzae, P. aeruginosa and rhinovirus/enterovirus. Recent RTI was 

also associated with increased prevalence of S. pneumoniae, rhinovirus/enterovirus and 

coronavirus but decreased prevalence of M. catarrhalis. Co-carriage was also common 

between a number of bacteria and viruses and was significantly associated with young 

children and the occurrence of a recent RTI.  
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This knowledge will help to inform the targeting of future treatment and prevention 

strategies. Such knowledge is key to the development of new vaccines targeting S. 

aureus and M. catarrhalis (Harro et al., 2012, Otsuka et al., 2014) as well as new vaccines 

targeting greater numbers of S. pneumoniae serotypes (Skinner et al., 2011). This study 

was a cross-sectional study, which enabled the prevalence of microbial carriage to be 

assessed. This type of study design has a number of advantages: the association 

between outcomes and exposure can be explored, several outcomes can be studied 

within the same study and they are often cheap and easy to undertake (Mann, 2003). 

 

Despite the advantages of cross-sectional studies, there may also be advantages of 

performing other types of studies to understand microbial carriage in the upper respiratory 

tract. The extension of this study into a longitudinal study across a larger number of 

geographical areas and countries would enable the capture of longitudinal data as well as 

to determine the generalisability of patterns and trends across geographic regions both 

nationally and internationally. Longitudinal studies have been shown to provide important 

information regarding the transmission patterns of respiratory pathogens amongst 

individuals (Hill et al., 2010). The collection of carriage data from individuals at regular 

time-points, in order to assess incidence, could provide key information on the rate, and 

hence risk, of carriage over time. A recent incidence study has shown the risk of non-

vaccine type S. pneumoniae in causing IPD in eight centres across the USA (Hicks et al., 

2007). 

 

Swab types, transport media and storage media used in the study, although enable viral 

survival, were not thought to be optimal for the detection of viral species. Swab types are 

not optimised for the collection of respiratory epithelial cells which the viruses infect.  

Flocked swabs, on the other hand, have been shown to provide enhanced collection of 

respiratory epithelial cells and hence the collection of respiratory viruses compared to 

rayon swabs (Daley et al., 2006). Transport media is also crucial for preventing damage of 

viral particles as well as virus survival which may be important where viruses will 

subsequently be grown in cell culture (Johnson, 1990). Viral transport medium (VTM) is 

commonly used for preserving viruses during sample transport (Madeley, 1977). However, 

in contrast to STGG, which can support both viral and bacterial species, VTM does not 

support bacterial growth due to the inclusion of antibiotic agents (Turner et al., 2011b). 

The use of additional specific viral transport and storage media could provide more 

accurate data on viral prevalence, but this would need to be achieved via additional 

swabs. 
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The use of real-time PCR is thought to more sensitive in detecting a number of bacterial 

species than more traditional culture-based methods (McAvin et al., 2001, Ueyama et al., 

1995). However, the detection of nucleic acids to identify species may also result in the 

detection of dead bacterial cells which may artificially raise the frequency of carriage of 

these bacterial respiratory species (Rogers et al., 2008). However, the interpretation of 

such culture-negative PCR-positive samples is difficult. False-positives in non-sterile sites 

such as the upper and lower respiratory tract are problematic when studying infection as 

their clinical significance may be questionable (Guclu et al., 2005). 

 

 

7.3 Phenotypic and Molecular Diversity of Respiratory Bacteria 

 

Molecular and phenotypic typing of bacterial species was performed using PCR 

serotyping, antibiotic sensitivity testing as well as in silico serotyping, multi-locus 

sequence typing, vaccine candidate and antibiotic resistance gene analysis. These 

analyses revealed high levels of intra-species diversity, low levels of antibiotic resistance 

genes and low levels of vaccine type S. pneumoniae and H. influenzae. High intra-species 

diversity within these respiratory isolates is potentially a result of the pressures imposed 

by current vaccination strategies (Croucher et al., 2011) as well as the high levels of 

recombination in S. pneumoniae (Golubchik et al., 2012). Few antibiotic resistance genes 

within this group of isolates reflects the low and stable levels of antibiotic-resistant 

respiratory species in the UK (Reynolds, 2009). Continued monitoring of levels of 

antibiotic resistance within respiratory isolates within the UK is essential for clinical 

treatment of infection (Reynolds, 2009). The lack of widespread vaccine candidate gene 

presence within the isolates collected in this study demonstrates one of a number of 

difficulties in the development of protein-based vaccines against these species (Tai, 

2006).  

