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Abstract 

Background: Respiratory infections are the most common cause of illness and mortality in 

children under 5 years of age. Pneumonia is the leading cause of childhood mortality in 

low-income countries, responsible for the deaths of nearly 1 million children each year. In 

middle- and high-income countries, upper respiratory tract infections (URTIs), especially 

otitis media (OM), represent the most common acute illness evaluated in an outpatient 

setting. The most common bacterial pathogens isolated in both pneumonia and OM are 

Streptococcus pneumoniae and Haemophilus influenzae. 

The upper respiratory tract acts as a reservoir of a diverse community of commensal and 

opportunistic pathogens, and the organisms causing respiratory infections are common 

colonisers of healthy individuals. Bacterial colonisation of the nasopharynx always 

precedes disease. Increased S. pneumoniae and H. influenzae density in the nasopharynx 

has been shown to correlate with the onset of URTIs. Collection of samples for 

determining the aetiology of pneumonia and OM is challenging due to difficulty in 

accessing the site of infection (lung and middle ear) for specimen collection. Therefore, 

the use of nasopharyngeal swabs as a proxy for determining the aetiology of respiratory 

infection is appealing. 

Development of accurate tools to determine the density of bacterial species within clinical 

specimens is paramount to providing a better understanding of the role of colonisation in 

disease, and for assessing the impact of preventative therapies. Vaccines, such as the 

pneumococcal conjugate vaccines (PCVs) have the potential to eliminate pathogenic 

colonisation from the respiratory tract to prevent development of disease and induce herd 

immunity. 

The aims of this study were: 

1) To develop a specific qPCR assay to reliably quantify H. influenzae 

2) To compare otopathogen density in the nasopharynx of otitis-prone and healthy 

children 

3) To assess the impact of the 10-valent pneumococcal conjugate vaccine (PCV10) on 

S. pneumoniae and H. influenzae nasopharyngeal carriage densities in otitis-prone 

and healthy children 
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4) To assess the impact of PCVs on S. pneumoniae and H. influenzae carriage densities 

in a population with high burden of pneumonia 

Methods: New qPCR assays were developed to accurately detect and quantify H. influenzae 

and the closely related commensal Haemophilus haemolyticus. This, along with previously 

published probe-based assays for the detection of S. pneumoniae, Moraxella catarrhalis 

and Staphylococcus aureus were applied to nasopharyngeal swabs and middle ear effusion 

samples from 40 Western Australian (WA) children with recurrent acute otitis media 

(otitis-prone) and 40 healthy controls. A cohort of 457 children in New Zealand (NZ) 

receiving either PCV7 or PCV10 were also assessed to determine the impact of PCV10 

introduction on H. influenzae and S. pneumoniae carriage densities. 

To explore the impact of PCV10 and PCV13 on nasopharyngeal carriage of S. pneumoniae 

and H. influenzae in a high-risk population, qPCR for was applied to 792 nasopharyngeal 

swabs collected from 132 infants enrolled in a pneumococcal vaccine study in Papua New 

Guinea (PNG), where infant morbidity and mortality due to pneumococcal disease are 

among the highest documented in the world. 

Results: Otitis-prone children were found to have a higher carriage rates of H. influenzae 

in their nasopharynx compared with those who were not otitis-prone in both the WA 

cohort (62.5% vs 15%, p<0.0001) and NZ cohort (62.5% vs 47.7%, p=0.0004). The highest 

nasopharyngeal H. influenzae carriage density was observed in children who also had H. 

influenzae detected in their middle ear compared to those who did not (WA: 968 pg/ml 

vs 6 pg/ml, p=0.0357; NZ: 31.08x103 pg/ml vs 2.39x103 pg/ml, p<0.0001). PCV10, despite 

including 3 additional pneumococcal serotypes and H. influenzae Protein D, was found to 

have no impact on reducing the H. influenzae or S. pneumoniae carriage rate or carriage 

density in comparison with PCV7 in otitis-prone and healthy children in NZ. PNG children 

were colonised very early in life (71% of children colonised with S. pneumoniae and 55% 

colonised with H. influenzae at 1 month of age) with exceptionally high densities of S. 

pneumoniae and H. influenzae (median pneumococcal density of 16.38x103 pg/ml and 

median H. influenzae density of 19.93x103 pg/ml at 1 month of life) and PCV10 and PCV13 

had limited/no impact on carriage in this population with 96% colonised with S. 

pneumoniae and 96% colonised with H. influenzae by 24 months of age.  

Conclusion: This thesis explored the link between specific bacterial nasopharyngeal 

density and disease susceptibility, and impact of pneumococcal vaccination on bacterial 
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carriage density. While nasopharyngeal density measurements may not be suitable as a 

standalone diagnostic tool, it is useful as a surveillance tool to assess the impact of targeted 

therapies, such as vaccines. 
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Chapter 1 Introduction  

 





1.1 Bacterial respiratory infections 3 

 

 Bacterial respiratory infections 

Acute respiratory infections (ARIs) are acute infections involving any part of the 

respiratory tract and can be classified as either upper respiratory tract infections (URTIs) 

or lower respiratory tract infections (LRTIs) with areas being separated by the vocal cords. 

Symptoms of ARIs are not confined locally to the respiratory tract but are often also 

systemic due to extension of infection, effect of microbial toxins, inflammation, and 

reduced lung function [1]. ARIs are the most common cause of illness and mortality in 

children under five years of age, regardless of socioeconomic status [2], although the 

proportion of mild to severe disease varies greatly between high- and low-income settings. 

Thus, ARIs are the greatest single contributor to the overall burden of disease in the world 

and the leading overall cause of death in low income settings [3]. Infants and young 

children are especially susceptible to ARIs. About 1.5 million children under 5 years of age 

die every year of pneumonia and other LRTIs [4, 5]. In middle- and high-income countries 

URTIs represent the most common acute illness evaluated in the outpatient setting. Of 

these, otitis media (OM) is the most prevalent and the most frequently diagnosed bacterial 

infection in children. OM is involved in up to 30% of URTIs [6]. Recurrent episodes of 

acute OM (AOM) may lead to perforated eardrums and chronic ear discharge, and 

ultimately to hearing impairment or deafness. The associated hearing loss can be disabling 

and affect learning. Repeated ear infections can lead to mastoiditis, which in turn can lead 

to meningitis. Mastoiditis and other complications of URTIs account for nearly 5% of all 

ARI related deaths worldwide [7]. 

 Otitis Media 

Otitis Media (OM) is a broad clinical term that encompasses a range of different types of 

middle ear infections. The middle ear is the section of the ear that is internal to the 

eardrum, and external to the oval window of the inner ear. The hollow space of the middle 

ear is called the tympanic cavity and is connected to the nasopharynx via the Eustachian 

tube, allowing pressure to equalize between the middle ear and throat (Figure 1-1). 



1.2 Otitis Media 4 

 
. 

 

The Eustachian tube also serves to drain mucus from the middle ear and likely plays an 

important role in the development of OM, enabling pathogens to travel from the 

nasopharynx into the middle ear [8]. Infection of the middle ear can cause swelling of the 

Eustachian tube, allowing pressure to increase, mucus to be trapped and providing a moist 

and nutrient-rich environment for bacterial and viral replication and persistence. 

The pathogenesis of OM is complex and involves a combination of host-, microbe- and 

environment-related factors. Both the adaptive and innate immune systems are involved, 

as well as Eustachian-tube dysfunction, viral and bacterial load, genetics and 

environmental factors (Table 1.1). Age and gender are particular risk factors; with higher 

OM rates in children aged 6-24 months, and males more susceptible than females. The 

risk of OM is also higher for children with siblings, children of low socioeconomic status, 

children who attend day-care and children from families with a history of rAOM. Children 

that are born premature and are bottle-fed also have higher rates of OM.  

OM can be subdivided into 3 main diagnoses based on clinical presentation of the disease: 

Acute OM (AOM), OM with effusion (OME) and chronic suppurative OM (CSOM) [9]. 

The disease is classified as chronic if it persists for more than 2 weeks [10]. Perforation of 

the tympanic membrane can occur in both acute and chronic disease. OM is designated 

with or without effusion based on the presence of middle ear fluid. 

Figure 1-1 Anatomy of the nasopharynx and Eustachian tube as seen from  
A) sagittal plane and B) coronal plane. (stock photos from blueskyimage overlaid 
with anatomy drawings) 
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Table 1.1 Risk factors for otitis media 

Host related risk factors 

Age The greatest rate of physician visits for OM occurred 
during the first two years of life. The mean age of first visit 
was 10 months for rAOM cases. 

MacIntyre et. Al. 
[11] 

Sex Male infants consistently had more physician visits for OM 
during the first 20 months of life. 

MacIntyre et. Al. 
[11] 

Ethnicity Australian Indigenous children have a significant higher 
risk of Otitis Media. The same is the case for other ethnic 
groups, including Inuit, Native American and Maori 
children. 

Kong and Coates 
[9] 

Allergy Allergic rhinitis and OM are strongly linked 
epidemiologically and mechanistically. However, a causal 
relationship between the two conditions has not been 
proven.  

Skoner et al. [12] 

Genetic 
predisposal 

Heritability studies suggest that there is a substantial 
genetic component (40%–70%) to the risk of rAOM. 
Several genes have been identified as playing a potential 
role in OM. However genetic studies so far have been 
based on small sample sizes. Larger genome-wide 
association studies are required. 

Rye et al. [13] 

Obesity Relative to normal weight children, obese children had 
more healthcare provider contacts for OM 
 

Kuhle et al. [14] 

Environmental related risk factors 

Breastfeeding Infant formula in the first 6 months of life is associated 
with increased incidence of AOM in early-childhood when 
compared with 6 months of exclusive breastfeeding. 

Abrahams et al. 
[15] 

Pacifier use Occurrence of AOM was 33% higher in children who used 
a pacifier continuously than in those not using one or using 
it only when falling asleep. 

Niemela et al. [16] 

Day-care 
attendance 

Children attending day care have increased risk of OM Bennett and 
Haggard [17] 

Siblings Children with older siblings have increased risk of OME 
(aOR increase per sibling of 1.56 (95% CI 1.29-1.89)) 

Sassen et al. [18] 

Socioeconomic 
status 

Higher prevalence and greater severity of ear illness is 
observed in children of lower socioeconomic status 

Chadha [19] 

Smoke exposure Exposure to environmental tobacco smoke increased the 
risk of OM in Aboriginal children (OR 3.54) and non-
Aboriginal children (OR 1.91) 

Jacoby et al. [20] 

Overcrowding Domestic overcrowding has been shown to be a significant 
risk factor for OM among Australian indigenous children. 

Jacoby et al. [21] 

URTI High frequency of URI is associated with increased 
incidence of OM 

Heikkinen [22] 

Season related Fall, winter, and spring are the peak seasons for AOM Swanson and 
Hoecker [23] 

 

AOM is the rapid onset of signs and symptoms of acute inflammation within the middle 

ear along with general systemic symptoms of infection. Accumulation of fluid in the 

middle ear results in the tympanic membrane bulging and looking opaque (Figure 1-2). 

Symptoms may include otalgia, fever, irritability, vomiting or diarrhoea. Perforation of the 



1.2 Otitis Media 6 

 
tympanic membrane can occur resulting in discharge of fluid from the middle ear. AOM 

can be classified as uncomplicated, persistent and recurrent. Uncomplicated AOM is 

defined as a single episode of AOM with mild symptoms in a patient with no recent history 

of OM. AOM is designated persistent if symptoms persist after 2-3 days of antibiotic 

treatment. Recurrent AOM (rAOM) is defined as 3 episodes in a 6 month period or 4 or 

more episodes in a 12 month period [9, 24]. 

 

 
Otitis media with effusion (OME, or glue ear) refers to a condition of effusion within the 

middle ear without pain and systemic symptoms. In an otoscopy, OME can have various 

appearances, including air fluid levels, bubbles or translucent tympanic membrane. In a 

pneumatic otoscopy, OME almost always presents with a retracted or convex tympanic 

membrane with impaired mobility (Figure 1-2) [9]. Even though this type of OM is by 

definition asymptomatic, children suffering from OME may still have discomfort with 

hearing loss and balance disorders common [9, 25]. OME is a major cause of persistent 

conductive hearing loss [9]. 

Chronic suppurative otitis media (CSOM) is defined as a chronic inflammation of the 

middle ear with persistent discharge through a perforation in the tympanic membrane for 

at least 2-12 weeks [10] (Figure 1-2). This chronic inflammation can affect the eardrum 

and/or the auditory ossicles [26]. Pain is rarely present [27].  

RAOM, OME and CSOM are all severe presentations of OM, and if not treated adequately 

can result in significant conductive hearing loss with a resultant speech and language 

delay. This can have an enduring impact on quality of life, resulting in social isolation, 

educational problems, early school-leaving and difficulties gaining employment [9]. 

1.2.1 Burden of otitis media 

Globally OM is the most common reason for children to visit a general practitioner (GP), 

receive antibiotics and undergo surgery [28]. Three in 4 children will have one or more 

Figure 1-2 Types of otitis media (Imaged modified from adamimages.com) 
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episode of OM by the age of 3 and over 1/3 of these children will suffer from recurrent OM 

(> 4 episodes/year). The health, social and financial costs of OM are substantial. In 

Australia alone, treatment of OM is estimated to cost up to AU$400 million/year [29]. The 

cost of OM includes GP visits, medicines and hospital admission. In addition to these 

direct costs of OM, more indirect costs are associated, including time off work for 

caregivers. Other indirect costs are associated with conductive hearing loss, including 

speech therapy and education aids. 

Complications and sequelae of OM also contribute to the burden and cost of OM. Before 

the antibiotic era complications of paediatric OM were common and associated with 

widespread morbidity and mortality. Today, with the availability of antibiotic therapy, 

complications from OM have been dramatically reduced, but remain a significant 

problem, especially in low-income countries [30].  

In low-income countries, where the burden of respiratory disease is in the order of 10 times 

greater than in high-income countries, the burden of suffering due to OM is 

correspondingly higher [31]. Without ready access to medical treatment, the seriousness 

of long-term sequelae is also greater. Mortality and disabilities due to OM are primarily 

related to complications of CSOM, which often follows poorly managed AOM. CSOM is 

the commonest cause of childhood hearing impairment in low-income countries. 

Untreated CSOM continues for months or years, with increasing hearing impairment and 

can lead to life-threatening infective complications such as mastoiditis, which is the most 

common cause of death from CSOM. In 1993, the WHO reported that OM was responsible 

for the deaths of over 50,000 children under the age of 5 years each year in low-income 

countries [32]. By 2012 it was estimated that 21,000 people die each year due to 

complications of OM, with the mortality highest in the first 4 years of life [33]. 

In Australia, three to five children die each year because of complications of OM. Each 

year an estimated 300,000 Australian children experience mild-to-moderate temporary 

hearing impairment and 15 children suffer permanent hearing loss as a result of OM [30]. 

Even temporary hearing impairment can lead to periodic reduced language input, 

resulting in poorer language and speech development and in the long-term can affect 

educational outcomes and social interaction skills. 

The burden of OM is disproportionately larger among Indigenous populations globally, 

when compared with non-Indigenous peers. In these high-risk population groups OM 
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occurs earlier in life, more frequently and in more severe forms [9, 34, 35]. [9, 34, 35]. 

Prevalence studies show that up to a third of Greenlandic and Alaskan Inuit, Native 

American and Australian Aboriginal children suffer from CSOM [36-38]. The World 

Health Organization (WHO) considers a CSOM prevalence of ≥ 4% indicative of a public 

health problem serious enough to require urgent attention [39]. It is thought that CSOM 

is prevalent in these communities because they share the socio-economic disadvantage 

that predispose to early and persistent nasopharyngeal colonisation. These factors include 

poverty, poor housing, overcrowding, large number of siblings per household, exposure to 

environmental smoke, exposure to tobacco smoke, poor hygiene and malnutrition [36, 37, 

40]. 

 Pneumonia 

Pneumonia is a general term for infections of the lung parenchyma in one or both lungs, 

defined by inflammation and accumulation of fluids and white blood cells in the alveoli, 

which affects gas exchange (Figure 1-3). Pneumonia is not a single disease but a group of 

infections, each with different epidemiology, pathogenesis, presentation and clinical 

course [41]. Pneumonia can be a primary infection or a secondary infection, typically 

following an URTI. For pneumonia to develop, the pathogens must reach the alveoli and 

the host immune defences be weakened. The microorganisms are usually introduced to 

the lower respiratory tract as a result of aspiration from the upper respiratory tract.  

Microbial colonisation or infection of the upper respiratory tract is therefore an important 

factor for the development of pneumonia [42].  

Community-acquired pneumonia (CAP) defines an infection acquired in a non-

hospitalised individual. The majority of cases of CAP occur during winter. The term 

Hospital-acquired pneumonia (HAP) or nosocomial pneumonia refers to any pneumonia 

contracted by a patient in a hospital at least 48–72 hours after being admitted. Nosocomial 

pneumonia most frequently occur in patients needing mechanical ventilation and is 

therefore also called ventilation associated pneumonia (VAP) [42]. 
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Figure 1-3 Lung anatomy and the effects of pneumonia (Thompson 2016) 
 

Symptoms of pneumonia range from mild to severe. Individuals with increased risk of 

developing severe pneumonia are young children under 2 years of age and elderly people 

65 years or older. People with underlying health problems, such as heart failure, diabetes, 

or chronic obstructive pulmonary disease (COPD) as well as individuals who are 

immunocompromised are also at risk of developing severe pneumonia. In children, an 

underlying diagnosis of asthma is associated with an increased risk of pneumonia [43, 44]. 

Severe pneumonia is usually characterised by high grade fever, chills, fatigue, phlegm 

producing cough, chest pain, and shortness of breath. The diagnosis of pneumonia is 

mainly based on clinical presentation, which is often supplemented by chest x-rays, lung 

ultrasound, sputum cultures and blood tests. 

Diagnosis of CAP is especially challenging in young children, due to the broad range of 

presenting features and the absence of an accepted gold standard diagnostic test. The 

challenge is even greater in low-income settings where chest x-ray is not readily available. 

CAP is defined clinically as “the presence of signs and symptoms of pneumonia in a 

previously healthy child due to an infection which has been acquired outside hospital [45]. 

Some symptoms are systemic and can be difficult to distinguish from other diseases. 

Symptoms include fever, cough, dyspnoea, wheezing, chest and abdominal pain, lethargy, 

vomiting and headache, which can also be indicators of sepsis, congenital heart disease, 
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profound anaemia, malaria or acute asthma [45]. A diagnosis solely based on the WHO 

guidelines of pneumonia, based on tachypnoea, can also lead to false diagnoses.  

1.3.1 Burden of pneumonia 

Pneumonia is the single largest infectious cause of death in children under 5 years of age 

worldwide. In 2015, pneumonia caused the death of nearly 1 million children, accounting 

for 16% of all deaths of children under five years old. The prevalence of pneumonia is 

highest in South Asia and sub-Saharan Africa. Children in sub-Saharan Africa are 20 times 

more likely to die before the age of 5 than children in Australia and New Zealand, many 

due to pneumonia and other acute infections [46]. Mortality due to childhood pneumonia 

is unequivocally linked to poverty-related factors such as malnutrition, lack of safe water 

and sanitation, indoor air pollution and inadequate access to health care services [47]. 

In Australia, the overall incidence of childhood pneumonia is 5-8 per 1000 person-years. 

However, the incidence is disproportionally larger among Aboriginal Australians and 

Torres Strait Islanders, with a 10-20 fold higher risk of hospitalisation due to severe 

pneumonia among Indigenous Australian children compared with non-Indigenous 

Australian children. Indigenous Australian children are also more likely to experience 

multiple admissions with pneumonia, as well as having longer hospital stays [48].  