 

Few vaccine type S. pneumoniae and H. influenzae within this set of isolates is indicative 

of the effectiveness of current PCV-13 and Hib vaccines in targeting specific serotypes 

(Tocheva et al., 2011, Miller et al., 2011). The high proportion of non vaccine-type S. 

pneumoniae is reflective of the process of serotype replacement which has seen as shift 

in serotypes as a result of vaccination. Serotype replacement in carriage is not thought to 

lead to future large increases in the incidence of invasive disease caused by non vaccine 

type S. pneumoniae (Hanage et al., 2010). The identification of increasingly common non 
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vaccine-type serotypes such as S. pneumoniae serotypes 6C, 11A/D and 23B and non-

typeable H. influenzae have provided important information instrumental for the 

epidemiological assessment of vaccines and for the development of future vaccines.  

 

In silico analysis has been shown to have increased sensitivity and resolution for detection 

of S. pneumoniae serotypes (Gladstone, 2013). The application of these rapid typing 

methods is vital in clinical microbiology and in the understanding patterns of antimicrobial 

resistance and virulence (Inouye et al., 2014b). Furthermore whole genome sequencing 

technology has been shown to be useful in monitoring outbreak situations (Grad et al., 

2012). However, currently whole genome sequencing remains expensive and substantial 

changes in the infrastructure, training of staff and computing resources would be required 

before the method could be used routinely in clinical laboratories (Didelot et al., 2012). 

Furthermore, interpretation of sequencing results may also be difficult, especially with 

sequencing technologies such as 16S rDNA analysis (Woo et al., 2008). 

 

In silico methods for assessing presence of capsular, antibiotic resistance and vaccine 

candidate genes, although a powerful tool, do not provide gene expression information. 

Further serological typing, minimum inhibitory concentration (MIC) testing and vaccine 

candidate gene expression analysis (such as microarray) would provide a more accurate 

indication of the expression of these genes (Austrian, 1976, Jorgensen et al., 1990, 

Peterson et al., 2000). A further limitation of this analysis is that a limited set of candidate 

vaccine antigens was analysed within a small set of bacterial isolates. Further 

bioinformatics analyses including the use of single nucleotide polymorphism (SNP) 

analysis on a larger set of isolates would provide additional more in-depth information on 

the incidence of these and other vaccine candidate antigens (Landegren et al., 1998). 

 

7.4 Ecology of Microbial Respiratory Tract Communities 

 

Ecological analysis of respiratory tract samples involved the use of established methods 

for understanding the assembly and interactions of microbial species within a novel 

context, that of the respiratory community. Nestedness, species distribution and species 

abundance analyses were undertaken using real-time PCR data from nose and NP 

swabs.  

 

These analyses revealed respiratory tract communities to be highly nested in older 

participants, those without recent RTI and within winter samples but less nested in young 
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children, those with recent RTI and summer samples. Lower levels of nestedness in these 

individuals is thought to be related to the reduced isolation of species, allowing greater 

transmission, and the role of the immune system in maintaining species diversity.  

Furthermore, communities within the respiratory tract were found to have a clumped 

distribution of species within young individuals, demonstrating facilitative relationships 

occurring between the species within the upper respiratory tract. Facilitative relationships 

are thought to enhance transmission opportunities and survival of species carried in the 

respiratory tract. Respiratory species abundances were found to fit more closely to the 

neutral model of community assembly within young individuals, those with RTI and winter 

samples but deviated from this model in older participants, those without recent RTI and 

summer samples with species abundances fewer than could be explained by the neutral 

model, demonstrating niche characteristics of a dominance hierarchy. There is likely to be 

both neutral and niche processes involved the microbial community formation in the upper 

respiratory tract with speciation and the environment playing key roles (Jeraldo et al., 

2012, Dumbrell et al., 2010). 

 

The application of ecology theory to sets of respiratory tract samples has allowed the 

understanding of species patterns and interactions within communities. The development 

of such methodologies will allow predictions of microbial variation as a result of infection, 

season and increasing age. Monitoring communities in states of health and disease is 

important for generating knowledge that will be useful in clinical practice (Costello et al., 

2009). Ecological theory may also go hand in hand with phylogenetic methods in order to 

understand the mechanisms underlying community structure within non-culturable 

communities (Jeraldo et al., 2012). 

 

In order to improve ecological analyses, viral abundance data (virus-like particles per mL) 

could be collected. This has previously been achieved in other studies via culture-based, 

microscopy or flow cytometry techniques (Suttle, 2007). However, culture-based methods 

do not allow the accurate quantification of total viral abundance within a sample and 

transmission electron microscopy is a highly inaccurate and variable method (Suttle, 

2007). Flow cytometry is a useful method, however, methodological inconsistencies have 

been problematic in the use of this method (Brussaard, 2004). The use of 16S community 

analysis would also offer greater information on the whole bacterial community of the 

respiratory tract, as even increased numbers of targets within culture and real-time PCR 

will inevitably miss more obscure, novel or non-culturable species (Woo et al., 2008). 

However, 16S analysis does not target viral species. The use of ecological theory to 

understand community assembly patterns also has its limitations. Neutral theory assumes 



204 
 

there is no variation in the number of total species within a community whilst niche theory 

does not explain the process of dispersal (Mikkelson, 2005, Chase and Leibold, 2003). It 

had been proposed that niche and neutral theories should be used in conjunction, a 

process known as synthesis (Mikkelson, 2005, Hubbell, 2001).  

 

7.5 Future Work 

 

Future work will be conducted to address the limitations and expand the knowledge 

gained from this study. A larger community-based swabbing study is likely to be 

conducted across multiple geographical areas within the United Kingdom. This will reduce 

the inevitable bias associated with conducting a study within a very small geographical 

area and enable the generalisability of the findings from this study to be established 

(Bellomo et al., 2009). Further work will also entail the development of ecological aspects 

of this project using 16S rDNA sequencing. This method will enable the collection of 

abundance data from the entire bacterial community and will provide results which are not 

biased by detection of specific species (Woo et al., 2008). Finally, further work will be 

undertaken in order to further develop the ecological modelling of multiple respiratory tract 

species in order to account for acquired or specific host immunity as has been undertaken 

on S. pneumoniae (Cobey and Lipsitch, 2012).  

 

7.6 Final Conclusion 

 

This project has produced important epidemiological and ecological information that will 

be instrumental in the fight against respiratory disease, meningitis and septicaemia. 

Firstly, it has provided information that will help to inform future carriage study design, 

which will not only reduce the costs of such studies but also improve outcomes. Such 

information is also applicable to larger multi-centre carriage studies, which will help to 

tackle respiratory disease, septicaemia and meningitis on a global scale. Secondly, the 

project has provided key epidemiological information regarding patterns and trends in 

circulating bacterial species and types. This information will help to inform the 

development of new treatment and prevention strategies as well as targeted and effective 

antibiotics and vaccination policies. Finally, the project has produced novel ecological 

information regarding the interactions and community structure of microbial respiratory 

tract communities. This information paves the way for ecological modelling of community 
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composition that may facilitate predictions of microbial variation as a result of interventions 

such as vaccination. Future work will focus on 16S rDNA community analysis and 

ecological methodologies in order to gain insight into the true diversity of the bacterial 

upper respiratory tract community and to detect novel and non-culturable species as well 

as the set up of future large carriage studies. 
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Appendices 
 

Appendix 1. Study Questionnaire 
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Appendix 2. Study Laboratory Sample Sheet 
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Appendix 3. Standard Curves for Quantification of Bacterial Species 

(A) S. aureus

 

(B) S. pneumoniae
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Appendix 3 continued. Standard Curves for Quantification of Bacterial Species 

(C) H. influenzae

 

(D) N. meningitidis 
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Appendix 3 continued. Standard Curves for Quantification of Bacterial Species 

(E) P. aeruginosa 

 

(F) M. catarrhalis 
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Appendix 4. Mastermix Components for PCR Serotyping of S. pneumoniae 

(50 reactions) 

 Pool 1 Component Volume(µl) 

Primers 
(100mM) 

CPSA-F 
CPSA-R 

0.625 

6(6A/6B/6C)-F 
6(6A/6B/6C)-R 

1.875 
3-F 
3-R 

19A-F 
19A-R 

22F/22A-F 
22F/22A-R 

3.125 

16F-F 
16F-R 

2.500 

Other 

PCR water 213.8 

50mM MgCl2 25.0 

2x Red PCR Mix 312.5 

 

 Pool 2 Component Volume (µl) 

Primers 
(100mM) 

CPSA-F 
CPSA-R 

0.625 

8-F 
8-R 

1.250 

33F/33A/37-F 
33F/33A/37-R 

1.875 
15A/15F-F 
15A/15F-R 

7F/7A-F 
7F/7A-R 

2.500 

23A-F 
23A-R 

3.125 

Other 

PCR water 215.0 

50mM MgCl2 25.0 

2x Red PCR Mix 312.5 

 

 Pool 3 Component Volume (µl) 

Primers 
(100mM) 

CPSA-F 
CPSA-R 

0.625 

19F-F 
19F-R 

3.125 
12F/12A/44/46-F 
12F/12A/44/46-R 

11A/11D-F 
11A/11D-R 

1.875 
38/25F-F 
38/25F-R 

35B-F 
35B-R 

3.125 

Other 

PCR water 210.0 

50mM MgCl2 25.0 

2x Red PCR Mix 312.5 
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Appendix 4 continued. Mastermix Components for PCR serotyping of S. 