 Respiratory pathogens 

Both pneumonia and OM can be caused by a range of different organisms, both bacterial 

and viral or a combination of both. The upper respiratory tract (URT) is the reservoir of a 

diverse community of commensals and opportunistic pathogens, which under certain 

circumstances can cause infectious diseases. It has long been known that the bacterial 

species causing respiratory tract diseases are also common colonisers in healthy 

individuals, with high colonisation rates in children in particular [49, 50]. These include 

Streptococcus pneumoniae (pneumococcus), Haemophilus influenzae, Staphylococcus 

aureus and Moraxella catarrhalis [51]. With the development of viral specific Polymerase 

Chain Reaction (PCR), it has become clear that viruses are also commonly found in the 

nasopharynx of asymptomatic individuals. Viruses commonly found in healthy children 

are rhinovirus, adenovirus and coronavirus [52-55]. The interpretation of bacterial and 

viral presence in human respiratory samples is therefore complex [56]. What is common 

for these opportunistic invaders of the respiratory tract, is that colonisation of the 
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nasopharynx always precedes disease. Thus, nasopharyngeal colonisation is considered a 

prerequisite for disease development [57-61]. Colonisation is likely to be a dynamic 

process, including acquisition and elimination of species, interactions among microbes 

and between microbes and the host, as well as interference by environmental factors, 

which causes a dynamic and complex microbial interplay [62]. In a balanced state, this 

complex microbiome ecosystem is assumed to play a beneficial role for the human host 

[63]. However, imbalances in this respiratory microbiome can lead to acquisition of new 

bacterial or viral pathogens or overgrowth of existing colonisers, leading to disease. Hence 

respiratory infections can be bacterial or viral in origin or bacterial-viral co-infection [56, 

64]. Co/Secondary bacterial infections, which occur after or during a viral infection are 

common [65]. The most common bacterial pathogens isolated in both pneumonia and 

OM are Streptococcus pneumoniae, Haemophilus influenzae and Moraxella catarrhalis 

[66]. 

1.4.1 Respiratory viruses 

Both pneumonia and OM are often a complication of a viral URTI. The role of viruses in 

CAP is not fully understood but there is evidence that a substantial proportion of 

childhood CAP is caused by viruses or a combination of viruses and bacteria [53, 67]. ). 

Viruses can be detected in 80-90% of respiratory specimens from children with 

pneumonia [53, 68]. The most common viruses isolated from patients with pneumonia are 

rhinovirus, adenovirus, enterovirus, influenza virus, metapneumovirus and respiratory 

syncytial virus (RSV) [53, 67, 68]. The majority of AOM episodes occur as complications 

of a viral URTI with about 1/3 of viral URTI episodes complicated by AOM [69-71]. In 

temperate regions, the incidence of AOM varies greatly during seasons with the highest 

incidence rates during winter and the lowest during summer. This corresponds with the 

incidence rates of upper respiratory infections, highlighting the association between viral 

URTIs and OM [72, 73]. Viral URTI increases the risk of bacterial AOM by promoting 

increasing inflammation and replication of bacteria in the nasopharynx and Eustachian 

tube, which facilitates bacterial entry into the middle ear space [74]. The most common 

respiratory viruses associated with subsequent OM are adenovirus, RSV, coronavirus, 

influenza, parainfluenza, enterovirus and rhinovirus [69]. 
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1.4.2 Streptococcus pneumoniae 

Streptococcus pneumoniae, or the pneumococcus, is a Gram-positive, alpha-haemolytic, 

facultative anaerobic member of the Streptococcaceae family. When observed under a 

microscope they are usually present in pairs (diplococci) and are non-motile. Several 

members of the Streptococcaceae family can cause disease in humans. In the late 19th 

century S. pneumoniae was recognised as a major a cause of pneumonia [75].  

S. pneumoniae is characterised by a polysaccharide capsule that completely encloses the 

cell and plays a key role in virulence, as well as enabling serotyping (and vaccine 

development). More than 97 distinct serotypes of S. pneumoniae have been identified 

worldwide [76]. Some serotypes are more prominent in invasive pneumococcal disease, 

whereas other types are mainly associated with carriage and OM [77], and differences in 

pathogenesis are even found within the same serotype [78]. 

S. pneumoniae is a common coloniser of the upper respiratory tract and resides 

asymptomatically in healthy carriers. It is an opportunistic pathogen, which can cause a 

range of respiratory tract related diseases, especially in susceptible individuals with weaker 

immune systems, such as the elderly and young children. S. pneumoniae spreads by direct 

person-to-person contact via respiratory droplets. S. pneumoniae is the main cause of CAP 

in children, responsible for almost 1/3 of cases [79, 80]. S. pneumoniae is also a major cause 

of OM, accounting for 30–50% of all AOM cases, with some geographic variation [33, 81, 

82]. 

1.4.3 Haemophilus influenzae 

Haemophilus influenzae belong to the Pasteurellaceae family, consisting of a diverse group 

of small Gram-negative, facultative anaerobic bacteria, including amongst others, the 

genera Aggregatibacter, Pasteurella, Actinobacillus and Mannheimi. Many members of the 

family are found as commensals as well as opportunistic pathogens on mucosal surfaces 

of birds and mammals, especially in the upper respiratory tract. Of the Haemophilus 

species, 9 exhibit host specificity for humans [83], including H. influenzae. The species was 

first described in 1882 by Richard Pfeiffer and was thought to be the cause of an influenza 

pandemic, hence its name. 

H. influenzae can be divided into two major groups, the unencapsulated strains and the 

encapsulated strains. Encapsulated strains are classified on the basis of distinct capsular 
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antigens. There are six generally recognized types of encapsulated H. influenzae; a, b, c, d, 

e, and f [84]. Unencapsulated strains are termed non-typeable H. influenzae (NTHi) 

because they lack capsular antigens and therefore cannot be serologically typed. There is 

greater genetic diversity among unencapsulated strains than within the encapsulated H. 

influenzae. Capsulated strains of H. influenzae are associated with invasive disease and 

type b in particular is very virulent and was a major cause of bacterial meningitis and 

pneumonia in children until the introduction of Hib conjugated vaccination in the 1990s 

[85]. 

NTHi is an opportunistic pathogen that colonises the upper respiratory tract and airways. 

Asymptomatic carriage of NTHi is common in the general population. NTHi can cause a 

range of respiratory related mucosal diseases including OM, infective exacerbations of 

COPD, sinusitis, conjunctivitis, and pharyngitis, as well as occasionally invasive diseases 

such as meningitis and bacteraemia [86, 87]. It is globally recognised that NTHi is the 

predominant pathogen responsible for chronic and recurrent OM [88]. Studies from 

North America, Europe and Oceania have shown that NTHi accounts for between 45-61% 

of OM cases [89-92]. The introduction of the Hib vaccine has greatly reduced the role of 

H. influenzae in pneumonia, however there is evidence that NTHi is now a significant 

cause of paediatric H. influenzae infections, including pneumonia, in some populations 

[93]. Recent studies from Belgium and the Gambia identified NTHi in 37% and 23% 

respectively in lung samples from children with CAP [94, 95].  

1.4.4 Moraxella catarrhalis  

Moraxella catarrhalis is a Gram-negative, aerobic diplococcus frequently found in the 

upper respiratory tract [96]. In the past M. catarrhalis was considered a harmless 

commensal member of the upper respiratory flora. However, in the last 30-40 years there 

has been a growing recognition of the species as an emerging pathogen and important 

cause of upper respiratory tract infections in otherwise healthy children and elderly 

people. In addition, the species is a common cause of acute exacerbations in patients with 

COPD [97]. Invasive infections, including pneumonia, caused by M. catarrhalis is rarely 

seen in otherwise healthy individuals. CAP due to M. catarrhalis do occur in the elderly, 

immunocompromised individuals or persons with co-morbidities.  

M. catarrhalis was first recognised as an AOM pathogen in the 1980s. Since then a marked 

increase in isolation of M. catarrhalis from MEE samples has been reported [98], 
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accompanied by an emergence of β-lactamase-producing strains [99, 100]. Globally 

approximately 10%-20% of AOM cases are associated with M. catarrhalis, but in some 

populations the species seems to be even more prevalent. Studies from Finland found M. 

catarrhalis to me the most common bacterial pathogen isolated from MEE samples in this 

population, with the species detected in almost 50% of MEE samples [101]. 

Results from previous studies indicates that M. catarrhalis might be less virulent in causing 

OM compared with S. pneumoniae and H. influenzae. Hence M. catarrhalis is associated 

with lower numbers of spontaneous tympanic membrane perforations and no mastoiditis 

[102]. In addition, AOM caused by M. catarrhalis was associated with a higher proportion 

of mixed infections [102], making it difficult to assess the contribution of M. catarrhalis to 

the pathogenesis in these cases. Studies performed in a rat model of AOM showed that M. 

catarrhalis caused the mildest histopathologic changes when compared with S. 

pneumoniae or H. influenzae [103]. A study of 61 children with AOM caused by H. 

influenzae or M. catarrhalis, showed that the local immune response associated 

with M catarrhalis AOM was milder with less IgG, IgM, and IgA production measured 

in MEE samples when compared with H. influenzae [104]. 

1.4.5 The role of biofilm in respiratory infections 

Biofilm formation has been shown to be involved in the pathogenesis of many respiratory 

infections, including OM [105-107]. A biofilm is a highly-organized, multicellular 

community of microorganisms embedded in an extracellular polymeric matrix that is 

affixed to a surface [108]. Mucosal biofilms have been visualized using confocal laser 

scanning microscopic (CLSM) on middle-ear mucosa (MEM) biopsy specimens from 

children with OME and rAOM [109]. Biofilm has also been demonstrated in adults with 

CSOM [110, 111]. Biofilms on mucosal surfaces are a result of interactions between bacteria 

and the host. DNA, both host and bacterially derived, has been shown to be important in 

biofilm formation, stabilisation and persistence. DNA may be derived from active immune 

mechanisms such as neutrophil extracellular traps (NETs), necrotic neutrophil presence 

or produced directly by the bacteria [112].  

Bacteria growing in biofilm are characterised by increased tolerance against antibiotics, 

disinfectants, and innate and adaptive host immune mechanisms [113]. The minimal 

inhibitory concentration (MIC) and minimal bactericidal concentration (MBC) of 

antibiotics to biofilm growing bacteria have been demonstrated be up to 100–1000 fold 
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higher than that of planktonic bacteria [114]. Hence treatment of biofilm involving 

infections can be challenging, which has led to research into new approaches for treating 

bacteria in biofilm that could effectively disperse the biofilm and kill the bacteria. 

One of the approaches of anti-biofilm treatment is using quorum-sensing (QS) inhibitor. 

QS describes the ability of bacteria to regulate gene expressions in response to fluctuations 

in cell-population density and environmental conditions. There is evidence that QS plays 

an important role for bacteria growing in biofilm [113]. Some antimicrobials, such as some 

macrolides, some fluoroquinolones and the β-lactam; ceftazidime have been shown to 

have QS inhibitor activity ad can be expected to have anti-biofilm properties [113]. 

The use of biofilm degrading enzymes is another approach to anti-biofilm treatment. The 

presence of NETs and/or bacterial DNA in chronic OM may allow for treatment with 

enzymes that break down DNA such as dornase alfa. Inhalation of dornase alfa is available 

for the treatment of Cystic Fibrosis (CF) and has been shown to decrease the burden of 

infection in these patients [115]. A study by Thornton et al. [112] demonstrated that 

treatment with dornase alfa effectively broke down the DNA structures and associated 

biofilms in MEE samples. 

A group from Ohio State University [105, 108] working with a chinchilla model of NTHi 

OM have developed a transcutaneous treatment of biofilm with a band-aid coated with 

chimV4, a synthetic chimeric peptide targeting two NTHi adhesins, the OMP P5 

homologous adhesin (also called fimbrin or P5-fimbrin) and the type IV pilus (Tfp). Their 

studies show that placing the band-aid behind the ear of chinchillas will not only help 

dissolve already established NTHi biofilm, but can also prevent infection, indicating a 

possible use of the band-aid as a preventive measure against OM. 

1.4.6 Identification methods for respiratory pathogens 

Collection of samples for determining the microbiological aetiology of pneumonia and 

OM is challenging because the site of infection (lung tissue and middle ear) is not easily 

accessible for specimen collection. For OM, an ear swab is only relevant if middle ear 

effusion is available for collection, either through a perforation of the eardrum or drainage 

from a ventilation tube, but samples like these are often contaminated with flora from the 

external ear canal. The clinical diagnostic sample of choice for OM is collection of middle 

ear fluid via tympanocentesis. This involves puncture of the tympanic membrane with a 
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small gauge needle to aspirate fluid from the middle ear. Tympanocentesis is usually only 

used for the management of complex cases of OM that have not responded to antibiotic 

therapy [116]. To determine the aetiology of pneumonia, blood culture is the traditional 

choice of clinical sample. However the clinical usefulness of blood culture for pneumonia 

diagnosis has been shown to be limited, with many false negative results, and limited 

influence on the choice of antibiotic treatment due to long turnaround time [117-119]. 

Sterile approaches are preferred when collecting specimens from the lungs. Broncho 

alveolar lavage is commonly collected from patients on mechanical ventilation treatment. 

For non-ventilated patients, specimens require collecting through nonsterile approaches, 

e.g. sputum, are often used, but these samples are often contaminated with commensals 

upon culture.  

For decades traditional culture methods have been the gold standard for diagnosis in 

clinical microbiology laboratories. An advantage of bacterial culture is the possibility for 

antibiotic susceptibility testing. However, culture is often labour intensive, and it can take 

days to reach a certain diagnosis, moreover assessment of bacterial cultures can be difficult 

due to contamination with commensal species or the disease causing bacteria can be non-

culturable or very slow growing. Viruses require culture in cell lines, a method not 

routinely performed in diagnostic labs, due to it being slow, expensive, and often 

peripheral to clinical decision [120]. Some viruses, like human rhinovirus C, are unable to 

be cultured in standard cell culture [121]. Thus, in clinical microbiology labs, antigen-based 

detection and serology have traditionally been used for viral infection diagnosis. 

Traditional culture-based diagnostic techniques are rapidly being replaced by advanced 

molecular detection methods. With a turnaround time of hours rather than days, 

molecular detection promises speed in addition to improved specificity and sensitivity. 

Viruses and bacteria alike can be detected as well as some common antibiotic-resistance 

genes, although careful consideration must be taken in interpreting these findings, as not 

all resistant genes are species specific. Another advantage is the possibility of detecting 

bacteria present in biofilm. With the use of quantitative PCR it is possible to quantify 

specific pathogens. There are some limitations to these methods however, given that 

molecular biology targets DNA rather than live cells, the approach can sometimes be too 

sensitive, making no distinction between DNA from live or dead cells. Another 

disadvantage is that molecular biology methods often utilise specific probes, and hence 

only detect the specific species or sub-type that the assay was designed for. Ultimately, the 
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effective use of molecular diagnostic methods will rely on the same criteria as for 

traditional culture based methods, maintaining an adequate level of sensitivity and 

specificity, and taking great care in selecting the target pathogens deemed to be the most 

significant in human infectious disease [122]. 

1.4.6.1 Identification of S. pneumoniae 

The species S. pneumoniae are part of the α-haemolytic, so-called viridans streptococci 

group, which also includes the S. salivarius, S. mutans, S. anginosus, and S. bovis groups 

[123, 124]. The non-pneumococcal viridans group streptococci also colonise the upper 

respiratory tract, but in contrast to pneumococci, rarely cause systemic infections. Given 

these differences in clinical significance, accurate identification of S. pneumoniae is 

essential. 

The simplest and most reliable tests for S. pneumoniae identification in clinical 

laboratories are optochin susceptibility and/or bile solubility tests. However, optochin-

resistant and bile-insoluble pneumococcal isolates and optochin-susceptible non-

pneumococcal viridans streptococci have been reported [123, 125, 126]. Pneumococcus-

specific PCRs targeting species-specific DNA fragments or genes encoding virulence 

factors like pneumolysin (ply), autolysin (lytA), an oxidative stress resistance component 

(psaA), and capsular biosynthesis (cpsA) have been developed [127, 128], offering a more 

rapid identification of S. pneumoniae without the need for culturing. If used in a 

quantitative PCR (qPCR) setup, these tests can provide information of the quantity of S. 

pneumoniae in the samples. 

Capsular serotyping of S. pneumoniae is a valuable tool for understanding pneumococcal 

epidemiology and can provide useful information for vaccine efficacy and impact studies. 

The Quellung reaction method remains the gold standard method for serotyping, utilising 

type-specific antisera, following culture of pneumococci. The method involves testing a 

pneumococcal cell suspension with pooled and specific antisera directed against the 

capsular polysaccharides. The antigen-antibody reactions are observed microscopically. 

The Quellung reaction is reasonably simple to perform and can, after appropriate training, 

be applied wherever a suitable microscope and antisera are available [129]. The method 

requires a pure plate culture of S. pneumoniae before testing can be performed and is not 

optimal for the detection of multiple serotypes in a single specimen. Newer methods for 

serotyping include whole genome sequencing, multiplex PCR, latex agglutination tests 
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from plate culture, immune-based assays and microarray. Of these methods, studies have 

shown that microarray has the highest sensitivity and can identify significantly more 

pneumococci and more serotypes compared with other methods [130, 131]. The use of DNA 

microarray technology makes it possible to screen a large number of specimens for the 

presence of multiple serotypes. Microarray has the significant advantage of being able to 

detect all known pneumococcal serotypes in a sample and to estimate their relative 

abundances in a mixed population [130, 131], Which is particularly important in high risk 

populations where carriage of multiple serotypes is common [132]. 

1.4.6.2 Identification of H. influenzae 

H. influenzae requires the growth factors hemin (X-factor) and nicotinamide adenine 

dinucleotide (NAD, V-factor) to grow, and hence are usually cultured on chocolate agar 

plates (prepared by slowly heating blood to 80°C, causing lysis of the erythrocytes, thereby 

releasing NAD and hemin from within the cells). Encapsulated stains of H. influenzae can 

be easily determined by a slide agglutination assay. Identification of NTHi is more 

complicated as they are often indistinguishable from their close relative Haemophilus 

haemolyticus. Like H. influenzae, H. haemolyticus is also X- and V- factor dependent and 

although it is traditionally said to induce clear β-haemolysis on horse blood agar, its 

haemolytic activity is often lost upon subculture by unknown mechanisms. Multiple 

studies have found that there is a high percentage of H. haemolyticus being misinterpreted 

as NTHi. Like NTHi, H. haemolyticus also colonises the respiratory tract of humans. 

Although H. haemolyticus has been isolated from mucosal and invasive infections on rare 

occasions [133], it is generally regarded as a non-pathogenic commensal. While H. 

haemolyticus is often isolated from the nasopharynx and sputum, a study by Murphy et al. 

[134] showed that among 130 isolates of Haemophilus from middle ear fluids, none were 

identified as H. haemolyticus by molecular characterisation. Similar results have been 

obtained by our group [89, 135] when analysing middle ear effusion samples collected from 

children with rAOM. This supports the view that H. haemolyticus does not cause OM. 

There is evidence to suggest that nasopharyngeal colonisation with NTHi is associated 

with higher risk of OM, and likewise that colonisation with H. haemolyticus is associated 

with lower risk of OM. Results from previous studies within our research group indicate 

that populations at high-risk of NTHi OM are less likely to be colonised with H. 

haemolyticus. A study by Pickering et al. [136] showed lower rates of H. haemolyticus in 
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isolates from the nasopharynx of Aboriginal children compared with non-Aboriginal 

children (8.5 vs. 11.5%). An unpublished study by Kirkham et al. [Kirkham et al., 

unpublished] using 16S rDNA PCR to identify isolates from 250 nasopharyngeal swabs 

from Papua New Guinean children, another population group that has also been found to 

be at high risk for OM and respiratory disease [137], detected no H. haemolyticus in any of 

these samples. These results suggest that lack of colonisation with H. haemolyticus may 

lead to colonisation with H. influenzae and hence an increased susceptibility to developing 

H. influenzae OM. Both species occupy the same niche within the upper respiratory tract 

and share many genes suggesting that they compete for habitat, which might account for 

the observed difference in colonisation and risk of OM. The studies investigating the 

difference in carriage of H. influenzae and H. haemolyticus and comparing this with OM 

susceptibility are all case-control studies rather than prospective investigations, and it 

therefore remains unclear whether the difference in H. influenzae and H. haemolyticus 

carriage is a direct cause of, or a consequence of the host’s health status.  

Differences in host-microbe interactions may explain why NTHi and H. haemolyticus 

exhibit significant differences in pathogenicity. Results from our group [138] provide 

evidence that H. haemolyticus may directly prevent NTHi from colonising the host and 

thus causing disease. The difference in pathogenicity of the two species was investigated 

in vitro using immortalised nasopharyngeal and bronchoalveolar epithelial cell lines (D562 

and A549) [138]. Although there were inter- and intra-strain variability, overall H. 

haemolyticus was significantly less able to associate with and invade host epithelial cells 

compared with NTHi. Measurement of the epithelial cells pro-inflammatory response after 

challenge with the bacteria showed enhanced levels of proinflammatory cytokines (IL-6, 

IL-8) elicited by H. haemolyticus compared with NTHi, suggesting that NTHi, despite its 

increased levels of cell association and invasion, has the ability to evade activating the 

immune system to establish infection. Lastly results of in vitro co-colonisation models 

indicate that pre-treatment of epithelial cells with H. haemolyticus significantly reduced 

NTHi attachment, suggesting interference or competition between the two species is 

possible, though the mechanisms behind this are yet to be elucidated and warrants further 

investigation. 

Molecular differentiation of H. influenzae and H. haemolyticus has proven difficult, with 

many teams working to identify suitable molecular targets and methods for a rapid, robust 

and inexpensive tool to differentiate the two species [136] (overview given in Table 1.2). 
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The first molecular schemes involved 16S rDNA analyses, immunological determination of 

the outer membrane protein P6 (ompP6) of H. influenzae and multilocus sequence typing 

(MLST) on the basis of housekeeping genes, however these methods have been shown to 

have limitations [139-141]: 16S rDNA PCR yields equivocal results for 10% of presumptive 

NTHi isolates [135, 142], studies have shown that omp6 is not completely discriminatory 

[91, 134, 141-143], and the MLST scheme that was developed for H. influenzae strains does 

not cover H. influenzae strains that lack one of the housekeeping genes or discriminate 

some strains of H. haemolyticus [142, 144, 145].  

Several studies have attempted to identify a single gene target for rapid discrimination 

between H. influenzae and H. haemolyticus. Among these genes are sodC (encoding 

copper- and zinc-co-factored superoxide dismutase [CuZnSOD]). Fung et al. [146] has 

shown that the sodC gene was present in strains of H. haemolyticus but not in H. 

influenzae, and reported 100% accuracy when using this gene to differentiate between H. 

haemolyticus and H. influenzae. McCrea et al. [147] later performed sodC PCR on a larger 

collection of strains and found 9% of H. influenzae also possessed the gene. The fucK gene 

is one of the 7 housekeeping genes included in the MLST scheme for H. influenzae. The 

gene encodes fuculokinase and is one of 4 enzymes involved in the fucose pathway in H. 

influenzae. Strains of H. haemolyticus do not possess the fucose operon and fucK has been 

used as a marker for H. influenzae [144]. We and others [145, 148] have identified strains 

of H. influenzae with the fucose operon partly or entirely missing, thus making genes in 

the fucose operon unsuitable for single-target discrimination.  

Several outer membrane proteins involved in the adherence of H. influenzae to 

epithelial cells have been characterised, including Protein E [149] and Protein D [150, 

151] and these can be used as targets for PCR. The hpd gene encodes the outer membrane 

protein, Protein D. Protein D is highly conserved among strains and shows enough 

variability between H. influenzae and H. haemolyticus to be used as a specific target. A 

primer sequence designated hpd#3 targets an H. influenzae specific region of hpd and has 

been shown to be sensitive and specific [152, 153]. Our group have previously developed a 

high resolution melt PCR assay using specific primers for the hpd gene in H. influenzae 

and H. haemolyticus respectively, designing a primer sequence specific for H. haemolyticus 

hpd [154]. However, studies have identified clinical H. influenzae isolates lacking Protein 

D [154, 155], and these strains would not be identified with an hpd based single target assay. 

It is unlikely that a single gene alone is capable of identifying H. influenzae or H. 
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haemolyticus with 100% accuracy and so multiplex assays may offer the best chance for 

sensitive and specific detection of the 2 species in clinical specimens. 

Recent studies have applied comparative genomics on whole-genome sequence data from 

Haemophilus species to identify suitable gene targets [156, 157]. With this method it is 

possible to identify gene targets able to accurately distinguish related species. The method 

requires sequencing data from a diverse collection of different Haemophilus species to be 

able to identify highly specific genes and was used to inform development of molecular 

tools used for H. haemolyticus in this study.  Table 1.2 Selected gene targets and methods 

used to discriminate between H. influenzae and H. haemolyticus. From [158] and updated.



 

Target Method Outcome Reference 

16S DNA seq, PCR 432 clinical isolates. Dendrogram of 16SrDNA cluster NTHi and H. haemolyticus separately. 10% of strains 
yielded equivocal results. 

Murphy, 2007 [134] 

 PCR 266 NPS isolates. 16SrRNA equivocal results in 9.4% of strains.  Kirkham, 2010 [135] 

 DNA seq NTHi cluster, but no clear separation between H. haemolyticus and related stains. Norskov-Lauritsen, 2009 
[159] 

 DNA seq, PCR 60 clinical isolates. 16SrRNA equivocal results in 15 strains. NTHi and H. haemolyticus cluster separately 
and equivocal strains cluster between these two groups. 

Binks, [141] 

 DNA seq High level of 16SrDNA gene polymorphism in H. haemolyticus and other non-NTHi strains. Norskov-Lauritsen, 2011 
[139] 

ompP6 DNA seq, Immuno-
blot 

All NTHi were positive with antibody 7F3 that recognize isotope on ompP6. All isolates of H. haemolyticus 
were negative.  

Murphy, 2007 [134] 

 Immuno-blot 197 strains. OmpP6 detected in 97% of NTHi and 12% of H. haemolyticus. McCrea, 2008; 
Sandstedt, 2008 [142, 
160] 

 PCR 163 isolates. ~10% of NTHi strains have variation in ompP6 protein structure. Chang, 2010 [161] 

 HRM PCR 60 isolates. ompP6 HRM PCR assay had a sensitivity of 94%, but only 67% specificity Binks, 2012 [141] 

MLSA MLST seq Variant strains yielded amplicons for 6 out of 7 genes in the MLST scheme (lacking fucK). The variant 
strains clustered with H. haemolyticus 

Murphy, 2007 [134] 

MLST seq 42 study strains. FucK was missing from 32 variant strains. The variant strains clustered separately from 
H. influenzae in a dendrogram. 

Norskov-Lauritsen 2009 
[159] 

sodC PCR, southern blot, 
dot blot, IEF 

40 strains analysed. All H. haemolyticus strains were positive for sodC and all NTHi strains were negative. Fung, 2006 [146] 

 Microarray, MLSA, 
IEF, Southern blot, 
DNA seq 

279 isolates analysed. SodC found in 9% of NTHi. McCrea, 2010 [147] 

 Hybridisation blots 480 isolates tested. 1.6% of H. influenzae were positive for sodC Norskov-Lauritsen 2009 
[144] 

fucK Hybridisation blots 480 isolates of presumed H. influenzae tested. 7 non-influenzae strains identified all lacked fucK. Only 1 
strain H. influenzae lacked fucK. 

Norskov-Lauritsen, 2009 
[144] 



 

 Seq, PCR 2 strains of H. influenzae identified with complete deletion of the fucose operon Ridderberg, 2010 [145] 

 Seq, PCR 704 H. influenzae isolates tested. 9 strains had partially or complete deletion of the fucose operon Shuel, 2011 [148] 

 qPCR 78 strains of H. influenzae. 28 strains were negative for fucK.  Theodore, 2012 [153] 

 WGS 511 bacterial strains, primarily Haemophilus species, were examined by WGS. 10 of the 14 presumptive 
NTHi isolates failed fucP PCR. 

Price, 2015 [156] 

 MLSA 54 strains of H. influenzae and H. haemolyticus were characterized by MLSA. 13 strains of H. influenzae 
were found to be fucP negative 

de Gier, 2015 [162] 

hpd qPCR Two hpd PCR assays were developed. 300 Strains tested. Hpd3 had a sensitivity of 93% and a specificity 
of 87% 

Wang, 2011 [152] 

 qPCR 60 isolates. Hpd PCR assays had a sensitivity of 89% and a specificity of 92% Binks, 2012 [141] 

 qPCR 122 isolates assessed with the hpd3 assay. 1 strain of H. haemolyticus was positive for hpd3 and 9 strains 
of H. influenzae were negative. 

Theodore, 2012 [153] 

 HRM PCR Developed H. haemolyticus specific hpd assay (96% sens and 92% spec) and tested together with the 
hpd3 assay (97% sens and 89% spec).  

Pickering, 2014 [154] 
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1.4.6.3 Identification of M. catarrhalis 

M. catarrhalis can be cultured on blood and chocolate agar plates after an aerobic 

incubation at 37 °C for 24 hours. Colonies are nonhemolytic, round, opaque, convex, and 

greyish-white. The colony remains intact when pushed across the surface of the agar like 

a hockey puck. The bacteria are oxidase positive [163]. Colonies of M. catarrhalis can be 

difficult to distinguish from that of commensal Neisseria species, which also form part of 

the normal upper respiratory tract flora [164].  

The use of PCR for detection of M. catarrhalis allows for more accurate and rapid 

identification compared with culture [165]. Outer membrane protein B2 (copB) from M. 

catarrhalis is usually used as targets for PCR for M. catarrhalis [165, 166]. Multiple studies 

have shown enhanced detection of M. catarrhalis in nasopharyngeal swabs by qPCR 

compared with culture [88, 98, 165-167]. The increased detection of M. catarrhalis by PCR 

compared with culture could be due to M. catarrhalis being present in biofilm. Several 

studies have shown a correlation between negative culture and the presence of bacterial 

biofilms [107, 109]. It has also been shown that M. catarrhalis is often seen in presence of 

other species [101], meaning that M. catarrhalis isolates could be masked by other species 

when cultured, but still be detectable by PCR.  

 Bacterial density and association with disease 

Nasopharyngeal colonisation with bacterial respiratory pathogens is considered a 

prerequisite for disease development. Although transition from colonisation to disease is 

not well understood, and is likely to involve host and viral interactions, increased 

respiratory bacterial density in the nasopharynx has been shown to correlate with the 

onset of H. influenzae and pneumococcal infections in the ear and the lung [40, 168, 169]. 

Obtaining samples from the site of infection such as the lungs and middle ears are an 

invasive and challenging procedure, so the idea of using nasopharyngeal samples as a 

proxy for infection is appealing, especially in research settings. Multiple studies have 

investigated the correlation between nasopharyngeal colonisation with these pathogens 

and susceptibility to ARIs. Early studies used traditional culture methods to qualitatively 

evaluate the presence of relevant pathogens [6, 40, 58, 169-171]. However most of these 

studies find that children susceptible to ARI and healthy children have similar rates of 
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carriage with respiratory pathogens [170] or that the association between presence of 

pathogens and development of ARIs are limited at best [58, 172-174].  

Quantitative analysis may provide a better agreement between nasopharyngeal carriage 

and ARIs. The majority of studies that report bacterial carriage density either measured 

the density using culture-based semi-quantitative methods or used inverse of cycle 

threshold value (CT value), while only a few studies used qPCR assays. Of these assays, 

qPCR provides a more accurate measurement of density of the pathogen in samples by 

using a standard curve prepared with known concentration of the respective pathogen 

[175]. Additionally, the potential advantage of qPCR over other methods is that it allows 

the detection of pathogens with low density that are often missed in other assays, as well 

as detection of multiple serotypes and their relative contribution from the same sample.  

A review of studies assessing the link between nasopharyngeal carriage density of S. 

pneumoniae and H. influenzae and association with ARIs is given below and summarised 

in Table 1.3. The density of bacteria in the nasopharynx has been primarily assessed in 

either nasopharyngeal aspirates or nasopharyngeal swabs (NPS), while other specimens 

include sputum, urine or blood. Densities are often reported in different units, from semi-

quantitative scale to colony forming units (CFU)/ml or gene copies/ml. 



 

Table 1.3 Studies assessing the association between nasopharyngeal carriage of respiratory tract pathogens and ARIs. 
Reference Setting and population Study cohort Method Outcome 

Smith-
Vaughan, 2016 
[176] 

Australian Aboriginal 
children from remote 
communities in 
Northern Territory and 
non-Aboriginal children 
attending urban child-
care centres, age 18-36 
months 

59 Aboriginal children 
and 52 non-Aboriginal 
children, with OM with 
effusion, Suppurative 
OM or no OM 

Colony counts and 
qPCR for the 
quantification of S. 
pneumoniae, H. 
influenzae, M. 
catarrhalis and total 
bacterial load 

Positive correlation between nasal bacterial load and ear state (no OM, 
OME or CSOM), for both single and combined bacterial respiratory 
pathogens (S. pneumoniae, H. influenzae or M. catarrhalis) and total 
bacterial load. 
Using nasal bacterial load as a diagnostic marker for suppurative OM was 
highly sensitive but had low specificity and was therefore not a reliable 
diagnostic tool. 

Anh, 2007 
[177] 

Children <5 years of 
age from Hanoi, 
Vietnam 

164 cases with ARI (91 
with pneumonia and 73 
with acute bronchitis), 
70 healthy controls 

Semi-quantitative 
culture, samples were 
classified as intense 
growth (>106 CFU/ml), 
light growth (103-106 
CFU/ml) or no growth 
(<103 CFU/ml) of any 
bacterial pathogen 

NPS from cases had a higher rate of intense bacterial growth the swabs 
from controls. Cases with pneumonia was more likely to have intense 
growth compared with cases with bronchitis and healthy controls. 

Vu, 2011 [178] Children <5 years of 
age from Nha Trang, 
Vietnam 

550 cases 
(274 with pneumonia 
and 276 with other 
LRTI), 350 healthy 
controls 

qPCR for quantification 
of S. pneumoniae, H. 
influenzae and M. 
catarrhalis 

Nasopharyngeal density of S. pneumoniae was significantly higher in 
children with clinically confirmed pneumonia compared to healthy children 
and children with other LRTI. However, it was found to be not useful as a 
diagnostic tool. 
Nasopharyngeal density of H. influenzae was higher in children with other 
LRTI but not in children with pneumonia. Nasopharyngeal density of M. 
catarrhalis was higher among sick children compared with healthy children. 

Albrich, 2012; 
Albrich 2014 
[168, 179] 

HIV infected South 
African adults 
hospitalised with CAP 

280 HIV patients with 
x-ray confirmed 
pneumonia 

qPCR for quantification 
of S. pneumoniae 

Moderate correlation between mean nasopharyngeal colonisation densities 
of S. pneumoniae and severity of disease and mortality 

Wolter, 2014 
[180] 

Hospital-based, 
surveillance study of 
severe acute 
respiratory illness from 
4 sites in South Africa 

969 cases qPCR for respiratory 
viruses and 
quantification of S. 
pneumoniae 

Using a range of cut-off values for qPCR it was found that nasopharyngeal 
density >1000 copies/ml were associated with invasive pneumococcal 
disease 



 

Alpkvist, 2015 
[181] 

Adult patients 
admitted to a 
university hospital in 
Sweden  

166 patients with 
variable severity of 
pneumonia 

qPCR for quantification 
of S. pneumoniae 

A high pneumococcal density was associated with severe pneumonia. 
However low sensitivity and PPV suggest that quantitative S. pneumoniae 
PCR applied to NPS has limited diagnostic value for detection of severe 
pneumonia. 

Chochua, 2016 
[182] 

Febrile children age 2 
months to 10 years 
attending health 
facilities in Tanzania  

960 children with or 
without ARI 

qPCR for quantification 
of S. pneumoniae, S. 
aureus, H. influenzae, 
M. catarrhalis and N. 
meningitidis 

Nasopharyngeal density of S. pneumoniae, H. influenzae and M. catarrhalis 
was significantly higher in febrile ARI (pneumonia) cases compared to 
febrile non-ARI. Nasopharyngeal densities of S. pneumoniae, H. influenzae 
and M. catarrhalis also increased with severity of disease. No difference 
was seen in S. aureus or N. meningitidis densities between ARI and non-ARI 
cases. 

Collins, 2016 
[183] 

Adults with LRTI 
infection admitted to 
hospital in the United 
Kingdom  

19 cases with 
confirmed LRTI and 19 
controls with non-
respiratory disease 

qPCR on nasal washes 
for quantification of S. 
pneumoniae 

No difference in S. pneumoniae nasal colonisation was seen between the 
cases and controls. However significantly more patients in the case group 
had received antibiotic prior to sampling. 

Fan, 2016 
[184] 

Children <3 years of 
age from rural Peru 

833 children followed 
with weekly household 
visits over a 2.5-year 
period. 

qPCR for quantification 
of S. pneumoniae in 
NPS samples collected 
during episodes of ARI, 
pre- or post- ARI 
episodes or non-ARI 
periods 

Children had the highest median densities of S. pneumoniae during ARI 
episodes. Median S. pneumoniae densities where also elevated pre- and 
post- ARI episodes compared with non-ARI periods. 

Baggett, 2017; 
Park, 2017 
[185, 186] 

Children <5 years of 
age hospitalised with 
pneumonia in 
Bangladesh, The 
Gambia, Kenya, Mali, 
South Africa, Thailand; 
and Zambia 

4232 cases with severe 
pneumonia and 
5325 non-pneumonia 
controls 

qPCR for quantification 
of S. pneumoniae, H. 
influenzae, M. 
catarrhalis, S. aureus, 
and P. jirovecii in NPS 

Median density of S. pneumoniae, H. influenzae, S. aureus and P. jirovecii 
was higher in radiologically confirmed cases compared to controls. There 
was no difference in median density of M. catarrhalis among cases and 
controls. An attempt to define a suitable threshold of H. influenzae and S. 
pneumoniae to distinguish cases from controls showed NPS was not useful 
as a diagnostic tool.   
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The first study to address the association between the nasopharyngeal load of 

otopathogens and OM, used semi-quantitative colony counts and qPCR to determine the 

load of S. pneumoniae, H. influenzae, M. catarrhalis and the total bacterial load to assess 

the importance of bacterial density in the nasopharynx of children to progression to 

suppurative OM [176]. Nasal swabs from 59 Aboriginal children and 52 non-Aboriginal 

children, age 18-36 months, with OME, CSOM or no OM were assessed. A positive 

correlation between nasal bacterial load and ear state (no OM, OME or suppurative OM) 

was observed. This was the case for both single and combined bacterial respiratory 

pathogens (S. pneumoniae, H. influenzae or M. catarrhalis) and total bacterial load. The 

use of nasal bacterial load as a diagnostic marker for suppurative OM was highly sensitive 

but had low specificity and was therefore determined not a reliable diagnostic tool. 

One study highlights the dynamics of nasopharyngeal pneumococcal density surrounding 

acute respiratory illnesses (ARI) in young children [184]. The study follows children <3 

years of age from a rural and low-income area in Peru, assessing the children for ARIs 

during weekly household visits. Nasal swabs were collected monthly or if the child had a 

current or recent ARI episode (within the last 7 days). Pneumococcal nasopharyngeal 

densities were measured by qPCR of samples from ARI, peri-ARI, and non-ARI periods. 

The study showed that pneumococcal densities were dynamic, gradually increasing 

leading up to an ARI, peaking during the ARI, and decreasing after the ARI. 

Of the studies assessing the association between pathogen density and pneumonia, 5 

studies assessed the association in children with radiologically confirmed pneumonia [177, 

178, 182, 185, 186], while 4 studies include adult pneumonia patients [168, 179-181, 183]. 

Five of the studies only focus on pneumococcal density [168, 179-181, 183, 185], while 3 

studies include other pathogens, including H. influenzae in their assessment [177, 178, 186]. 