pneumoniae (50 reactions) 

 Pool 4 Component Volume (µl) 

Primers 
(100mM) 

CPSA-F 
CPSA-R 

0.625 
24A/24B/24F-F 
24A/24B/24F-R 

7C/7B/40-F 
7C/7B/40-R 

1.875 
4-F 
4-R 

18A/18B/18C/18F-F 
18A/18B/18C/18F-R 

9V/9A-F 
9V/9A-R 

3.125 

Other 

PCR water 217.5 

50mM MgCl2 25.0 

2x Red PCR Mix 312.5 

 

 Pool 5 Component Volume (µl) 

Primers 
(100mM) 

CPSA-F 
CPSA-R 

0.625 

14-F 
14-R 

1.875 
1-F 
1-R 

23F-F 
23F-R 

3.125 

15B/15C-F 
15B/15C-R 

1.875 

10A-F 
10A-R 

3.125 

Other 

PCR water 212.5 

50mM MgCl2 25.0 

2x Red PCR Mix 312.5 

 

 Pool 6 Component Volume (µl) 

Primers 
(100mM) 

CPSA-F 
CPSA-R 

0.625 

39-F 
39-R 

1.250 

10F/10C/33C-F 
10F/10C/33C-R 

1.875 
5-F 
5-R 

35F/47F-F 
35F/47F-R 

17F-F 
17F-R 

3.125 

Other 

PCR water 216.3 

50mM MgCl2 25.0 

2x Red PCR Mix 312.5 
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Appendix 4 continued. Mastermix Components for PCR serotyping of S. 

pneumoniae (50 reactions) 

 Pool 7 Component Volume (µl) 

Primers 
(100mM) 

CPSA-F 
CPSA-R 

0.625 

23B-F 
23B-R 

1.250 

35A/35C/42-F 
35A/35C/42-R 

1.875 
34-F 
34-R 

9N/9L-F 
9N/9L-R 

3.125 
31-F 
31-R 

Other 

PCR water 213.8 

50mM MgCl2 25.0 

2x Red PCR Mix 312.5 

 

 Pool 8 Component Volume (µl) 

Primers 
(100mM) 

CPSA-F 
CPSA-R 

0.625 

21-F 
21-R 

1.250 

2-F 
2-R 

1.875 
20-F 
20-R 

13-F 
13-R 

2.500 

Other 

PCR water 217.5 

50mM MgCl2 25.0 

2x Red PCR Mix 312.5 

 
 

 Pool 6C Component Volume (µl) 

Primers 
(100mM) 

CPSA-F 
CPSA-R 

0.625 

6A/6B/6C-F 
6A/6B/6C-R 

1.875 

6C-F 
6C-R 

3.125 

Other 

PCR water 226.3 

50mM MgCl2 25.0 

2x Red PCR Mix 312.5 
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Appendix 5. Primers for in silico Serotyping of S. pneumoniae 