In general, children with radiologically confirmed pneumonia were found to have higher 

carriage densities of S. pneumoniae compared with controls [178, 182, 185, 186]. Results 

were similar in adults with radiologically confirmed pneumonia, with significantly higher 

nasopharyngeal densities of S. pneumoniae in pneumonia patients compared with controls 

[168, 179, 181]. In studies that included disease severity as an endpoint, a high density of S. 

pneumoniae was found to be associated with more severe pneumonia [168, 179-182], higher 

mortality rates [181, 185] and longer disease duration [181]. Of the studies also assessing H. 

influenzae, two studies found higher carriage density of H. influenzae in children with 

pneumonia [182, 186], while one study found that children with pneumonia did not have 
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higher carriage of H. influenzae compared with controls [178]. Despite the general 

consensus of the association between high pneumococcal density and pneumonia, S. 

pneumoniae density measurements as a diagnostic tool were found to be not clinically 

relevant by all studies assessing this [178, 181, 183, 185]. 

Of particular interest is the large-scale multi-centre, case-control study known as the 

Pneumonia Etiology Research for Child Health (PERCH) study. The study assessed the 

potential association between colonisation density of specific upper respiratory tract 

colonisers and pathogen-specific pneumonia in children under 5 years of age [185, 186], in 

an attempt to ultimately determine whether bacterial carriage density can be used as a 

marker for pneumonia diagnosis. The PERCH study spans 9 sites in 7 low- to middle-

income countries and used qPCR to measure the density of 5 specific bacterial species in 

NPS specimens from children hospitalised with severe pneumonia and controls. Higher 

densities of H. influenzae were observed in both microbiologically confirmed cases and 

radiologically confirmed cases of pneumonia, compared to controls. For children with 

microbiologically confirmed pneumococcal pneumonia (MCPP) (defined as detection of 

pneumococcus by culture in blood or by culture or PCR in pleural fluid or lung aspirate), 

pneumococcal colonisation density was found to be significantly higher compared with 

non-MCPP pneumonia cases or community controls [185]. Cases with S. pneumoniae 

densities >6.9 log10 copies/ml were found to have a higher rate of very severe pneumonia 

and fatal outcomes [185]. However, overall the use of specific bacterial density 

measurements were deemed not useful as a diagnostic tool for pneumonia [185, 186]. 

The studies reviewed above take the analysis of specific respiratory pathogens beyond the 

binary carriage (presence or absence), to assess the association of nasopharyngeal density 

with respiratory infection. The use of nasopharyngeal bacterial density as a proxy for 

disease is of particular interest when assessing treatment and preventative therapies. Of 

the studies reviewed, most focus has been on the density of S. pneumoniae and the 

association with pneumonia. A few studies have had a broader focus on ARI in general, 

including OM, and some studies assess other pathogens as well, including H. influenzae 

and M. catarrhalis. A common finding is the association of nasopharyngeal density with 

disease aetiology and increased disease severity. While the measurement of specific 

bacterial density in the nasopharynx may not be useful as a standalone proxy for disease 

aetiology it may be useful in combination with other analyses and provide additional 
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information to guide differentiation of symptomatic cases from asymptomatic carriers 

(and also to identify the severely ill patients who may require intensive care). 

 Prevention of respiratory infections 

As colonisation of the nasopharynx with the pathogen is a prerequisite for development 

of both OM and pneumonia, preventing or reducing colonisation with these pathogens is 

an obvious target for reducing disease incidence. The conventional approach to prevent 

disease is by vaccination, however more novel approaches are also being explored.  

1.6.1 Vaccines 

To date at least 97 distinct serotypes of S. pneumoniae have been identified worldwide. 

Some serotypes are antigenically related to each other and are grouped together (e.g. 6A, 

6B, 6C) [76]. Cross-reactivity and protection between related serotypes can occur to 

different extents [187]. Most identified serotypes have been shown to cause disease in 

humans, however the severity of disease may differ as does the prevalence of the different 

serotypes in different parts of the world [188]. A 7-valent pneumococcal conjugate vaccine 

(Prevnar®, PCV7, Pfizer) was introduced in the beginning of this century [89, 106, 189]. 

The vaccine consisted of purified capsular polysaccharide of seven serotypes of S. 

pneumoniae (4, 6B, 9V, 14, 19F, 23F and 18C), which were the most prevalent in invasive 

pneumococcal disease (IPD) in the USA at the time. The 7 serotypes were conjugated to a 

diphtheria toxoid called CRM197. PCV7 was included in the Australian vaccination program 

for Indigenous children in 2001 and then for all children in 2005 [190]. In 2010, Prevnar 

13® (PCV13, Pfizer) was released, which contains six additional serotypes (1, 3, 5, 6A, 19A 

and 7F) but otherwise has a similar composition to PCV7. Besides the serotypes directly 

included in the vaccines it has been suggested that the vaccines may offer cross-protection 

against some similar non-vaccine serotypes but not others. This has been illustrated in an 

OM chinchilla model, evaluating a tetravalent pneumococcal polysaccharide vaccine 

(composed of serotype-specific pneumococcal capsular types 6B, 14, 19F, and 23F, each 

conjugated to an outer membrane protein complex from group B N. meningitidis) [191]. 

The study showed that the vaccine, which included serotypes 6B and 19F, offered 

protection against disease from serotypes 6A as well as 6B, and against 19F but not 19A 

[191].  
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Although serotype replacement was observed, PCVs have had a major impact on the 

incidence of IPD and pneumonia [192-195]. It was thought that the PCV vaccine would 

also reduce the overall numbers of OM infections, given the fact that about a third of OM 

was attributed to S. pneumoniae. Introduction of PCV has been shown to reduce 

nasopharyngeal carriage of S. pneumoniae vaccine types [185], as well as reduce OM caused 

by these serotypes [196-199], however the effect on the total number of OM incidences has 

been limited at best [189, 200, 201]. A randomised controlled study by Eskola et al. [189] 

evaluating the efficacy of PCV7 showed a reduction in episodes of AOM with any of the 7 

serotypes of 57%; the overall reduction in AOM cases however was just 6%. The limited 

overall reduction of OM is likely due to the fact that the vaccine serotypes have been 

replaced with non-vaccine pneumococcal serotypes and other otopathogens such as NTHi 

[89, 202]. Indeed, the conjugate vaccines have since been shown to decrease 

nasopharyngeal carriage with vaccine serotypes but increase carriage with non-vaccine 

serotypes [203]. Although PCVs only target a limited number of the pneumococcal 

serotypes that cause OM, results from studies suggest that prevention of early episodes of 

OM caused by these vaccine serotypes, may result in a reduction in subsequent complex 

cases caused by non-vaccine serotypes and other otopathogens [204]. 

More recent studies from North America, Europe and Oceania have shown that the 

predominant pathogen responsible for OM is H. influenzae, accounting for 45-61% of 

AOM cases [89-92]. Developing an effective prevention against H. influenzae OM is crucial 

if we are to have a significant impact on reducing the global burden of OM. A highly 

effective conjugated vaccine against type b capsulated H. influenzae exists, but this does 

not protect against carriage and infections with non-type b encapsulated strains or NTHi.  

Many studies have explored other H. influenzae antigens in an attempt to develop a 

vaccine against NTHi [205]. The process of developing an effective vaccine to protect 

against NTHi infection is difficult due to the lack of a conserved antigenic component. 

These strains do not have a polysaccharide capsule, many NTHi outer membrane proteins 

are not conserved in all disease isolates and those that are, often show high genetic and 

amino acid variability from strain to strain [31]. One vaccine with an NTHi component is 

commercially available: PHiD-CV10 (PCV10, SynflorixTM, GlaxoSmithKline), which 

contains ten purified S. pneumoniae capsule polysaccharides (1, 4, 5, 6B, 7F, 9V, 14, 18C, 

19F and 23F ), eight of which are conjugated to Protein D from H. influenzae [206]. Protein 

D is an H. influenzae surface lipoprotein, shown to be highly conserved among strains [151]. 



1.6 Prevention of respiratory infections 32 

 
In the Northern Territory of Australia, the PCV10replaced PCV7 in 2009. In 2011 however, 

PCV13 was introduced in Australia on a national level, and thus replaced the PCV10in the 

Northern Territory after 2 years of use. In the short time that the PCV10vaccine was in use, 

a clinical trial was carried out to assess the effectiveness of the vaccine compared with 

PCV7 [155, 190]. The study showed that PCV10 was associated with a small decrease in 

suppurative ear disease (AOM and CSOM), but a small increase in OME. Other studies 

have shown a similar limited effect of PCV10 on OM. Prymula et al. [207, 208] conducted 

a randomized controlled trial in the Czech Republic investigating the effect of an 

experimental protein-polysaccharide conjugated vaccine (a prototype of PCV10), 

containing 11 pneumococcal capsular saccharides conjugated to NTHi-derived Protein D. 

In the trial, a total of 4968 infants were randomly assigned to receive either the 

pneumococcal-Protein D conjugated vaccine or a non-OM related vaccine. The study 

showed a reduction of nasopharyngeal carriage of NTHi, resulting in a reduction of 35% 

OM episodes caused by NTHi between the study-vaccinated children and the control 

group [207], however the effect seemed to be short term, and twelve months after the 

booster vaccination there was no significant difference between carriage of H. influenzae 

or disease rates between vaccine groups [208]. Van den Bergh et al. [209] conducted a 

randomized controlled trial in Dutch children using the same experimental Protein D 

conjugated pneumococcal vaccine. The trial included 780 infants receiving either the 

Protein D conjugated vaccine or PCV7. In this trial there was no significant difference 

between the nasopharyngeal carriage of H. influenzae in the two groups of children at any 

point after vaccination. The limited effect of Protein D vaccination on the carriage of NTHi 

could also in part be due to an emergence of NTHi isolates lacking Protein D [155]. 

A Phase II trial of an NTHi vaccine composed of proteins PE, rsPilA and Protein D 

(NCT02075541) was recently completed in 145 adults with COPD. Results are under 

analysis but as this vaccine uses the potent AS01 adjuvant, with high rates of local reactions 

(67% of participants in NCT02075541), there are no plans to seek a paediatric indication 

(GSK personal communication). An oral killed NTHi vaccine was developed in Australia 

to prevent hospitalisation in adults with COPD, however a Cochrane Review of 6 trials 

with this therapy in 2017 determined that the negligible impact on hospital stay did not 

warrant further development [51]. Therefore, at present there are no NTHi-targeted 

vaccines under development for paediatric OM or pneumonia. A major limitation of 

vaccines is that the first dose is typically not administrated until 2 months of age at the 
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earliest, by which point infants in high-risk populations are usually already exposed and 

colonised with potentially pathogenic bacteria.  

Otitis media and pneumonia remain a significant health and social issues not only in 

Australia and New Zealand but globally, despite increased access to PCV vaccination. This 

underscores the need to develop effective preventive therapies for OM and pneumonia. 

Whether these novel therapies are new vaccine formulations and/or vaccine strategies 

(e.g. maternal immunisation to protect neonates) or alternative therapies such as 

probiotics [210] or mechanical interference (e.g. intranasal challenge with commensal 

bacteria to prevent colonisation with potential pathogens [211]), it is important to have 

accurate diagnostic tools to measure the impact of treatment on colonisation density and 

disease. 

1.6.2 Alternative prevention strategies 

An alternative to traditional prophylaxis and management of infectious diseases are the 

use of probiotics. Probiotics are live microorganisms, which offer a health benefit to the 

host when administered in appropriate amounts. Over the past decade tremendous 

advances have been made towards the understanding of the human microbiotas influence 

on our health and it is now clear that the effects of commensal organisms are much 

broader than previously believed [212]. 

Most studies on the effects of probiotics on OM have been on oral administrated 

probiotics. These probiotics includes different strains of Lactobacillus, Bifidobacterium 

and Propionibacterium freudenreichii. The few studies on the effects of oral probiotics on 

OM show contradicting results. The mechanisms behind the possible beneficial effect of 

oral probiotics on OM are not fully understood; but stimulation of immune response may 

be the primary underlying mechanism. Changes in the nasopharyngeal microbiota may 

also play a role. A study conducted on healthy volunteers, with oral ingestion of L. 

rhamnosus GG, Bifidobacterium sp. B420, L. acidophilus and S. thermophiles was shown 

to reduced nasal colonisation of potential pathogenic bacteria. L. rhamnosus was not 

found to colonise the nasopharynx and it was suggested the possible effect on the nasal 

colonisation was due to stimulation of the immune system [213]. Contrary to these 

findings, another study on the effects of oral probiotics on otitis prone children, after 

ingestion of L. rhamnosus GG, L. rhamonosus LC 705, B. breve 99 and P. freudenreichii 

JS, did not show any reduction of nasopharyngeal carriage of OM pathogens [214]. The 
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Differences in probiotic strains used in the two studies and the different study populations 

may explain these conflicting results [210]. 

An alternative to the oral intake of probiotics for the management and prevention of OM 

is the use of probiotic nasal sprays. Alpha-haemolytic streptococci (AHS), a commensal 

inhabitant of the healthy nasopharynx, have been investigated in clinical trials for their 

ability to inhibit OM when administered as a nasal spray. Roos et al. [215] investigated the 

effect of nasal spray administered AHS on the incidence of OM in 108 otitis-prone children 

aged 6 months to 6 years, and found that the spray was effective in reducing the incidence 

of both rAOM and secretory OM. Another study [216] compared a nasal spray containing 

the probiotics S. sanguinis or L. rhamnosus with placebo in the treatment of established 

secretory OM in children with a median age of 6 months and reported that a 10-day 

administration of S. sanguinis-containing nasal spray was associated with a reduction in 

the presence of middle ear effusion. However, the spray treatment did not alter the 

composition of the nasopharyngeal flora. 

Although results from the various studies on the effect of probiotics on OM are varied, the 

majority of studies provide promising results and justifies for further research in this field 

[217]. 

 Hypotheses and project aims 

Colonisation of the upper respiratory tract with S. pneumoniae and H. influenzae is a 

prerequisite for developing OM and pneumonia. Although transition from colonisation to 

disease is not well understood, increased pathogen density in the nasopharynx has been 

shown to correlate with the onset of infection. Inhibition of pathogenic colonisation of the 

URT is therefore an attractive target to prevent progression to disease and also minimise 

host-to-host transmission. There are multiple approaches to attempt to eliminate 

pathogenic colonisation of the URT including preventative therapies such as vaccination 

or microbial interference. This thesis aimed to develop accurate and high-throughput 

methods for measuring the density of S. pneumoniae and H. influenzae in nasopharyngeal 

swabs and middle ear effusions, and apply these tools to assess vaccine impact on carriage 

density children at high-risk of OM and pneumonia.  

  



1.7 Hypotheses and project aims 35 

 
The specific hypotheses and aims of this project are: 

1. Specific and sensitive molecular tools can be developed to discriminate between H. 

influenzae and H. haemolyticus and identify variant strains within clinical specimens. 

Aim 1: Design, optimise and validate qPCRs for H. influenzae and H. haemolyticus, 

testing them on clinical isolates and specimens (chapter 3). 

2. H. influenzae carriage densities are higher in otitis-prone than in non-otitis-prone 

children, and correlate with H. influenzae OM. H. haemolyticus carriage densities are 

higher among heathy controls.  

Aim 2: Measure and compare H. influenzae and H. haemolyticus density in NPS (and 

middle ear effusion (MEE) samples, cases only) from otitis-prone children and 

healthy controls (chapter 3). 

3. Otopathogen carriage densities are higher in otitis-prone than non-otitis-prone 

children.  

Aim 3: Measure and compare nasopharyngeal otopathogen densities in Australian 

otitis-prone children undergoing grommet surgery and healthy controls (chapter 4). 

4. Otitis-prone children vaccinated with PCV10 will have reduced densities of H. 

influenzae and S. pneumoniae in their NPS and MEE compared with PCV7-vaccinated 

otitis-prone children.  

Aim 4: Measure and compare H. influenzae and S. pneumoniae density in the NPS and 

MEE of PCV10-vaccinated otitis-prone children versus PCV7-vaccinated otitis-prone 

children from New Zealand (chapter 5). 

5. Infant vaccination with pneumococcal vaccines will have a limited impact on H. 

influenzae and S. pneumoniae carriage densities in populations with early onset of 

dense and diverse nasopharyngeal carriage.  

Aim 5: Assess the impact of infant PCV10 and PCV13 vaccination on H. influenzae and 

S. pneumoniae carriage density in Papua New Guinean children (chapter 6). 
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 Sample collection and cohorts 

Clinical samples from multiple cohorts were utilised throughout the project and 

comprised of nasopharyngeal swabs (NPS) and middle ear effusion (MEE). Samples from 

3 clinical trials were included. These samples had already been collected at the time this 

project commenced and were part of an established biobank or provided by collaborators. 

NPS had been collected using sterile FLOQSwabs (Copan, Brescia, Italy), inserted trans-

nasally to reach the nasopharyngeal space. When NPS were collected from children 

undergoing surgery, this was done while they were under anaesthesia whereas non-

surgical NPS were collected while the participant was awake. Swabs were immediately 

stored in sterile Skim-Milk–Tryptone–Glucose–Glycerol-Broth (STGGB; 3% tryptone soya 

broth (Sigma–Aldrich, Castle-Hill, Australia), 0.5% glucose, 2% skimmed milk powder and 

10% glycerol in 100 ml distilled water), placed on ice and transported to the laboratory 

within 4 hours. Samples were vortexed vigorously for 1 min and stored at −80 °C until 

analyses. 

MEE samples were collected from children with OM during surgery for ventilation tube 

insertion. An anterior-inferior myringotomy incision was made utilising the operating 

microscope and the MEE sample was collected with a sterile Leukotrap® (Pall corporation, 

New York, USA) connected to the surgical suction system. The tubing system was rinsed 

with approximately 1 ml of sterile saline to recover all of the MEE present. The MEE was 

immediately placed on ice and transported to the laboratory within 4 hours and stored at 

−80 °C until analyses. 

2.1.1 GROMIT: Australian rAOM cohort 

These samples were collected as part of a cross-sectional cohort designed to investigate 

the Genesis of Recurrent OM and Immunology in Toddlers (GROMIT) in Western 

Australia [89]. Children between 6 to 36 months of age were recruited and samples 

collected between November 2007 and May 2009. Of these children 98% had received 

three doses of the pneumococcal conjugate vaccine PCV7 in accordance with the 

Australian National Immunisation Program. A total of 186 children with rAOM (cases) 

were recruited (defined as a history of at least 3 AOM episodes within 6 months or 4 or 

more episodes within 12 months). Eighty-one children without rAOM and undergoing 

general surgery for non-infectious reasons were recruited as controls. Data on ear disease, 
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vaccination status, antibiotic treatment and host- and environmental risk factors were 

collected by parental questionnaire and from medical records.  

2.1.2 OMIVI: New Zealand OM cohort 

This study was conducted in collaboration with researchers at Starship Children’s 

Hospital, Auckland and Christchurch Hospital, Christchurch, New Zealand [92]. Protocols 

for questionnaire data and sample collection were based on the GROMIT study. Children 

were recruited from three major referral centres in New Zealand in two phases from May 

to November 2011 (phase 1) and May to November 2014 (phase 2). Cases were less than 36 

months of age, with established ear infection and undergoing ventilation tube insertion. 

In each centre a seasonally matched comparison group of non-otitis prone children of the 

same age and vaccination eligibility was also recruited. These children were undergoing 

general anaesthetic while undergoing non-ear related procedures. The phase 1 samples 

were collected 3 years after the introduction of PCV7 in the New Zealand vaccine schedule 

and phase 2 samples were collected 3 years after PCV7 was replaced with PCV10 in late 

2011. In both groups, 98% of the children had received the PCV in accordance with the 

New Zealand National Immunisation Program. All control children had NPS collected and 

cases had NPS and MEE samples collected. 