srt1 CTCTATAGAATGGAGTATATAAACTATGGTTA CCAAAGAAAATACTAACATTATCACAATATTGGC 400 200 

srt2 TATCCCAGTTCAATATTTCTCCACTACACC ACACAAAATATAGGCAGAGAGAGACTACT 400 200 

srt3 ATGGTGTGATTTCTCCTAGATTGGAAAGTAG CTTCTCCAATTGCTTACCAAGTGCAATAACG 500 300 

srt4 CTGTTACTTGTTCTGGACTCTCGATAATTGG GCCCACTCCTGTTAAAATCCTACCCGCATTG 600 300 

srt5 ATACCTACACAACTTCTGATTATGCCTTTGTG GCTCGATAAACATAATCAATATTTGAAAAAGTATG 500 300 

srg6A_6B_6C_6D AATTTGTATTTTATTCATGCCTATATCTGG TTAGCGGAGATAATTTAAAATGATGACTA 350 200 

srg6C_6D CATTTTAGTGAAGTTGGCGGTGGAGTT  AGCTTCGAAGCCCATACTCTTCAATTA 900 600 

srts7C_7B_40 CTATCTCAGTCATCTATTGTTAAAGTTTACGACGGGA GAACATAGATGTTGAGACATCTTTTGTAATTTC 400 200 

srg7F_7A TCCAAACTATTACAGTGGGAATTACGG ATAGGAATTGAGATTGCCAAAGCGAC 700 500 

srt8 GAAGAAACGAAACTGTCAGAGCATTTACAT  CTATAGATACTAGTAGAGCTGTTCTAGTCT 300 100 

srg9N_9L GAACTGAATAAGTCAGATTTAATCAGC  ACCAAGATCTGACGGGCTAATCAAT 600 400 

srg9V_9A GGGTTCAAAGTCAGACAGTGAATCTTAA CCATGAATGAAATCAACATTGTCAGTAGC 900 700 

srt10A GGTGTAGATTTACCATTAGTGTCGGCAGAC GAATTTCTTCTTTAAGATTCGGATATTTCTC  700 500 

srts10F_10C_33C GGAGTTTATCGGTAGTGCTCATTTTAGCA CTAACAAATTCGCAACACGAGGCAACA 350 200 

srg11A_11D GGACATGTTCAGGTGATTTCCCAATATAGTG GATTATGAGTGTAATTTATTCCAACTTCTCCC  600 400 

srts12F_12A_44_46 GCAACAAACGGCGTGAAAGTAGTTG CAAGATGAATATCACTACCAATAACAAAAC 500 300 

srt13 TACTAAGGTAATCTCTGGAAATCGAAAGG  CTCATGCATTTTATTAACCGCTTTTTGTTC 800 600 

srt14 GAAATGTTACTTGGCGCAGGTGTCAGAATT GCCAATACTTCTTAGTCTCTCAGATGAAT  300 100 

srg15A_15F ATTAGTACAGCTGCTGGAATATCTCTTC GATCTAGTGAACGTACTATTCCAAAC  600 400 

srg15B_15C TTGGAATTTTTTAATTAGTGGCTTACCTA CATCCGCTTATTAATTGAAGTAATCTGAACC 700 400 

srt16F GAATTTTTCAGGCGTGGGTGTTAAAAG CAGCATATAGCACCGCTAAGCAAATA 800 600 

srt17F TTCGTGATGATAATTCCAATGATCAAACAAGAG GATGTAACAAATTTGTAGCGACTAAGGTCTGC 800 600 

srg18A_18B_18C_18F CTTAATAGCTCTCATTATTCTTTTTTTAAGCC TTATCTGTAAACCATATCAGCATCTGAAAC 700 500 

srt19A GAGAGATTCATAATCTTGCACTTAGCCA CATAATAGCTACAAATGACTCATCGCC 700 500 

srt19F GTTAAGATTGCTGATCGATTAATTGATATCC GTAATATGTCTTTAGGGCGTTTATGGCGATAG 400 250 

srt20 GAGCAAGAGTTTTTCACCTGACAGCGAGAAG CTAAATTCCTGTAATTTAGCTAAAACTCTTATC 600 450 

srt21 CTATGGTTATTTCAACTCAATCGTCACC  GGCAAACTCAGACATAGTATAGCATAG 300 100 

srg22F_22A GAGTATAGCCAGATTATGGCAGTTTTATTGTC CTCCAGCACTTGCGCTGGAAACAACAGACAAC 800 600 

srt23A TATTCTAGCAAGTGACGAAGATGCG CCAACATGCTTAAAAACGCTGCTTTAC 850 650 

srt23B CCACAATTAGCGCTATATTCATTCAATCG GTCCACGCTGAATAAAATGAAGCTCCG 300 100 

srt23F GTAACAGTTGCTGTAGAGGGAATTGGCTTTTC CACAACACCTAACACTCGATGGCTATATGATTC 500 300 

srg24A_24B_24F GCTCCCTGCTATTGTAATCTTTAAAGAG GTGTCTTTTATTGACTTTATCATAGGTCGG 200 50 

srt31 GGAAGTTTTCAAGGATATGATAGTGGTGGTGC CCGAATAATATATTCAATATATTCCTACTC 800 600 

srts33F_33A_37 GAAGGCAATCAATGTGATTGTGTCGCG CTTCAAAATGAAGATTATAGTACCCTTCTAC 500 300 

srt34 GCTTTTGTAAGAGGAGATTATTTTCACCCAAC CAATCCGACTAAGTCTTCAGTAAAAAACTTTAC 500 300 

srts35A_35C_42 ATTACGACTCCTTATGTGACGCGCATA CCAATCCCAAGATATATGCAACTAGGTT 400 200 

srt35B GATAAGTCTGTTGTGGAGACTTAAAAAGAATG CTTTCCAGATAATTACAGGTATTCCTGAAGCAAG 800 600 

srt35F_47F GAACATAGTCGCTATTGTATTTTATTTAAAGCAA GACTAGGAGCATTATTCCTAGAGCGAGTAAACC 700 500 

srts38_25F_25A CGTTCTTTTATCTCACTGTATAGTATCTTTATG ATGTTTGAATTAAAGCTAACGTAACAATCC 700 500 

srt39 TCATTGTATTAACCCTATGCTTTATTGGTG GAGTATCTCCATTGTATTGAAATCTACCAA 200 50 

cpsA GCAGTACAGCAGTTTGTTGGACTGACC GAATATTTTCATTATCAGTCCCAGTC 300 100 

cps15bM ATGGTTACTAAAGATAAAGGATTAACA TTAACTAAACCTTTTTAATAGTCTGTTT 1200 800 

wzy33f ATGCATGTTAGATTAGATGGTTTGCTGGACTA TTAATTAGTAATGTACTGTTTCTCATGAC 1400 1100 

wzy33d ATGTCAGTTAGAAAACTATCTTTAATAGATATA TTACGTTCCAGTTTTATCTAATGTTACAA 1300 1100 

wcwV22 ATGAAAAAAGTATTAATTGTCCGAA TTACCTTTCATCAAATGTCTCAATTATTTT 1300 1000 

wzy35F_47F GTGATGAAAGTAGTAATAAAAAGAAAGTCTTT CTATATAATTTCTTCAAAAGAATTTTCCC 1400 1000 

wcjE11 ATGAAAATATGTTTAGTTGGGTCTAGTGGA TTAGAAAATCCCTCGAGATTAATTGCTTTT 500 300 

wcwR11 ATGAAAAATGATAGGAAAGCTCAACTAATA TTACTTCTCTAATGCTATATTCCTCGCTGG 800 100 

wcwC11 ATGAAAGGGAAGAGTTTTCTTTTGAAGATG TCATGTTTGTGTCTCTCCATTCAGCCAATT 800 600 

gct11 ATGAAAAGAGTAATTACTTATGGAACCTTT CTAATCTGCTAAATCTTCTTTAATTTTAGT 500 200 

WciP6 ATGGGAAAGTCAGTTGCAATTTTAATG TTATAAGAGTTCTTTCATAATATATTTTTT 1200 900 

WciNbeta TTTTATAATGTTCTAAAGGGAGATATGAGT GCTTTTTTAGCAGGCGACATAGTTTTTCTT 2200 1200 

38wcyD GTGAAAAAAATAGTATTTTTGTGTCCATACTTT TCATTCCGACCTCCAAATTTTATTCCATAATCG 1100 800 

22FwcwC ATGAAAGGATTACAAATGATAATCAAA TTTAATACTACTTTCTTTCCATTAAAAT 800 500 
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srtA CTACTCATTGCAGCATTTGC GAATATGACCTGATCTTCTG 0 5000 

srtB GCGAAAGTGAACTCTTATCTCTC GCTTACGCTTCTATCTCGGTGAA 0 5000 

srtC TCTGTGTAGATGATGGTTCA CAGAGGCAAGCTATTAGTGA 0 5000 

srtD TGATGACCGATACAACCTGT TCCACTCTTCAAACCATTCT 0 5000 

srtE TTTGGTAACGAATGTAGTGGTAG ATAGCTTTACTGTATAAGTCTAG 0 5000 

srtF GCTACTATCAAGTCCAAATC CGCAATTATGGAAGAAAGCT 0 5000 

bexB GGTGATTAACGCGTTGCTTATGCG TTGTGCCTGTGCTGGAAGGTTATG 0 5000 

ompP ATAACAACGAAGGGACTAACG ACCTACACCCACTGATTTTTC 0 5000 
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Appendix 7. PlotTemp.R Script used for Nestedness Analysis 

# Calculate and plot incidence temperature, using packages: vegan and permute 

 # Function plot_temp("filename") plots incidence temperature from a filename in 

quotes 

 # NOTE: Top-left cell must be empty! I.e. No header for samples. 

 # NOTE: Need to load package 'vegan' 

 # Call and run the function with the commands: 

 # source("PlotTemp.R") 

 # plot_temp("filename") 

   plot_temp <- function(fichero) 

   { 

   if (class(fichero) != "character") stop("request filename in quotes") 

   diatoms <- read.table(fichero, header=T) 

   library(vegan) 

   library(permute) 

   tempspecies <- nestedtemp(species)  

   # plot of the nestedness temperature matrix with no labels or title, 

   # square plot (use "asp = 1" for squares inside) 

   par(col = "black", lwd = 2, pty = "s", mar=(c(2,4,8,2)+0.1))  

   # names=TRUE writes the names of the species and the sample numbers of the 

   plot(tempspecies, kind="incid", ann = FALSE, names=T) 

   # Bring legends close to axes 

   mtext(side = 3, text = "Species by incidence", line = 6, cex = 1.25) 

   mtext(side = 2, text = "Samples by richness", line = 3, cex = 1.25) 

   # gives temperature and matrix fill of the analysed matrix 

   source("ResetPar.R") 

   tempspecies 

   } 
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Appendix 8. Antigen alleles present in S. pneumoniae isolates 