2.1.3 Papua New Guinea PCV10v13v clinical trial 

NPS were collected as part of our NHMRC-funded randomised controlled trial of the safety 

and immunogenicity of 3 doses of PCV10 or PCV13 given at 1-2-3 months of age followed 

by a single dose of 23-valent PPV or no vaccine at 9 months of age [218]. The 10v13v PCV 

trial is a large multi-institutional clinical trial with the purpose to determine the impact of 

the different vaccine schedules and formulations on nasopharyngeal carriage, antibody 

production and function, and immune memory. In this thesis the effect of PCV10 and 

PCV13 on nasopharyngeal carriage densities are investigated and reported. Between 

November 2011 and April 2014, a total of 262 children were recruited from the Asaro Valley 

in the Eastern Highlands Province of Papua New Guinea (PNG). The children had NPS 

collected at 1 month, 4 months, 9 months, 10 months, 23 months and 24 months of age.  

2.1.4 Healthy adult cohort 

NPS samples from healthy adult volunteers were used for development and optimisation 

of new assays. These samples were collected for this purpose only. A total of 23 adults were 
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swabbed within a 2-day period. One NPS was collected from each individual and all 

sampling was performed by the same research nurse. Consent forms were signed by all 

volunteers prior to sample collection and the study was approved by the Human Research 

Ethics Committee at Perth Children’s Hospital.  

 Ethical considerations 

2.2.1 GROMIT 

The GROMIT study was approved by the Ethics Committee of Princess Margaret Hospital 

for Children, Perth, Western Australia (EP_1295), by ethics committees and the 

institutional boards of hospitals in Perth where recruitment took place, and the Human 

Research Ethics Committee at the University of Western Australia (RA/4/1/4923). 

Informed consent was obtained from parents of participating children prior to procedures. 

2.2.2 OMIVI 

Ethical approval for the OMIVI study was obtained from the New Zealand Northern 

Regional Ethics Committee (NTX 11/04/029). Informed consent was obtained from 

parents prior to procedures. 

2.2.3 PNG PCV10v13v 

Ethical approval was obtained from the PNG Medical Research Advisory Committee 

(#11.03), the PNGIMR Institutional Review Board (#1028), and the Human Research Ethics 

Committee at the University of Western Australia (RA/4/1/7309). The study was 

conducted according to Declaration of Helsinki International Conference on 

Harmonisation Good Clinical Practice (ICH-GCP) and local ethical guidelines. The study 

is registered with ClinicalTrials.gov (CTN NCT01619462). 

 Bacterial strains 

Reference bacterial strains were used for optimisation and validation of assays and were 

either purchased from the ATCC, provided by PathWest Laboratory Medicine, courtesy of 

Dr Anthony Keil or kindly provided by Dr Daniel J Morton from the department of 

Pediatrics, University of Oklahoma Health Sciences Center (Table 2.1). For long term 

storage, isolates were either stored in heart infusion broth with the addition of 20% 
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glycerol or harvested from chocolate agar plates and stored in STGGB at -80 C. Prior to 

use isolates were streaked out onto chocolate agar plates and incubated at 37 C and 5% 

CO2 overnight. 

Table 2.1 respiratory bacterial reference strains 

Bacterial strain Site of isolation reference 

Staphylococcus aureus ATCC 25923a unknown [219] 

Staphylococcus oralis SSCC 39750b unknown  

Streptococcus pneumoniae NCTC 7466 unknown [220] 

Streptococcus pyogenes ATCC 19615a Pharynx, child  

Streptococcus mitis SSCC 40037b Unknown  

Alloiococcus otitis ATCC 51267a Middle ear, child with OM [221] 

Pseudomonas aeruginosa ATCC 27853a Blood culture [222] 

Neisseria meningitidis ATCC 13090a Spinal fluid [223] 

Aggregatibacter aphrophilus ATCC 7901a Unknown  

Neisseria lactamica ATCC 23970a Nasopharynx [224] 

Escherichia coli ATCC 11775a Urine [225] 

Moraxella catarrhalis ATCC 25138a unknown [226] 

Haemophilus haemolyticus ATCC 33390a Sputum [227] 

Haemophilus influenzae 86-028NP Middle ear, chronic OM [228] 

Haemophilus parainfluenzae WACC 34b   

Haemophilus parainfluenzae ATCC 33392a Septic finger [229] 

Haemophilus parahaemolyticus ATCC 10014a Chronic pulmonary infection [230] 

Haemophilus parahaemolyticus ATCC 49700a unknown [230] 

Haemophilus haemolyticus HI2028c Blood culture, child [231] 

Haemophilus haemolyticus HI2019c Sputum [231] 

Haemophilus influenzae a ATCC 9006a Throat [84] 

Haemophilus influenzae b ATCC 10211a unknown [84] 

Haemophilus influenzae c ATCC 9007a Sputum [84] 

Haemophilus influenzae d ATCC 9332a Throat [84] 

Haemophilus influenzae e ATCC 8142a unknown [84] 

Haemophilus influenzae f ATCC 9833a Blood and spinal fluid [84] 

a purchased from ATCC, b obtained from PathWest, c obtained from Dr Daniel J Morton.  
ATCC: American Type Culture Collection; SSCC: PathWest culture collection number; WACC: Western 
Australia Culture Collection. 

 Preparation of DNA for PCR  

2.4.1 Genomic DNA (gDNA) 

Bacterial colonies from overnight growth on chocolate agar plates were collected and 

gDNA was extracted using the QIAmp DNA mini (Qiagen) extraction protocol for either 

Gram positive or Gram negative bacteria, as described by the manufacture. Extracted 

material was stored at 4 °C for same day use, at -20 °C for use within 8 weeks and at -80 
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°C for long term storage. DNA quality was assessed by measuring the DNA purity as the 

ratio of absorbance at 260 nm and 280 nm on Nanodrop 2000 (Thermo Fisher Scientific) 

and DNA quantity on the Qubit 3.0 Fluorometer (Invitrogen). 

When bacterial gDNA was used to prepare standards for qPCR, single-use aliquots were 

prepared and stored immediately after extraction at -80 °C. On the day of use, an aliquot 

was removed from storage and quantity measured on the Qubit 3.0 Fluorometer to 

accurately determine the dilution of the first standard. 

2.4.2 Colony boils 

Real time PCR was also performed on colony boil preparation of pure plate cultures rather 

than extracted gDNA. Two to three colonies from a plate culture were mixed in 200 µl 

sterile water, heated to 100°C for 10 min, placed on ice, and centrifuged. The colony boils 

were diluted 1:10 for PCR. These samples were not used for absolute quantification 

measurements, but rather for determining presence or absence of genes. 

2.4.3 Manual DNA extraction from clinical samples 

NPS and MEE samples were stored in STGGB at -80 °C. On the day of extraction, the swabs 

were thawed at room temperature and vortexed thoroughly for 1 min. Each swab was 

placed in a DNA IQ spin basket inserted in a 1.5 ml ClickFit Microtube (both Promega) 

and centrifuged at 13,000 x g for 2 min to ensure maximum DNA recovery. The swab 

material and remaining broth was transferred to a sterile 1.5 ml Eppendorf tube and 

centrifuged at 13,000 x g for 7 min. The supernatant was discarded and the swab material 

enzymatically degraded. 

Pelleted swab material was resuspended in 200 µl of enzymatic lysis buffer. Lysis buffer 

consisted of 50 mM phosphate buffer pH6.7 (prepared of 2.04 ml 1M Ha2HPO4, 2.96 ml 

1M NAH2PO4, and 95 ml ddH2O), 1 mg/ml Lysosyme, 0.075 mg/ml Mutanolysin and 2 

mg/ml Proteinase K. After resuspension, the samples were vortexed and incubated at 56 

°C for 45 min to break down cellular matter. Ten µl of 20% SDS was then added to each 

sample and inverted for 2 min at room temperature to complete cell lysis. Four µl of RNase 

A (100 mg/ml) was added and samples inverted at room temperature for 2 min before 

adding 200 µl of buffer AL (Qiagen) and vortexed for 15 s to ensure thorough mixing of 

the sample and buffer. Samples were incubated at 70 °C for 10 min before 200 µl of 100% 

ethanol was added. Samples were pulse vortexed and centrifuged for 15 sec to collect liquid 
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at the bottom of the tube. DNA was extracted from the samples using the QIAmp Mini 

spin column method. 

Samples were carefully applied to a QIAmp mini column sitting in a 2 ml collection tube. 

Column was centrifuged at 6000 x g (800 rpm) for 1 min. The spin column was placed in 

a clean 2 ml collection tube and old collection tube and filtrate waste discarded before 

adding 500 l of buffer AW 1 (Qiagen) and centrifuging at 6000 x g (8000 rpm) for 1 min. 

The spin column was placed in a clean 2 ml collection tube and old collection tube and 

filtrate waste discarded before adding 500 ml of buffer AW2 (Qiagen). Spin column was 

centrifuged at full speed (20,000 x g = 14,000 rpm) for 3 min. then placed in a clean 2 ml 

collection tube and centrifuged at full speed for 1 min. Column was placed in clean 2 ml 

collection tube and added 100 µl of TE buffer, prewarmed to 50 °C. Columns were 

incubated at room temperature for 5 mins, then centrifuged at 6000 x g (8000 rpm) for 1 

min. The filtrate was moved to a 1.5 ml sterile Eppendorf tube and the elution step with 

TE buffer repeated to ensure maximum DNA collection. The filtrate from the second 

elution step was added to the same Eppendorf tube. The extracted DNA was divided into 

smaller aliquots and stored at -20 °C for up to 6 weeks or at -80 °C for long term storage.  

2.4.4 Automated DNA extraction using the QIAcube HT 

The QIAcube HT permits automated high-throughput nucleic acid purification in a silica 

membrane based 96-well format. The QIAcube HT was optimised for enzymatic 

extraction of NPS. Each swab was pre-processed as described above to produce a pellet 

before undergoing enzymatic extraction. A pure STGGB control was included in each run 

as a negative control. The enzymatic lysis buffer was made up fresh on the day of extraction 

and consisted of 20 mM Tris-HCl pH8.0, 2 mM Na-EDTA pH8.0, 1% Triton X-100, 2 

mg/ml RNase A, 0.075 mg/ml Mutanolysin and 20 mg/ml Lysozyme. Five µl per sample 

of internal DNA extraction control (Bioline) was added to the lysis buffer. The pelleted 

swab material was resuspended in 185 μl lysis buffer and incubated at 37°C for 60 min. 

After the incubation, samples were briefly centrifuged, and 20 µl Proteinase K and 200 µl 

buffer AL (Qiagen) added before incubating at 56 C for 30 min. The samples underwent 

extraction on the QIAcube HT system either on the same day or were frozen at -20 C and 

extracted the following day. Freezing the samples overnight and performing extraction the 

following day significantly improved the workflow and enabled extraction of two batches 
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of samples (190 samples) at one time. It was found that freezing the samples did not affect 

the yield compared with extracting the samples the same day. 

Samples were centrifuged at 13,000 x g for 2 min and 400 µl of lysate loaded into the 

QIAcube 96-well sample block. If there was significantly less than 400 µl of sample lysate, 

wells were topped-up to 400 µl with PBS buffer. Unused wells were covered with tape, to 

ensure vacuum could be achieved, and any empty wells in a column, were filled with 400 

l PBS buffer. The sample block was then transferred to the QIAcube HT for automatic 

DNA extraction. Standard operating procedure for extraction of NPS samples on QIAcube 

HT were kindly provided by Dr Eileen Dunne from Murdoch Children's Research Institute 

in Melbourne. The protocol was slightly altered, reducing the final elution volume to 50 

l rather the 100 l, to ensure higher yield of gDNA. Reagent troughs were filled with 

buffer AW1, buffer AW2, buffer AE and 100% as indicated by the QIAcube HT software 

and placed on the QIAcube worktable along with the remaining consumables. At the end 

of the automatic extraction, samples were eluted in 50 l AE buffer in the QIAcube elution 

microtubes. From the elution microtubes, samples were divided into smaller aliquots and 

stored at -20°C for up to 6 weeks or at -80°C for long term storage. 

2.4.5 Internal DNA extraction control 

To ensure the success of the extraction protocol, an Internal DNA extraction control was 

added to each sample during the enzymatic lysis step. The internal extraction control was 

used to validate the success of the extraction as well as determine if there were any 

inhibitors in the samples that may affect the performance of the PCR.  

The DNA Extraction Control from Bioline consists of viable Alpha Select E. coli cells of a 

known concentration, containing plasmid pBR322 with the Internal Control DNA 

sequence (with no known homology to any organism) [232]. These cells are spiked into 

lysis buffer with the target sample, prior to DNA extraction. Each extraction run included 

a negative extraction control, consisting of pure STGGB which undergoes the same 

extraction steps as the clinical samples, and thus is also spiked with the internal extraction 

control. A control mix, containing primers and Quasar670 labelled probe, specific to the 

internal control DNA sequence, is included in the internal control kit. The internal control 

qPCR can be run either as an individual qPCR or multiplexed with other qPCR assays. 

Signal derived from the Internal Control DNA confirms the success of the extraction step. 

The negative extraction control functioned as the control for the internal control qPCR. 
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The quantification cycle (Cq) value of each sample was compared with the Cq value of the 

negative extraction control. If the Cq value of the samples were no more than 1 of the 

control Cq value, the extraction was considered successful and the sample considered to 

have no PCR inhibitors. Samples that failed the internal control were diluted 1:10 and 1:100 

and rerun. If the samples failed again they were excluded from the dataset. 

2.4.6 Comparing manual and automatic DNA extraction methods 

The QIAcube HT automatic extraction system was obtained during this PhD project, 

therefore evaluation of manual versus automated extraction of NPS and MEE samples was 

conducted. NPS samples were obtained from 24 adult volunteers and used to compare the 

two extraction methods. The samples were collected and stored in STGGB at -80C similar 

to the clinical samples. The swabs underwent pre-treatment in DNA IQ spin basket 

inserted into 1.5 ml ClickFit Microtube as described above to recover all swab material. 

After the spin step, the swab material was divided into two equal parts, each half 

undergoing enzymatic lysis and DNA extraction according to either the manual or 

automated extraction protocol as described above, including the addition of internal 

extraction control in the enzymatic lysis buffer. 

To estimate the difference between the two extraction methods, the 48 samples (24 

extracted by manual method and 24 extracted on the QIAcube HT automatic extraction 

system) underwent qPCR in duplicate with internal control mix in order to compare the 

Cq value of the internal control between the manual and the automatic extracted samples. 

All samples were run on the same PCR plate and using the same mastermix to ensure 

conditions were exactly the same. The median Cq value of the manually extracted samples 

was 31.25 and the median Cq value of the automatic extracted samples was 29.16 

(p<0.0001), this suggests that the automated extraction method yields more DNA 

compared to manual extraction. It also means that samples extracted with different 

methods should not be directly compared in regard to density measurements. Samples 

belonging to the same cohort were all extracted using the same method. 
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 Quantitative PCR (qPCR) 

Real time qPCR was conducted on the CFX96 Touch Real-Time PCR Detection System 

(Bio-rad). The total reaction volume was 10 µl. For the probe based assays the reaction mix 

consisted of 5 µl of 2x SensiFAST Probe No-ROX (Bioline, Alexandria, NSW, Australia), 

primer and probe concentrations listed in Table 2.2, molecular-grade water (Sigma-

Aldrich, Castle Hill, NSW, Australia), and 1 µl of sample DNA. For the SYBR based total 

bacterial load assay, the reaction mix consisted of 5 µl of 2x SensiFAST SYBR No-ROX 

(Bioline), primer concentrations as listed in Table 2.2, molecular-grade water (Sigma-

Aldrich), and 1 µl of sample DNA. Cycling conditions are listed in Table 2.2. Optimisation 

in regard to primer- and probe concentration, as well as annealing time and temperature, 

was performed on all qPCR assays 



 

Table 2.2 List of primers, probes and cycling conditions for qPCR 

Assay 
Detected 
species 

Primer/probe Sequence (5’ to 3’) 
Concentration 
in reaction mix 

Cycling conditions Reference 

fucP H. influenzae fucP fwd GCCGCTTCTGAGGCTGG 1000 nM 50 °C for 2 min and 95 °C for 10 
min, followed by 40 cycles of 95 
°C for 15 sec and 60 °C for 60 sec. 

[156] 
 fucP rev AACGACATTACCAATCCGATGG 1000 nM 
 fucP probe 6FAM-TCCATTACTGTTTGAAATAC-MGBNFQ 1000 nM 

hpd#3 H. influenzae hpd3 fwd GGTTAAATATGCCGATGGTGTTG 1000 nM [152] 
 hpd3 rev TGCATCTTTACGCACGGTGTA 1000 nM 
 hpd3 probea HEX-TTGTGTACACTCCGT/ZEN/ 

TGGTAAAAGAACTTGCAC-3C6 
1000 nM 

Hh hpd H. haemolyticus Hh hph fwd GATGCGAAAGGTAAATGGGTAAACTAC 500 nM 50 °C for 2 min and 95 °C for 10 
min, followed by 40 cycles of 95 
°C for 15 sec and 60 °C for 60 sec. 

 
  Hh hph rev GTTGCACCTGATTTATTCAATAATGC 500 nM  
  Hh hph probe HEX-TACACACCATTAGTAAAAG-BHQ1 500 nM  

hypD H. haemolyticus hypD fwd GGCAATCAGATGGTTTACAACG 300 nM [233] 
  hypD rev CAGCTTAAAGCAAGCAGTGAATG 300 nM 
  hypD probe 6FAM-CCACAACGAGAATTAG-MBGNFQ 200 nM 

lytA S. pneumoniae lytA fwd ACGCAATCTAGCAGATGAAGCA 200 nM 95 °C for 10 min, followed by 40 
cycles of 95 °C for 15 sec and 60 
°C for 60 sec. 

[127] 
 lytA rev TCGTGCGTTTTAATTCCAGCT 200 nM 
 lytA probe 6FAM-TGCCGAAAACGCTTGATACAG-GGAG-BHQ1 200 nM 

copB M. catarrhalis copB fwd CGTGTTGACCGTTTTGACTTT 150 nM 95 °C for 5 min, followed by 40 
cycles of 95 °C for 45 sec and 60 
°C for 45 sec. 

[166] 
  copB rev CATAGATTAGGTTACCGCTGACG 150 nM 
  copB probeb HEX-ACCGACATCAACCCAAGCTTTGG-BHQ1 100 nM 

nuc S. aureus nuc fwd CATCCTAAAAAAGGTGTAGAGA 500 nM 95 °C for 5 min, followed by 40 
cycles of 95 °C for 15 sec and 58 
°C for 40 sec. 

[234] 
  nuc rev TTCAATTTTMTTTGCATTTTCTACCA 500 nM 
  nuc probec HEX-TTTTCGTAAATGCACTTGCTTCAGGACCA-

BHQ1 
200 nM 

16SrRNA All bacteria  
 

Universal fwd TCCTACGGGAGGCAGCAGT 100 nM 50 °C for 2 min and 95 °C for 10 
min, followed by 40 cycles of 95 
°C for 15 sec and 60 °C for 60 sec. 
Melt curve at 65 °C – 95 °C in 0.5 
°C increments. 

[235] 
 Universal rev GGACTACCAGGGTATCTAATCCTGTT 100 nM 

a Probe was modified from [152] with a ZEN internal quencher instead of the internal black hole quencher (BHQ); b Probe was modified from [166] with HEX instead of CY5 
and BHQ1 instead of BHQ3; c Probe was modified from [234] with HEX instead of JOE . Both the H. influenzae and H. haemophilus assays were run as duplex assays. Fwd: 
forward; Rev: reverse. 
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2.5.1 Preparation of standards 

Standard dilutions were prepared from concentrated gDNA of H. haemolyticus ATCC 

33390, H. influenzae 86-028NP, M. catarrhalis ATCC 25138, S. aureus ATCC 25923 and S. 

pneumoniae D39 reference strains. Fresh standard dilutions were prepared for each run 

from gDNA stock aliquots using sterile 1X Tris-EDTA (TE) buffer. Standard 1 was prepared 

by diluting the stock gDNA to a concentration of 2000 pg/µl and subsequent standards 

by performing 1:10 dilutions series. Table 2.3 shows the estimated number of genome 

copies/ml for each of the standards based on the genome size of ~1.9Mb for both H. 

haemolyticus and H. influenzae, ~2 Mb for M. catarrhalis, ~2.8 Mb for S. aureus and ~2.1 

Mb for S. pneumoniae. 