Allele Count (n) % of isolates 

cbpD_152 34 100 

cbpG_335 28 82.35294 

cppA_400 34 100 

cps2A_127 1 2.941176 

cps2B_408 6 17.64706 

cps2C_429 11 32.35294 

cps2D_433 11 32.35294 

cps2E_147 11 32.35294 

cps2L_351 20 58.82353 

cps2P_443 8 23.52941 

cps2T_202 2 5.882353 

eno_157 34 100 

eno_159 34 100 

htrA/degP_201 34 100 

hysA_40 33 97.05882 

iga_10 6 17.64706 

iga_12 6 17.64706 

iga_5 13 38.23529 

iga_8 11 32.35294 

lmb_316 34 100 

lytA_302 34 100 

lytA_303 34 100 

lytB_69 34 100 

lytB_77 34 100 

lytC_119 33 97.05882 

nanA_42 26 76.47059 

nanA_51 11 32.35294 

pavA_98 34 100 

pce/cbpE_86 34 100 

piaA_265 33 97.05882 

piaA_298 34 100 

plr/gapA_247 34 100 

plr/gapA_263 34 100 

plr/gapA_272 34 100 

plr/gapA_274 34 100 

ply_136 34 100 

psaA_312 34 100 

pspA_64 1 2.941176 

pspA_72 3 8.823529 

pspA_88 1 2.941176 

pspA_90 4 11.76471 

pspC/cbpA_70 27 79.41176 
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Appendix 8 continued. Antigen alleles present in S. pneumoniae isolates 

Allele Count (n) % of isolates 

pspC/cbpA_73 27 79.41176 

pspC/cbpA_74 20 58.82353 

pspC/cbpA_76 3 8.823529 

rfbA_348 15 44.11765 

rfbB_257 11 32.35294 

rfbD_359 8 23.52941 

rmlA_349 19 55.88235 

rmlA_352 5 14.70588 

rmlA_353 5 14.70588 

rmlB_257 9 26.47059 

rmlB_261 4 11.76471 

rmlC_445 8 23.52941 

rmlD_357 14 41.17647 

rrgA_54 2 5.882353 

rrgC_205 2 5.882353 

slrA_375 34 100 

SMU.322c_331 15 44.11765 

SP_0346_127 16 47.05882 

SP_0347_408 18 52.94118 

SP_0348_430 6 17.64706 

SP_0348_431 6 17.64706 

SP_0349_435 2 5.882353 

SPH_0455_127 11 32.35294 

SPH_0456_408 9 26.47059 

SPH_0457_429 9 26.47059 

SPH_0458_433 11 32.35294 

SPH_0459_147 9 26.47059 

SPH_0460_398 4 11.76471 

SPH_0461_368 4 11.76471 

SPH_0462_346 4 11.76471 

SPH_0463_154 4 11.76471 

SPH_0464_134 4 11.76471 

SPH_0465_243 4 11.76471 

srtA_397 33 97.05882 

srtB_338 2 5.882353 

srtC_339 2 5.882353 

srtD_360 2 5.882353 

STER_1224_353 2 5.882353 

STER_1444_347 8 23.52941 

tig/ropA_163 34 100 

tig/ropA_165 34 100 

tig/ropA_166 33 97.05882 

tig/ropA_167 3 8.823529 

wchA_146 9 26.47059 
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Appendix 8 continued. Antigen alleles present in S. pneumoniae isolates 

Allele Count (n) % of isolates 

wchJ_465 3 8.823529 

wzd_428 11 32.35294 

wze_435 9 26.47059 

wzg_127 5 14.70588 

wzh_407 19 55.88235 

zmpB_11 3 8.823529 

zmpB_14 1 2.941176 

zmpB_6 7 20.58824 

zmpC_16 6 17.64706 
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Appendix 9. Antigen alleles present in H. influenzae isolates 

Allele Count (n) % of isolates 

CGSHiEE_06765_54 3 9.375 

CGSHiEE_07700_95 3 9.375 

CGSHiEE_08890_19 1 3.125 

CGSHiGG_06430_10 4 12.5 

CGSHiGG_08950_54 16 50 

comE/pilQ_75 32 100 

galE_141 32 100 

galU_185 32 100 

gmhA/lpcA_251 18 56.25 

gmhA/lpcA_252 18 56.25 

gmhA/lpcA_253 32 100 

hemH_153 32 100 

hemM_243 32 100 

hemN_110 32 100 

hemR_27 32 100 

hemX_96 32 100 

hemY_82 32 100 

hgbA_20 1 3.125 

hgpB_16 32 100 

hgpB_17 32 100 

hgpC_11 28 87.5 

hgpC_12 32 100 

hgpC_9 31 96.875 

hgpD_13 4 12.5 

HI0867_95 20 62.5 

HI1064_54 6 18.75 

hia/hsf_246 11 34.375 

hifA_247 3 9.375 

hifB_241 10 31.25 

hifC_26 10 31.25 

hifD_240 7 21.875 

hifE_79 2 6.25 

hitA_148 32 100 

hitB_59 32 100 

hitC_120 32 100 

hmw1A_4 1 3.125 

hmw1B_52 4 12.5 

hmw1C_33 2 6.25 

hmw2A_3 1 3.125 

hmw2B_52 2 6.25 

hmw2C_33 4 12.5 

htrB_167 32 100 

hxuA_22 32 100 

hxuA_24 32 100 
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Appendix 9 continued. Antigen alleles present in H. influenzae isolates 

Allele Count (n) % of isolates 

hxuA_25 32 100 

hxuB_41 32 100 

hxuC_28 32 100 

hxuC_29 32 100 

iga1_1 6 18.75 

iga1_2 6 18.75 

kdkA_26 32 100 

kdkA_226 32 100 

kdsA_193 32 100 

kdsA_194 12 37.5 

kdsB_216 32 100 

kdtA_85 32 100 

kfiC_222 23 71.875 

kpsF_144 32 100 

lex2A_265 27 84.375 

lex2B_223 30 93.75 

lgtA_154 31 96.875 

lgtC_151 30 93.75 

lgtF_217 32 100 

lic2A_164 32 100 

lic2A_178 32 100 

lic2A_199 18 56.25 

lic3A_146 32 100 

licA_115 32 100 

licB_189 32 100 

licC_231 32 100 

licD_207 24 75 

lpsA_196 16 50 

lpt6_47 32 100 

lpxA_210 32 100 

lpxB_107 32 100 

lpxC_174 32 100 

lpxC_175 31 96.875 

lpxD_136 32 100 

lpxH_227 32 100 

lpxK_147 32 100 

lsgA_100 32 100 

lsgB_176 32 100 

lsgC_125 32 100 

lsgD_212 32 100 

lsgE_186 32 100 

lsgF_203 32 100 

manA_268 24 75 

manB_48 16 50 
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Appendix 9 continued. Antigen alleles present in H. influenzae isolates 

Allele Count (n) % of isolates 

mrsA/glmM_76 32 100 

msbA_38 32 100 

msbA_39 32 100 

msbB_159 32 100 

neuA_236 32 100 

NTHI1224_54 7 21.875 

oapA_81 30 93.75 

ompP2_111 28 87.5 

ompP2_116 32 100 

ompP2_118 18 56.25 

ompP2_126 32 100 

ompP5_117 29 90.625 

opsX/rfaC_129 32 100 

orfE_187 24 75 

orfM_250 32 100 

orfO_270 2 6.25 

pgi_42 32 100 

pilA_262 30 93.75 

pilA_263 28 87.5 

pilB_67 32 100 

pilC_93 32 100 

pilD_234 32 100 

rfaD_170 2 6.25 

rfaD_171 32 100 

rfaE_62 32 100 

rfaE_63 17 53.125 

rfaF_132 32 100 

rffG_130 9 28.125 

rffG_145 24 75 

siaA_173 2 6.25 

siaA_190 16 50 

tbpA_23 32 100 

tbp_34 11 34.375 

tbp_35 10 31.25 

tbp_36 14 43.75 

tbp_60 5 15.625 

waaQ_119 32 100 

wbaP/rfbP_64 24 75 

wbaP/rfbP_65 24 75 

wecA_121 32 100 

yhbX_58 32 100 

yhxB/manB_48 16 50 

hpd 27 84.4 
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Appendix 10. Chi-squared Test Results showing Deviations from the Random (Poisson) Distribution in real-time PCR samples 

 Nose NP 

X2 p df X2 p df 

Season 
Summer 21.753 <0.001 5 NA NA NA 

Winter 6.614 0.358 6 NA NA NA 

Age (years) 

0-4 20.417 0.002 6 9.856 0.079 5 

5-17 8.354 0.138 5 3.055 0.383 3 

18-64 5.323 0.256 4 6.563 0.087 3 

≥65 0.153 0.985 3 10.030 0.018 3 

RTI 
Yes 7.461 0.189 5 7.927 0.160 5 

No 15.437 0.009 6 15.302 0.004 4 

X
2 
= Chi-squared, df = degrees of freedom, Deviations with X

2
 P-value < 0.05 are highlighted in bold.  

RTI = respiratory tract infection. NP = nasopharyngeal swab. NA = not applicable. 
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