Table 2.3 Estimated number of genome copies/µl for each standard. 
Standard Concentration 

(pg/µl) 
Haemophilus 
(copies/µl) 

M. catarrhalis 
(copies/µl) 

S. Aureus 
(copies/µl) 

S. pneumoniae 
(copies/µl) 

1 2000 9.75E+05 9.26E+05 6.62E+05 8.82E+05 
2 200 9.75E+04 9.26E+04 6.62E+04 8.82E+04 
3 20 9.75E+03 9.26E+03 6.62E+03 8.82E+03 
4 2 9.75E+02 9.26E+02 6.62E+02 8.82E+02 
5 0.2 9.75E+01 9.26E+01 6.62E+01 8.82E+01 
6 0.02 9.75 9.26 6.62 8.82 

2.5.2 Mastermix and template  

All qPCR assays were run in Hard-Shell Low-Profile Thin-Wall 96-Well Skirted PCR plates 

(Bio-rad). The total reaction mix added to each well was made up of 9 µl mastermix and 1 

µl of template. Before each run a calculation was made determining the number of samples 

to be run and the amount of required qPCR mastermix. For each sample the mastermix 

consisted of 5 l SensiFAST™ Probe No-ROX polymerase (bioline), primers and probe as 

per optimised concentrations (Table 2.2) and molecular grade nuclease free water up to a 

volume of 9 l. Using a multi dispensing pipette, 9 µl of mastermix was added to each well, 

after which 1 µl of template DNA was added. The plate was sealed with an optical seal 

before centrifuging briefly to ensure all liquid was collected at the bottom of the wells. The 

plate was then transferred to the CFX96 qPCR machine (Bio-rad). 

2.5.3 Controls 

All standards and samples were run in duplicate. In addition, each run included a duplicate 

of no template control (NTC) containing reaction mix and ddH2O in place of template. 

Each run also included a negative control (NT) of extracted gDNA of a related bacterial 



2.5 Quantitative PCR (qPCR) 50 

 
strain not supposed to yield a positive result. The purified bacterial gDNA used for the 

standard curve included in each run also functioned as a positive control.  

2.5.4 Acceptance criteria for qPCR 

Each qPCR run was reviewed according to the MIQE guidelines [236]. The CFX software 

(Bio-rad) automatically calculates a baseline threshold defining the background 

fluorescence, however in order to standardise all runs, the baseline threshold was 

manually adjusted to 25 relative fluorescence units (RFU) for all fluorophores. After 

adjusting the baseline threshold, a standard curve was generated based on the 6 measured 

standard dilution. The standards were plotted as the given concentration (on a log10 scale) 

as a function of the quantification cycle (Cq) value and a straight line fitted to the data. In 

order for the run to be accepted, the correlation coefficient (R2) for the line was required 

to be 0.99 or greater and the efficiency was required to be between 90%-110%. Negative 

controls and non-template controls (NTCs) were evaluated and had to be below the limit 

of detection for the assay for the run to be accepted. Each sample generated a sigmoidal 

shaped amplification curve, plotting Cq value as a function of RFU. Each curve was 

manually evaluated to ensure that the correct Cq value and corresponding concentration 

was reported. 

2.5.5 Validating qPCR assays 

For validation of the H. influenzae and H. haemolyticus specific qPCR assays the strains 

listed in table 2.1 were assessed alongside a collection of well-defined Haemophilus strains 

were assessed. These strains were obtained from the GROMIT study, where all NPS and 

MEE samples underwent conventional culture methods during the original assessment. 

This work was conducted at PathWest. Ten µl of sample were streaked out on blood agar 

plates and chocolate agar plates and assessed for the presence of S. pneumoniae, H. 

influenzae, M. catarrhalis, Pseudomonas aeruginosa, Staphylococcus aureus and β-

haemolytic streptococci. When Haemophili were present, two isolates were collected and 

stored in a biobank, totalling 349 isolates. The isolates were further analysed with 16S 

rDNA PCR to characterise them as either H. influenzae, H. haemolyticus or equivocal. A 

subset of these isolates have also undergone multi-locus sequence analysis (MLSA) [162] 

and/or whole genome sequencing [156], resulting in a well-defined Haemophilus strain 

collection. Eighty of these isolates, alongside the reference strains listed in table 2.1, were 

used for assay validation.   
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Some primer and probe sequences were obtained from publications. These qPCR assays 

were thoroughly validated on reference strains (Table 2.1) before being applied to clinical 

samples. Multiple runs including the serially diluted standards and various negative 

controls were run to ensure consistency in PCR efficiency. 

2.5.6 Multiplex qPCR assays 

The H. influenzae and H. haemolyticus qPCR assays are both duplex assays, and in addition 

to these other assays were multiplexed. Before multiplexing any qPCR, the assay was first 

optimised in single-plex in order to determine the ideal cycling conditions and 

primer/probe concentrations. After multiplexing, the PCR conditions were assessed again 

to ensure qPCR acceptance criteria were still fulfilled. 

2.5.7 Determining the sensitivity and specificity of each qPCR 

To determine the sensitivity and specificity of the H. influenzae and H. haemolyticus qPCR 

duplex assays, several well-characterised isolates of H. influenzae, H. haemolyticus and our 

panel of typical respiratory tract strains (Table 2.1) were analysed. Sensitivity was 

calculated as the number of positive samples out of the number of true positives. 

Specificity was calculated as the number of negative samples out of the number of true 

negatives. 

2.5.8 Determining limit of quantification (LOQ) 

For each probe-based assay, the limit of quantification (LOQ), being the lowest 

measurable concentration, was determined. The corresponding Cq value is called the limit 

of detection (LOD). Genomic DNA from reference strains were quantified using the Qubit 

3.0 Fluorometer and diluted to a starting concentration of 0.4 pg/l in TE buffer. A 2-fold 

dilution series was then prepared covering the range of 0.4 – 0.003125 pg/l, to ensure a 

dynamic range spanning from a definitely measurable concentration to a concentration 

well below the LOD. The corresponding copies/l are listed in Table 2.4. Each standard 

sample was analysed in 10 replicates. The first dilution that had at least one replicate not 

yielding a Cq value was determined as being below the limit of detection with an error 

>10% and the concentration above this was considered the LOQ. The average Cq value of 

the 10 replicates for this concentration was calculated to give the LOD. Any sample 

analysed by the assay with a Cq value below LOD was deemed below LOQ. 
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Table 2.4 Concentration and estimated copies/µl for sample dilution used to determine LOQ 

Sample 
dilution 

Concentration 
(pg/µl) 

Haemophilus  
(copies/µl) 

S. pneumoniae 
(copies/µl) 

M. catarrhalis 
 (copies/µl) 

S. aureus 
 (copies/µl) 

1 0.4 195.0 176.0 185.0 132.0 
2 0.2 97.5 88.0 92.5 66.0 
3 0.1 48.8 44.0 46.3 33.0 
4 0.05 24.4 22.0 23.1 16.5 
5 0.025 12.2 11.0 11.6 8.3 
6 0.0125 6.1 5.5 5.8 4.1 
7 0.00625 3.1 2.8 2.9 2.1 
8 0.003125 1.5 1.4 1.4 1.0 

The calculations are based on an estimated genome size of 1.9 Mb for Haemophilus, 2.1 Mb for S. 
pneumoniae, 2 Mb for M. catarrhalis and 2.8 Mb for S. aureus. 

Figure 2-1 represents the LOQ analyses of the H. influenzae specific fucP/hpd3 duplex 

assay. The graphs plots the measured Cq values versus the expected concentration in the 

samples. The plots show how the spread of replicates increases with decreasing amount of 

target. This is expected due to sampling noise. As the expected number of target copies 

decreases, the variation across replicates increases. For the very low concentrations the 

spread may seem smaller, this is due to some of the replicate samples being negative (non-

detect) and not considered in the plots, resulting in an apparent lower spread of Cq. 

  

Figure 2-1 LOQ measurements for the fucP/hpd3 duplex assay. 2-fold serial dilution of a H. 

influenzae 86-028NP covering the range from 0.4 – 0.003125 pg/l. Each sample was 
analysed in 10 replicates. The grey line represents the theoretic relationship between Cq 
and concentration, based on the standard curve. 

 

Although some assays have lower LOD, for the sake of standardisation and statistical 

purposes, LOD for all assays were considered to be 0.0125 pg/l, corresponding to 

approximately 6 copies of bacterial DNA/l. 

During assay optimisation it was also tested whether adding a higher amount of template 

in the reaction mix would increase the LOD. To assess this a test were performed using 
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sample volumes of 1l, 2.5l and 5l in a total of 10l reaction mix. The test was performed 

on a control samples consisting of a negative NPS sample spiked with 10-fold dilutions of 

H. influenzae well above and below the previously established LOD, and subsequently 

analysed with the duplex fucP/hpd3 assay. A higher amount of template did result in 

higher Cq values, but did not improve the LOQ. Thus, all assays were run with 1 l 

template per reaction, which enabled many assays to be conducted with a small amount 

of clinical sample.  

 Statistical analysis 

IBM SPSS Statistics version 22 was used for statistical analysis. The datasets were expected 

to contain a large proportion of zero density counts and not be normally distributed, hence 

non-parametric tests were applied. Samples with densities below the limit of 

quantification (0.0125 pg/µl) were assigned half of this value (0.00625 pg/µl), rather than 

zero, to permit statistical analyses. The exact statistical analysis applied to each dataset is 

detailed in each result chapter. All graphs were plotted using GraphPad Prism 7 (GraphPad 

Software Inc. CA, USA). 





 

Chapter 3 Development and validation of 

qPCR assays for quantification of H. influenzae 

and H. haemolyticus 

Findings relating to development and validation of the H. influenzae specific qPCR assay 

were published in the Journal of Clinical Microbiology (2016):  

A duplex quantitative PCR for detection of Haemophilus influenzae that distinguishes 

fucose- and protein D-negative strains. de Gier C, Pickering J, Richmond PC, Thornton 

RB, Kirkham LS. J Clin Microbiol 2016, 54(9). 





3.1 Introduction 57 

 

 Introduction 

As detailed in chapter 1, nontypeable Haemophilus influenzae (NTHi) is an important 

human respiratory tract pathogen involved in chronic and recurrent ear and lung 

infections. Nasopharyngeal colonisation with respiratory pathogens is a prerequisite for 

development of respiratory infections, including OM. The density of H. influenzae in the 

nasopharynx is known to increase with incidence of OM [40, 176]. Therefore, 

nasopharyngeal swabs can provide a non-invasive proxy for determining the aetiology of 

respiratory diseases [59, 176, 182, 237]. The respiratory tract commensal Haemophilus 

haemolyticus is a close relative of NTHi. Since the landmark study by Murphy and 

colleagues in 2007 [134], which revealed high rates of H. haemolyticus misidentification 

as NTHi in upper respiratory tract specimens, considerable research efforts have been 

made to develop molecular tools to accurately distinguish H. haemolyticus from H. 

influenzae [158, 233, 238].  

H. haemolyticus and H. influenzae can undergo high levels of horizontal gene transfer with 

each other, with other Haemophilus spp., and also with other genera [239-241]. Such 

promiscuity has greatly impeded prior attempts to identify single H. haemolyticus- and H. 

influenzae-specific PCR targets [160, 233, 238]. The impact of H. haemolyticus 

misidentification can be far-reaching, leading to incorrect antibiotic prescriptions and a 

failure to correctly determine the impact of H. influenzae-targeted preventative 

treatments, such as vaccines, on H. influenzae carriage and disease.  

Due to the high level of genetic homogeneity between H. haemolyticus and NTHi, and 

residence of these species in the same niche, it has been suggested that H. haemolyticus 

may compete with NTHi for colonisation sites. Indeed, we have demonstrated in vitro that 

pre-treatment of human respiratory epithelial cells with H. haemolyticus can prevent 

NTHi infection [138], suggesting mechanical interference possibly though binding to the 

same host cell receptors. There are also previous studies that have shown that H. 

haemolyticus is less often isolated from populations with high rates of NTHi carriage and 

disease [136, 242] but less accurate detection methods were used in these studies.  

Several studies have sought to identify a single gene target for rapid identification of H. 

influenzae [134, 141, 142, 152-154, 159, 161, 243]. Among suggested targets are genes in the 

conserved fucose operon of H. influenzae [144, 153, 156, 244]. The fucose operon consists 
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of 4 genes encoding the enzymes fuculokinase (fucK), fucose permease (fucP), fuculose 

phosphate aldolase (fucA) and fucose isomerase (fucI). H. haemolyticus does not possess 

the fucose operon and hence these genes are potential markers for specific H. influenzae 

identification. The fucP gene was recently demonstrated to be a highly specific 

discriminatory target for H. influenzae identification based on a large comparative 

genomics study of 338 H. influenzae and 116 related Haemophilus isolates [156]. However, 

5% of the H. influenzae isolates in the Price et al. study were found to be missing the fucP 

gene [156]. Other studies including our own have confirmed the presence of H. influenzae 

strains that are missing all, or part, of the fucose operon [145, 148, 157, 162]. It has been 

suggested that these fucose-negative isolates are a distinct cluster of H. influenzae [156, 

157, 162]. Whilst still regarded as H. influenzae, these variant strains would not be detected 

by a fucP PCR assay and may be referred to as ‘H. influenzae-like’. 

Another established H. influenzae target is the hpd gene, which encodes the surface 

lipoprotein Protein D. This protein is conserved in H. influenzae and is a component of 

the 10-valent pneumococcal conjugate vaccine (PCV10) [206]. H. haemolyticus also 

possesses an hpd gene but it is variable enough from that of H. influenzae to be used as a 

discriminatory molecular target [154]. However, studies have since identified both H. 

haemolyticus and clinical H. influenzae isolates lacking the hpd gene [154, 155]. Selective 

pressure from introduction of the PCV10 vaccine has the potential to drive expansion of 

both hpd-negative H. influenzae and hpd-negative H. haemolyticus populations. A recent 

study from Iceland [245] evaluated the effect of PCV10 vaccination on H. influenzae in 

children, both in carriage strains and strains isolated from MEE in children with AOM. 

The study compared PCV10 vaccinated children with non-PCV vaccinated children. PCV10 

had no effect on the proportion of hpd-negative H. influenzae from carriage isolates, but 

there was an increase in hpd-negative H. influenzae in MEE samples from PCV10 

vaccinated children with AOM compared with unvaccinated children with AOM. 

Recently, Price et al applied a large-scale comparative genomic approach to identify 

suitable discriminatory targets for these species and identified a H. haemolyticus specific 

gene (hydrogenase formation protein - hypD) that was absent in H. influenzae [233]. 

Multiplexing of the hypD H. haemolyticus target with two H. influenzae-specific targets 

(hpd and siaT) permitted identification of 27 H. haemolyticus isolates with 100% 

specificity and 100% sensitivity from 65 H. influenzae isolates, one H. parahaemolyticus, 

one H. parainfluenzae and 38 non-Haemophilus isolates. This triplex PCR was not applied 
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to clinical specimens. The use of a single H. haemolyticus target gene may not be ideal 

given that all other proposed single target genes for discrimination of H. haemolyticus 

from H. influenzae have revealed isolates that cannot be speciated [158].  

As well as having accurate diagnostic tools for H. influenzae, it is also important to have 

tools to assess the impact of H. influenzae-targeted therapies, not only on the H. influenzae 

population but also on the closely-related H. haemolyticus population. This chapter 

describes the development of two duplex assays for identification and quantification of H. 

influenzae [238] and H. haemolyticus in nasopharyngeal swabs (NPS) and middle ear 

effusion (MEE) samples. Both assays were designed to be able to assess the presence of 

hpd-negative strains. The qPCRs were applied to specimens from subsets of two cohorts 

of otitis-prone and non otitis-prone children from Australia (cohort 1) [89] and New 

Zealand (cohort 2) [92] to determine whether 1) the density of H. influenzae in the 

nasopharynx could be used as a non-invasive marker for NTHi otitis media, 2) H. 

influenzae and H. haemolyticus could be distinguished in the same specimens, and 3) there 

was any correlation between H. influenzae and H. haemolyticus densities in the 

nasopharynx of otitis-prone or non-otitis-prone children. 

The H. influenzae specific qPCR assay described in this chapter identifies all H. influenzae 

serotypes, including capsulated and uncapsulated strains.  

 Methods 

3.2.1 Developing duplex qPCR assay for H. influenzae and  

H. haemolyticus 

For the H. influenzae-specific qPCR assay, two previously described single-plex qPCRs, 

targeting the fucP gene and the hpd gene in H. influenzae were duplexed [152, 156]. The H. 

influenzae specific hpd gene was chosen as a target as this gene is thought to be well 

conserved among H. influenzae strains, however there are suggestions that the use of 

PCV10 can promote an increase of hpd-negative strains [155, 245]. The fucP gene was 

chosen as the second target in the H. influenzae specific duplex PCR to enable 

identification of fucose-negative variant strains. Probes were modified for compatibility in 

the duplex assay (Table 3.1). 
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Table 3.1 List of primers, probes and cycling conditions for qPCR 

Assay Primer/probe Sequence (5’ to 3’) Concentration 
in reaction mix 

Reference 

H. influenzae 
fucP fucP fwd GCCGCTTCTGAGGCTGG 1000 nM [156] 

 fucP rev AACGACATTACCAATCCGATGG 1000 nM 

 fucP probe 6FAM-TCCATTACTGTTGAAATAC-MGB 1000 nM 

hpd#3 hpd#3 fwd GGTTAAATATGCCGATGGTGTTG 1000 nM [152] 

 hpd#3 rev TGCATCTTTACGCACGGTGTA 1000 nM 

 hpd#3 probea HEX-TTGTGTACACTCCGT/ZEN/ 
TGGTAAAAGAACTTGCAC-3C6 

1000 nM 

H. haemolyticus 
Hh hpd Hh hph fwd GATGCGAAAGGTAAATGGGTAAACTAC 500 nM [246] 
 Hh hph rev GTTGCACCTGATTTATTCAATAATGC 500 nM  
 Hh hph probe HEX-TACACACCATTAGTAAAAG-BHQ1 500 nM  

hypD hypD fwd GGCAATCAGATGGTTTACAACG 300 nM [233] 
[156]  hypD rev CAGCTTAAAGCAAGCAGTGAATG 300 nM 

 hypD probe 6FAM-CCACAACGAGAATTAG-MBG 200 nM 
aProbe was modified from [152] with a ZEN internal quencher instead of the internal black hole 
quencher (BHQ). Fwd, forward; Rev, reverse 
 

 

For the H. haemolyticus-specific qPCR assay, the previous published hypD target [233] was 

duplexed with a H. haemolyticus-specific hpd target to be able to identify hpd-negative 

strains of H. haemolyticus. Previously, Pickering et al. interrogated a hpd hyper-variable 

region for the development of a HRM-PCR that was able to both amplify and discriminate 

H. influenzae and H. haemolyticus isolates in a single reaction for high-throughput analysis 

[154]. Using the same alignment of hpd sequences from 38 H. influenzae and H. 

haemolyticus isolates, Pickering et al identified a polymorphic region suitable for 

specifically identifying H. haemolyticus but not H. influenzae [246]. This 284bp region 

within H. haemolyticus was amplified by primers Hh hpd fwd (5’-

GATGCGAAAGGTAAATGGGTAAACTAC-3’) and Hh hpd rev (5’-GTTGCACCTGATTT-

ATTCAATAATGC-3’). A specific 18bp probe was designed to bind all H. haemolyticus 

sequences with complete conservation, and with 3 base mismatches to H. influenzae hpd 

variants (Hh hpd probe (HEX-TACACACCATTAGTAAAAG-BHQ1).  

Real time qPCR was conducted on the CFX96 Real-Time PCR Detection System (Biorad, 

California, USA). The reaction mix for the probe based assays consisted of 5 µl of 2x 

SensiFAST Probe No-ROX (Bioline, Alexandria, NSW, Australia), primer and probe 

concentrations listed in Table 3.1, molecular-grade water (Sigma-Aldrich, Castle Hill, 

NSW, Australia), and 1 µl of sample DNA. Cycling conditions were 50C for 2 min, 95C 

for 10 min, followed by 40 cycles of 95C for 15 sec and 60C for 60 sec. A standard curve 
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was generated for each run using serial dilutions of genomic DNA from the reference strain 

H. influenzae 86-028NP, originally isolated from the nasopharynx of a child with otitis 

media [228, 247] (2000 pg to 0.02 pg). All samples were run in duplicate 

3.2.2 Sensitivity and specificity testing of H. influenzae and H. 

haemolyticus PCR 

The H. influenzae and H. haemolyticus specific qPCR assays were evaluated on 161 bacterial 

isolates comprising of 100 H. influenzae isolates (94 NTHi isolates and one of each H. 

influenzae serotype a – f: ATCC 9006, ATCC 10211, ATCC 9007, ATCC 9332, ATCC 8142, 

ATCC 9833), 45 H. haemolyticus isolates (including ATCC 33390), 2 Haemophilus 

parainfluenzae strains (including ATCC 33392), 2 Haemophilus parahaemolyticus strains 

(ATCC 10014, ATCC 49700), Staphylococcus aureus (ATCC 25923), Aggregatibacter 

aphrophilus (ATCC 7901), Moraxella catarrhalis (ATCC 25138), Streptococcus pneumoniae 

(NCTC7466), Pseudomonas aeruginosa (ATCC 27853), Neisseria meningitidis (ATCC 

13090), Neisseria lactamica (ATCC 23970), Escherichia coli (ATCC 11775), Alloiococcus 

otitidis (ATCC 51267), Streptococcus oralis (clinical isolate), Streptococcus mitis (clinical 

isolate) and Streptococcus pyogenes (ATCC 19615). All H. haemolyticus and H. influenzae 

isolates were X- and V-factor dependent and were identified as either H. influenzae, H. 

haemolyticus or fucP-negative H. influenzae by 16S rDNA PCR [135], HRM hpd PCR [154], 

fucP PCR, or whole genome sequencing [156]. Of the 94 clinical NTHi isolates identified 

using standard microbiology techniques, 41 were isolated from NPS [89], 15 from MEE 

[89], 33 from blood, 1 from cerebrospinal fluid and 4 from unknown clinical sites (kindly 

supplied by Daniel J. Morton). The bacterial isolates were cultured on suitable agar and 

prepared as colony boils (see chapter 2 for details) and diluted 1:10 in RNAse free water 

(Sigma-Aldrich) before undergoing qPCR analysis. 

3.2.3 Application of the H. influenzae and H. haemolyticus qPCRs to 

clinical specimens 

Clinical samples from a total of 160 children under 36 months of age from two different 

cohorts of otitis-prone children (cases) and non otitis-prone controls were assessed in this 

study. The samples were selected to be well matched for age, gender and daycare 

attendance, as these factors were found to be risk factors for OM in the study cohort  [89]. 

The sample subset included 80 children from the Western Australia GROMIT cohort 
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(cohort 1) [89] and 80 children from the New Zealand OMIVI cohort (cohort 2) [92]. In 

both cohorts, half of the children were undergoing first-time ventilation tube insertion for 

recurrent acute otitis media (rAOM) or otitis media with effusion (OME) and half were 

healthy controls undergoing surgery for non-infectious reasons. Sample collection was the 

same for both cohorts. All children had nasopharyngeal swabs collected. The 80 otitis-

prone children had middle ear effusion samples collected when possible. In the Western 

Australian cohort rAOM was defined as having at least 3 episodes of AOM in the previous 

6 months or 4 episodes in the previous 12 months. In the New Zealand cohort rAOM was 

defined as 6 episodes of AOM in 12 months and OME was defined as persistent bilateral 

middle ear effusions for >3 months. The NPS samples were stored in 1ml STGGB at -80 °C. 

Samples from cohort 1 underwent manual DNA extraction, while the samples from cohort 

2 underwent automatic DNA extraction on the Qiagen QIAcube HT instrument prior to 

qPCR analysis. 

Samples from cohort 1 had previously been cultured for the presence of otopathogens, 

including H. influenzae [89]. The cultures were semi-quantitatively scored from +, ++ and 

+++, which corresponded to <103, 103-104 and ≥104 colony forming units/ml 

3.2.4 Statistical analysis 

All DNA quantities within the specimens were calculated as an average of those measured 

by the two genes in either of the duplex qPCR assays. If one target gene was under the 

LOQ, thus indicating a fucP- or hpd- negative H. influenzae strain or a hypD- or hpd- 

negative H. haemolyticus strain, then the quantity in the sample was based on the positive 

gene only. Spearman’s correlation coefficient was used to measure the correlation between 

H. influenzae culture results and qPCR as well as the correlation between median H. 

haemolyticus and H. influenzae density in nasopharyngeal swabs. The difference in median 

density between groups was assessed using the Mann-Whitney U-test. One sample set 

contained only one value, no statistical tests were performed on this sample set.  
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 Results 

Part I: Development and validation of H. influenzae and H. haemolyticus 

specific qPCRs 

3.3.1 Sensitivity and sensitivity of qPCR assays on bacterial isolates 

The duplex fucP/hpd#3 qPCR for detection of H. influenzae was found to be 100% 

sensitive, with all of the 100 H. influenzae isolates positive for at least one of the two genes 

(Table 3.2). When assessing individual targets, only 83% (83/100) of the H. influenzae 

isolates were positive for fucP and 99% (99/100) were positive for the hpd gene (Table 3.2). 

Calculation of the specificity of the duplex fucP/hpd#3 qPCR was based on the 61 non-H. 

influenzae strains, where all 61 isolates were negative for both target genes, demonstrating 

100% specificity for H. influenzae detection (Table 3.2).  

Table 3.2 Sensitivity and specificity for identification of H. influenzae isolates by fucP/hpd#3 
qPCR 

PCR 
No. of true 

positive/Total no. 
of positive a 

Sensitivity % 
(95% CI) 

No. of true 
negative/Total no. 

of negative b 

Specificity % 
(95% CI) 

fucP/hpd#3 100/100 100 (96.38-100) 61/61 100 (94.13-100) 
fucP 83/100 83 (74.18-89.77) 61/61 100 (94.13-100) 
hpd#3 99/100 99 (94.55-99.97) 61/61 100 (94.13-100) 
a Calculations include all H. influenzae isolates. b Calculations include all non-H. influenzae isolates. 

The duplex hypD/Hh hpd qPCR for detection of H. haemolyticus was found to be 100% 

sensitive, with all of the 45 H. haemolyticus isolates positive for at least one of the two 

genes (Table 3.3). One strain of H. parahaemolyticus tested positive for Hh hpd but was 

negative for hypD, highlighting the importance of using two gene targets. The specificity 

of the duplex assay was 100%, as all non H. haemolyticus isolates included in the analysis 

were negative for at least one of the two genes (Table 3.3). Nine isolates of H. haemolyticus 

were found to be negative for Hh hpd. 
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Table 3.3 Sensitivity and specificity for identification of H. haemolyticus isolates with duplex 
hypD/Hh hpd qPCR 

PCR 
No. of true 

positive/Total no. 
of positive a 

Sensitivity % 
(95% CI) 

No. of true 
negative/Total 

no. of negative b 

Specificity % 
(95% CI) 

hypD/Hh hpd 45/45 100 (92.13-100) 116/116 100 (96.87-100) 
hypD 45/45 100 (92.13-100) 116/116 100 (96.87-100) 
Hh hpd 36/45 81.25 (67.37-91.05) 115/116 99.14 (95.29-99.98) 
a Calculations include all H. haemolyticus isolates. b Calculations include all non-H. haemolyticus 
isolates. 

3.3.2 Strong correlation between semi-quantitative culture and qPCR for 

H. influenzae density in clinical specimens 

A subset of 80 clinical specimens (67 NPS and 13 MEE), of which 56 were culture positive 

for H. influenzae, were analysed using the duplex fucP/hpd#3 qPCR assay to test the 

correlation of qPCR with semi-quantitative culture results (Table 3.4). Of the 57 culture 

positive specimens, 55 were positive in the fucP/hpd#3 qPCR assay. Of the 23 specimens 

that were culture negative, 2 were positive by fucP/hpd#3 qPCR. Within the 57 H. 

influenzae qPCR positive specimens, 5 (9%) were negative for the fucP gene and 4 (7%) 

were negative for the hpd gene (all from NPS specimens). A strong correlation between H. 

influenzae density determined by duplex qPCR and semi-quantitative culture of the 

specimens was observed, as determined by Spearman rho (r=0.825; p<0.001). Assuming 

culture to be the current golden standard the sensitivity and specificity of the fucP/hpd#3 

duplex assay when compared with culture was determined. The sensitivity was 96% as 2 

samples (1 NPS from a healthy control and 1 MEE sample from an otitis-prone child) were 

qPCR negative but culture positive for H. influenzae (confirmed by 16S PCR). The 

specificity was 91% as 2 samples (1 NPS and 1 MEE) were culture negative but PCR positive. 

Both samples were from children that had received antibiotics within one month of sample 

collection. 

Table 3.4 Correlation between culture results and fucP/hpd#3 qPCR quantification 

Semi-quantitative  
culture (n) 

qPCR mean quantity (pg/µl (95% CI)) 

fucP  hpd#3 fucP/hpd#3a 

+++ (8) 14.440 (-1.341 - 30.220) 11.730 (-1.573 - 25.030) 13.000 (-1.488 - 27.489) 
++ (19) 5.365 (1.209 - 9.521)d 4.479 (0.657 - 8.302) 4.871 (0.892 - 8.849) 
+ (30)b 1.066 (0.011 - 2.120)e 1.142 (0.115 - 2.169)f 1.258 (0.193 - 2.323) 
0 (23)c 0.076 (-0.075 - 0.227) 0.074 (-0.074 - 0.221) 0.075 (-0.074 - 0.224) 

a Calculated as geometric mean to account for the exponential nature of PCR. b Includes 2 qPCR negative 
specimens. c Includes 2 qPCR positive specimens, both from children that had received antibiotics 
within one month of collection. d Includes one fucP negative specimen. e Includes four fucP negative 
specimens. f Includes three hpd#3 negative specimens. 
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Part II: Application of Haemophilus specific qPCRs to samples from otitis-

prone and non-otitis prone children from two different cohorts 

3.3.3 Demographics of the study cohorts 

Age, gender and day-care attendance were evenly matched between the subset of cohort 1 

and cohort 2 assessed in this study (Table 3.5). Children in both cohorts had received PCV7 

according to National Immunisation Programs. There were differences in the mean 

number of AOM episodes recorded for the two cohorts: in cohort 1, the otitis-prone 

children had experienced a mean number of 6 recorded episodes of AOM in their lifetime, 

whereas in cohort 2 AOM episodes were recorded within the previous 12 months only, 

with the mean number of episodes for the otitis-prone children also 6 (Table 3.5). Nine of 

the children in cohort 2 were diagnosed with OME. Current antibiotic usage (at the time 

of surgery) was similar between the cases and controls in cohort 1 (Table 3.5). Data on 

current antibiotic usage was not available for cohort 2. Antibiotic use in the month leading 

up to surgery was similar between the cases and controls within the two cohorts as well as 

between the cohorts. Eighteen otitis-prone children in cohort 1 had received antibiotics 

within the last month compared with 19 otitis-prone children in cohort 2 (p=0.734), while 

11 and 14 non otitis-prone children in cohort 1 and cohort 2 respectively had received 

antibiotics (p=0.743). The proportion of cases with H. influenzae detected in their middle 

ear effusion by conventional PCR was the same (48%) for both otitis-prone cohorts. All 

children in cohort 1 were non-Indigenous Australian children. In cohort 2, 24/80 children 

(30%) were of Maori or Pacific islander decent. 

Table 3.5 Demographics of study cohorts 

 Cohort 1 (WA - Australia) Cohort 2 (New Zealand) 

Sample Demographics 
Cases 
(n=40) 

Control 
(n=40) 

p 
Cases 
(n=40) 

Control 
(n=40) 

p 

Age (months) 18.3 17.9 0.765 18.8 18.8 0.920 
Gender (% female) 42.5% 40.0% 0.658 42.5% 32.5% 0.489 
Daycare attendance 
(>4h/week) 

14 14 1.000 16 16 1.000 

Mean #AOM episodesa 6 0 <0.0001 6 0 <0.0001 
Currently on antibiotics 8 6 0.510 nd nd  
Antibiotics in the past month 18 11 0.089 19 14 0.256 
Frequency of H. influenzae 
detection in the middle earb 

14/29 
(48%) 

  
13/27 
(48%) 

  

a For cohort 1, mean #AOM episodes are total number of AOM episodes in the child’s life; For cohort 
2, mean #AOM episodes are number of AOM episodes the during the last 12 months leading up to 
VTI. bNumber of MEE samples positive for the presence of H. influenzae by conventional PCR out of 
total number of MEE samples available. Nd = not determined. 
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3.3.4 Similar carriage rates of H. influenzae and H. haemolyticus among 

otitis-prone children in the two cohorts 

The frequency of H. influenzae detection in the nasopharynx of otitis-prone children was 

the same in the two cohorts, with H. influenzae being present in 62.5% of nasopharyngeal 

swabs from otitis-prone children from both cohorts (p=1.000). The frequency of H. 

haemolyticus detection in the nasopharynx was 32.5% among otitis-prone children in 

cohort 1 and 22.5% among otitis-prone children in cohort 2 (p=0.317) (Figure 3-1). 

  

Figure 3-1 Comparison of carriage rates of H. influenzae and H. haemolyticus in the nasopharynx 
of otitis-prone children and healthy control children in the cohort 1 (blue) versus cohort 2 
(yellow); * = P ≤ 0.05; ** = P ≤ 0.01; ns, non-significant = P > 0.05 
 

Among healthy controls, H. influenzae was detected in 15% and 40% of nasopharyngeal 

swabs from non-otitis-prone children in cohort 1 and 2 respectively (p=0.012). Non otitis-

prone children in cohort 2 had higher carriage rates of H. haemolyticus compared with the 

healthy controls in cohort 1, with carriage rates of 2.5% and 25% in cohort 1 and 2 

respectively (p=0.003) (Figure 3-1). 

3.3.5 No difference in H. influenzae median carriage densities between 

cases and controls 

There was no significant difference between H. influenzae nasopharyngeal densities 

among the otitis-prone and non-otitis-prone Australian children in cohort 1 (median H. 

influenzae density 1.10 pg/l vs 0.24 pg/l, p=0.1876) (Figure 3-2A). Median 

nasopharyngeal density of H. haemolyticus was 18.99 pg/l among otitis-prone children 
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compared with 0.04 pg/l among healthy controls, however only 1 control had H. 

haemolyticus detected in the nasopharynx (Figure 3-2A). For cohort 2 no significant 

difference in nasopharyngeal densities was observed between otitis-prone children and 

controls for either H. influenzae (median H. influenzae density 0.76 pg/l vs 0.40 pg/l, 

p=0.4999) or H. haemolyticus (median H. haemolyticus density 0.04 pg/l vs 0.15 pg/l, 

p=0.5490) (Figure 3-2B). 

 
Figure 3-2 Median density of H. influenzae and H. haemolyticus in the nasopharynx of otitis-
prone children versus healthy control children. Cases, otitis-prone children (closed shapes); 
controls, non-otitis-prone children (open shapes); circles represent Haemophilus influenzae, 
triangles represent H. haemolyticus; ns, non-significant = P > 0.05. 
 

The median density of H. influenzae in nasopharyngeal swabs from otitis-prone children 

was slightly higher in cohort 2 compared to cohort 1 (median H. influenzae density 10.83 

pg/l vs 1.10 pg/l, p= 0.0271). Non otitis-prone children in cohort 2 had higher carriage 

densities of H. influenzae compared to healthy controls in cohort 1 (median H. influenzae 

density 5.06 pg/l in cohort 2 vs 0.24 pg/l in cohort 1, p= 0.0487). The median density 

of H. haemolyticus was higher among otitis-prone children in cohort 1 compared to otitis-

prone children in cohort 2 (median H. haemolyticus density 18.99 pg/l vs 0.04 pg/l, 

p=0.0001). The median density of H. haemolyticus was 0.04 pg/l and 0.15 pg/l among 

non-otitis-prone children in cohort 1 and 2 respectively, again only 1 healthy control in 

cohort 1 had H. haemolyticus detected in NPS. 
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3.3.6 Children with H. influenzae detected in their middle ear fluid also 

carried H. influenzae in their nasopharynx 

Otitis-prone children in both cohorts had MEE collected at the time of surgery, if present. 

The MEE samples from the Western Australian children in cohort 1 were not available for 

qPCR at the time of this study but had previously been assessed for the presence of H. 

influenzae by culture and conventional PCR. Twenty-nine out of the 40 otitis-prone 

children in cohort 1 had an MEE collected during surgery, of these 48% (14/29) were 

positive for H. influenzae by culture and confirmed by conventional PCR for hpd. Of 14 

children with H. influenzae detected in their middle ear, 85% (12/14) also had H. influenzae 

detected in their NPS by qPCR. Two children did not have H. influenzae detected in their 

nasopharynx at the time of surgery, despite having H. influenzae in their middle ear fluid. 

In cohort 1 there was no difference in median NPS density of H. influenzae between the 

children that had H. influenzae detected in the middle ear and those who did not (Figure 

3-3A).  

Of the 40 otitis-prone children from New Zealand in cohort 2, 27 had MEE collected at 

the time of surgery and these were analysed by the same H. influenzae qPCR as the NPS 

samples. 48% (13/27) of children had H. influenzae detected in their middle ear effusion 

and all of these children also carried H. influenzae in their nasopharynx. Children with H. 

influenzae detected in their MEE had a higher median density of H. influenzae in their 

nasopharynx compared with otitis-prone children who did not have H. influenzae detected 

in their MEE (31.08 pg/l versus 0.55 pg/l, p=0.0007) (Figure 3-3B). 

In cohort 2 where both NPS and MEE samples were analysed by qPCR, a strong correlation 

between H. influenzae density in the nasopharynx and middle ear from otitis-prone 

children was observed (r=0.75, p<0.0001) (Figure 3-4). 
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Figure 3-3 Median density of H. influenzae in the nasopharynx of otitis-prone children with 
and without H. influenzae detected in their middle ear. H. influenzae OM (closed circles) = H. 
influenzae detected in the middle ear effusion sample at the time of surgery; no H. 
influenzae OM (open circles) = no H. influenzae detected in the middle ear effusion sample 
at the time of surgery; *** = P ≤ 0.001. 
 

 
Figure 3-4 Correlation between H. influenzae density in nasopharyngeal swabs (NPS) and 
middle ear effusion samples (MEE) among otitis-prone children in cohort 2. 
 

3.3.7 Co-colonisation of the nasopharynx with H. haemolyticus and H. 

influenzae was frequently detected 

In cohort 1, twelve of the 14 samples that were positive for H. haemolyticus also had H. 

influenzae present. There was a moderately positive correlation between the density of H. 
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haemolyticus and the density of H. influenzae in the nasopharynx in this cohort (r=0.54, 

p<0.0001) (Figure 3-5A), suggesting that swabs with a high density of H. haemolyticus 

were also likely have a high density of H. influenzae. However, this was not observed in 

cohort 2, where fourteen of the 19 samples that were positive for H. haemolyticus were also 

positive for H. influenzae but there was no correlation between H. haemolyticus and H. 

influenzae density in nasopharyngeal swabs from this cohort (r=0.16, p=0.1580) (Figure 

3-5B).   

 

Figure 3-5 Correlation between density of H. influenzae and H. haemolyticus in 
nasopharyngeal swabs from all children in cohort 1 (blue) and cohort 2 (yellow). Correlation 
was assessed by Spearman rho, where 0.5> r >0.3 is considered a weak positive correlation 
and 0.7> r >0.5 is considered a moderate positive correlation. 

 Discussion 

In this study we describe the development of two duplex qPCR assays for identification 

and quantification of H. influenzae and H. haemolyticus in nasopharyngeal swabs and 

middle ear effusion samples with 100% sensitivity and specificity. The qPCR assays were 

tested against a large set of Haemophilus strains to ensure rigour in the assay specificity. 

Applying the two duplex qPCR assays to NPS and MEE samples from otitis-prone and 

healthy children, we were able to accurately quantify H. influenzae and H. haemolyticus in 

the same clinical specimens. 
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Both H. influenzae and H. haemolyticus express Protein D, the immunogenic NTHi protein 

component of PCV10 [208, 248]. The frequency of Protein D (hpd) negative strains may 

be modulated by PCV10 vaccination [245, 249]. Our qPCR assays were developed bearing 

this in mind, to provide a surveillance tool to assess the impact of Protein D conjugated 

vaccines on the incidence of hpd-negative Haemophilus strains. Identification of 20% 

(9/45) of the H. haemolyticus strains being hpd-negative is probably higher than in the 

general population as our strain collection was specifically selected to include strains that 

have previously been difficult to identify with existing PCR targets. Only one H. influenzae 

strain out of the 100 H. influenzae strains included in this study was found to be Protein 

D negative. 

The two cohorts included in this study comprised of children with a history of rAOM or 

OME and healthy controls. The children in the two cohorts were similar in regards to age, 

gender distribution, day-care attendance and recent antibiotic use. The proportion of 

otitis-prone children with H. influenzae detected in their MEE sample, was also the same 

in the two cohorts (48%) and confirms global estimates that 40-50% of all AOM is caused 

by H. influenzae [250]. The main demographic difference between the two cohorts was the 

geographical location and a difference in ethnicity distribution. While all children in 

cohort 1 were non-Indigenous Australian children, 30% of the children in cohort 2 were of 

Maori or Pacific islanders decent. It has been shown that Maori and Pacific children are 

more prone to otitis media compared to children of European decent [251, 252]. There was 

a difference in how nucleic acid was extracted from samples from the two cohorts: samples 

from cohort 1 underwent manual extraction, while automated extraction was used for 

cohort 2. As described in chapter 2 of this thesis, automated extraction did result in 

slightly higher yield compared with manual extraction, and caution should be taking to 

directly compare samples extracted by the two different methods. However, all samples 

underwent enzymatic lysis prior to extraction and detection frequency of both H. 

influenzae and H. haemolyticus were similar in both cohorts. While otitis-prone children 

in cohort 2 had higher H. influenzae carriage densities than otitis-prone children in cohort 

1, the opposite was observed for H. haemolyticus, where otitis-prone children in cohort 1 

had higher H. haemolyticus carriage densities compared with otitis-prone children in 

cohort 2. We therefore assumed that both species of haemophili had been extracted with 

similar yield in both extraction methods.  
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The H. influenzae specific assay developed here is not specific to NTHi, but will identify 

all H. influenzae, including capsulated strains. However, we do assume that most of the 

stains identified will be NTHi, corresponding to results from previous studies, showing 

that NTHi is the predominant otopathogen identified among otitis-prone children in both 

Australia and New Zealand [89, 92, 249]. Our results did show that the carriage rate of H. 

influenzae was highest among otitis-prone children compared with controls, however 

carriage densities of H. influenzae was not significantly higher among cases. Previous 

findings suggested that H. haemolyticus was more prevalent among healthy controls [136, 

242][Aho et al unpublished data] but this was not supported by this study. Thus in cohort 

1, both frequency of carriage and density of H. haemolyticus was higher among otitis-prone 

children than non-otitis-prone children. Among the children in cohort 2 frequency of 

carriage and density of H. haemolyticus was similar among otitis-prone children and non-

otitis-prone children. The hypothesised negative correlation between H. haemolyticus and 

H. influenzae density was also not supported by the findings of this study, on the contrary 

we found a moderately positive correlation between the density of H. haemolyticus and 

the density of H. influenzae in the nasopharynx among children in cohort 1. For cohort 2 

we found no correlation, neither positive nor negative, between density of H. haemolyticus 

and H. influenzae. This study, as well as previous studies investigating H. influenzae and 

H. haemolyticus carriage and comparing this to susceptibility to OM, are all case-control 

studies. Hence it remains unclear whether the difference in H. influenzae and H. 

haemolyticus carriage observed in these studies is directly or indirectly linked to the health 

status of the host. 

In summary, we have developed two duplex qPCR assays that accurately identify and 

quantify H. influenzae and H. haemolyticus in nasopharyngeal and middle ear effusion 

specimens. These tools permit assessment of the interaction between these highly related 

species in vivo, which is valuable for monitoring the impact of H. influenzae prevention 

strategies.  

 

 



 

Chapter 4 Predominance of otopathogens 

in the nasopharynx of children with and 

without otitis media 

Manuscript of this chapter is in preparation:  

Haemophilus influenzae density in the nasopharynx: a useful diagnostic marker for 

otitis media and a target for disease prevention. de Gier C, Pickering J, Mateus T, Coates 

H, Vijayasekaran S, Moore H, Richmond PC, Thornton RB, Kirkham LS. 
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 Introduction 

Acute Otitis Media (AOM) is a common paediatric infection and a major reason for 

antibiotic consumption and surgery in pre-school children, placing a significant burden 

on healthcare systems [28, 29]. Most episodes of severe AOM are bacterial and the major 

species involved are non-typeable NTHi, S. pneumoniae and M. catarrhalis [88]. Whilst 

the mechanisms involved in progression from asymptomatic nasopharyngeal colonization 

with these bacterial otopathogens to development of AOM is still mostly unknown [253, 

254], nasopharyngeal colonization with an otopathogen is considered to be a prerequisite 

to development of disease [57-59, 255-257]. Studies have demonstrated a correlation 

between dense colonization of the nasopharynx with these pathogens and development of 

respiratory diseases [57, 58, 168, 174, 179, 182], including early onset and increased severity 

of disease in children with OM with effusion (OME) and suppurative OM (SOM) [21, 40, 

169, 176, 258]. However other, mostly culture-based, studies have failed to demonstrate 

concordance between otopathogen densities detected in the nasopharynx and middle ear 

in children with OM [173], including children with AOM [259], this is most likely due to 

the persistence of otopathogens in non-culturable biofilms in the ear [105, 260]. The two 

previous studies that assessed otopathogen density in the nasopharynx and its correlation 

with presence of pathogens in the middle ear, used either semi-quantitative 

bacteriological culture in children during an episode of AOM and had no control group 

for comparison [171], or used qPCR, but occurred in children with OME or SOM [176].  

In this study we used highly specific gene targets [127, 152, 156, 166, 234, 235] to measure 

the density of the three major otopathogens Haemophilus influenzae, Streptococcus 

pneumoniae and Moraxella catarrhalis, and also Staphylococcus aureus (which is not a 

common otopathogen and has been shown to have a negative correlation with other 

otopathogens) in nasopharyngeal swabs collected from otitis-prone children, then 

compared these densities with those in healthy controls. To our knowledge, this is the first 

investigation into otopathogen density in children with a history of recurrent AOM 

(rAOM), and the first to compare otopathogen carriage densities with healthy controls. 

This study permits assessment of the use of nasopharyngeal swabs as a non-invasive 

diagnostic marker for OM and as an indicator of OM aetiology. Being able to determine 

OM aetiology from a nasopharyngeal swab, e.g. bacterial from viral, would permit effective 

and timely targeted treatment. Such a test is also of value for monitoring the impact of 

OM treatment and prevention strategies, such as vaccines, that may reduce otopathogen 
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density in the nasopharynx to prevent ascension of otopathogens from the nasopharynx 

to the middle ear and minimize host-to-host transmission.  

 Methods 

4.2.1 Nasopharyngeal swabs 

Samples were part of the case-control GROMIT study [89] and were collected between 

November 2007 and May 2009, from children aged 6 to 36 months. A total of 80 

nasopharyngeal swabs were included in this study. Informed written consent was obtained 

from parents of participating children before recruitment. Cases were defined as children 

with a history of at least 3 episodes of AOM and requiring surgery for insertion of 

ventilation tubes. Nasopharyngeal swabs were collected from cases during surgery. 

Controls were nasopharyngeal swabs from healthy children that had no history of rAOM 

and were either undergoing general surgery for non-infectious reasons or attending an 

immunisation clinic. Swabs were stored in STGGB at -80 °C.  

All swabs had previously been examined for the presence of S. pneumoniae, H. influenzae, 

M. catarrhalis, P. aeruginosa, S. aureus and α-haemolytic streptococci using conventional 

culture methods [89]. In brief, 10 µl of each NPS sample and were streaked onto horse 

blood agar, chocolate agar (containing 300 mg/L bacitracin, 5 mg/L vancomycin and 0.96 

mg/L clindamycin), and colistin nalidixic acid blood agar plates (Oxoid, Australia). The 

agar plates were incubated at 37 °C in 5% CO2 atmosphere for up to 48 h. Four colonies of 

presumptive S. pneumoniae, two colonies each of H. influenzae and M. catarrhalis, and 

single colonies of P. aeruginosa, S. aureus and α-haemolytic streptococci were selected for 

sub-culture when present. When possible, morphologically distinct colonies of the same 

species were selected to increase the potential for detection of multiple subtypes. All 

presumptive NTHi isolates were tested by 16S rDNA colony PCR to distinguish true NTHi 

from non-haemolytic H. haemolyticus.  

Prior to DNA extraction samples was removed from -80 °C storage, left to thaw on ice and 

underwent enzymatic pre-treatment and manual extraction as previously described 

(Section 2.4.3) 

Reference strain genomic DNA was extracted from overnight plate cultures of NTHi 86-

028NP [247], M. catarrhalis ATCC 25138, S. pneumoniae NCTC 7466 and S. aureus ATCC 
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25923 using the QIAamp DNA mini kit (Qiagen) and following the manufacturer’s 

protocol. DNA concentrations were measured on the Qubit 3.0 Fluorimeter using the 

Qubit dsDNA BR Assay Kit (Thermo Fisher Scientific, Scoresby, VIC, Australia). The 

extracted reference strain genomic DNA was stored as single use aliquots at -80C. 

4.2.2 Quantitative PCR  

Real-time qPCR was conducted using the CFX96 real-time PCR detection system (Bio-

Rad, CA, USA). The qPCR primers, probes and reaction conditions are detailed in Chapter 

2, Table 2.2. The total reaction volume was 10 µl. For the probe based assays the reaction 

mix consisted of 5 µl of 2x SensiFAST Probe No-ROX (Bioline, Alexandria, NSW, 

Australia), primer and probe concentrations listed in Chapter 2, Table 2.2, molecular-

grade water (Sigma-Aldrich, Castle Hill, NSW, Australia), and 1 µl of sample DNA. A 

standard curve was generated for each run using serial dilutions of gDNA (2000 pg to 0.02 

pg) from corresponding reference strain. 

For the SYBR based total bacterial load assay, the reaction mix consisted of 5 µl of 2x 

SensiFAST SYBR No-ROX (Bioline), primer concentrations as listed in (Chapter 2, Table 

2.2), molecular-grade water (Sigma-Aldrich), and 1 µl of sample DNA. Cycling conditions 

were as described in (Chapter 2, Table 2.2). A standard curve was generated for each run 

using serial dilutions of genomic DNA (1000 pg to 0.01 pg) from S. pneumoniae NCTC 

7466 [261].  

All samples were run in duplicate and the total bacterial load calculated as an average of 

the two measurements. Analysis of the qPCR data was conducted using Bio-rad CFX 

manager 3.1 (Bio-Rad, Gladesville, NSW, Australia). The limit of detection was 6 pg/ml 

and samples below this density were reported as negative. 

Statistical analysis: IBM SPSS Statistics version 22 was used for statistical analysis. The 

dataset was expected to contain a large proportion of zero density counts and not to be 

normally distributed, hence non-parametric tests were applied. The degree of correlation 

between qPCR versus culture, and between density measurements of the different 

bacterial species was assessed using the Spearman correlation coefficient. Comparison of 

the median density for each pathogen and total bacterial load between cases and controls 

was assessed using Mann-Whitney U tests. McNemar tests were conducted using STATA 

to compare the sensitivity of culture versus qPCR. In order to investigate the diagnostic 
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value of qPCR detection of otopathogens in nasopharyngeal swabs, it is important to take 

carrier status into account (i.e. the presence of asymptomatic carriers). This was achieved 

by calculating the etiological predictive value (EPV) using an online calculator 

(http://www.infovoice.se/fou/epv/), which determines the probability of symptoms being 

caused by a bacteriological finding while taking asymptomatic colonisation into 

consideration [262]. To calculate the positive and negative EPV with a 95% confidence 

interval, one must know the number of positive and negative tests among patients and 

healthy controls, as well as the sensitivity of these tests. This was taken one step further 

by applying an otopathogen density threshold of >1000 pg/ml H. influenzae DNA to the 

EPV calculation to test the value of using H. influenzae qPCR on nasopharyngeal swabs to 

indicate OM diagnosis (only H. influenzae was tested as this was the dominant 

otopathogen in cases). All graphs were plotted using GraphPad Prism 7 (GraphPad 

Software Inc. CA, USA).  

 Results 

4.3.1 Study population 

The children with rAOM (otitis-prone) and healthy control children in this study were 

well matched for age, gender and day-care attendance (Table 4.1). While control children 

were either undergoing general surgery for non-infectious reasons (predominantly 

orthopaedics, strabismus, circumcision, cryptorchidism, hypospadias repair) or attending 

an immunization clinic for routine immunizations, antibiotic use between the otitis-prone 

and healthy groups was surprisingly similar: 20% versus 15% (p=0.51) for current antibiotic 

use and 45% versus 28% (p=0.07) for antibiotic use within the previous month (Table 4.1). 

Further investigation of the patient files also revealed that the class of antibiotics used was 

similar between cases and controls, but sample sizes were too small for statistical analysis. 

All children in this study were fully immunised with 3 doses of the 7-valent pneumococcal 

conjugate vaccine according to the Australian immunisation schedule. 
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Table 4.1 Demographics of study cohort  

Otitis-prone cases 
(n=40) 

Healthy controls 
(n=40) 

p 

Age (months) 18.25 17.93 0.720 
Gender (M:F) 23:17 24:16 0.658 
Daycare attendance (>4h/week) 14 14 1.000 
Mean #AOM episodes 6 0 <0.0001 
Currently on antibiotics 8 6 0.510 
Antibiotics in the past month 18 11 0.070 

4.3.2 Quantitative PCR is more sensitive than culture for identification of 

otopathogens in nasopharyngeal swabs 

The nasopharyngeal swabs in this study had previously undergone culture-based 

evaluation for H. influenzae, S. pneumoniae, M. catarrhalis and S. aureus [89]. Of the 80 

swabs, 4 (all from controls) did not have bacteriological culture conducted, leaving 76 

samples with both qPCR and culture data. Table 4.2 shows the comparison of qPCR and 

culture detection for the 4 bacteria in the 76 nasopharyngeal swabs. The detection rate 

was higher by qPCR for H. influenzae, M. catarrhalis and S. aureus, while the detection 

rate for S. pneumoniae was the same by qPCR and culture: 38% versus 30% of the swabs 

were positive for H. influenzae (p = 0.2994), 26% of swabs were qPCR and culture positive 

for S. pneumoniae (p = 1.000), 59% versus 41% were positive for M. catarrhalis (p = 

0.0270), and 24% versus 11% were positive for S. aureus (p = 0.0355). Of the 76 swabs 11%, 

1%, 20% and 13% were culture negative but qPCR positive for H. influenzae, S. pneumoniae, 

M. catarrhalis and S. aureus respectively (Table 4.2). Two swabs (3%) were qPCR negative 

but culture positive. One of these qPCR negative/culture positive swabs had 3 colonies of 

H. influenzae isolated, confirmed by 16S PCR on the 3 isolates [135], and the other swab 

had 3 colonies of S. pneumoniae isolated, which was previously confirmed by Quellung 

reaction on these isolates [89].  
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Table 4.2 Comparison of culture versus qPCR for all nasopharyngeal swabs 
 A    

H. influenzae qPCR negative qPCR positive Total 

Culture negative 46 (61%) 7 (9%) 53 (70%) 
Culture positive 1 (1%) 22 (29%) 23 (30%) 

Total 47 (62%) 29 (38%) 76 (100%) 

 
B 

   

S. pneumoniae qPCR negative qPCR positive Total 

Culture negative 55 (72%) 1 (1%) 56 (74%) 
Culture positive 1 (1%) 19 (25%) 20 (26%) 

Total 56 (74%) 20 (26%) 76 (100%) 

 
C 

   

M. catarrhalis qPCR negative qPCR positive Total 

Culture negative 31 (41%) 14 (18%) 45 (59%) 
Culture positive 0 (0%) 31 (41%) 31 (41%) 

Total 31 (41%) 45 (59%) 76 (100%) 

 
D 

   

S. aureus qPCR negative qPCR positive Total 

Culture negative 58 (76%) 10 (13%) 68 (89%) 
Culture positive 0 (0%) 8 (11%) 8 (11%) 

Total 58 (76%) 18 (24%) 76 (100%) 

Sensitivity and specificity calculation of culture versus qPCR detection can be found in table 4.3 

Comparing the sensitivity of qPCR and culture (Table 4.3), the sensitivity of qPCR is higher 

for H. influenzae, M. catarrhalis and S. aureus. For S. pneumoniae the sensitivity of qPCR 

and culture is the same. 

Table 4.3 Sensitivity of culture versus qPCR 
Species Total detected 

(culture and/or 
qPCR)a 

Detected by 
culture (% 
sensitivity) 

Detected by qPCR 
(% sensitivity) 

 
p 

H. influenzae 30 23 (77%) 29 (97%) 0.07 

S. pneumoniae 21 20 (95%) 20 (95%) >0.99 

M. catarrhalis 45 31 (69%) 45 (100%) 0.0001 

S. aureus 18 8 (44%) 18 (100%) 0.002 
a Calculations based on 76 samples that had both culture and qPCR performed 

 

The density of species-specific culture from the nasopharyngeal swabs was scored semi-

quantitatively, with a score from 1 to 3 corresponding to ~103, ~104 and ≥105 colony forming 

units (CFU)/ml. Calculation of sensitivity of culture versus qPCR for each bacterial species 

was based on the total number of positive nasopharyngeal swabs (detected by either 

culture or qPCR). There was a strong correlation between semi-quantitative culture scores 

and density measured by qPCR. The Spearman rho correlations for H. influenzae, S. 
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pneumoniae, M. catarrhalis and S. aureus qPCR versus semi-quantitative culture were 0.88 

(p<0.0001), 0.95 (p<0.0001), 0.81 (p<0.0001) and 0.70 (p<0.0001) respectively. 

4.3.3 H. influenzae was the predominant otopathogen in the 

nasopharynx of otitis-prone children whilst M. catarrhalis was 

predominant in controls 

Confirming our previous culture-based results for this cohort [89], qPCR also identified 

H. influenzae as the most common otopathogen identified in the nasopharyngeal swabs 

from otitis-prone children with 62.5% positive for H. influenzae, 32.5% positive for S. 

pneumoniae, 52.5% positive for M. catarrhalis, and 32.5% positive for S. aureus. In 

contrast, M. catarrhalis was the most common otopathogen identified in the 

nasopharyngeal swabs of healthy controls, with 70% positive by qPCR compared with 15% 

positive for H. influenzae, 18% positive for S. pneumoniae, and 13% positive for S. aureus 

(Figure 4-1).  

4.3.4 No difference in otopathogen densities between otitis-prone 

children and healthy controls 

There was no significant difference in median nasopharyngeal carriage densities between 

otitis-prone children and healthy controls of any of the otopathogens (as determined by 

Mann-Whitney U test) (Figure 4-1)
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Figure 4-1 Median density of otopathogens in the nasopharynx of children with rAOM versus healthy control children. Cases, otitis-prone children 
(dots); controls, non-otitis-prone children (circles). Grey, total bacterial load (TBL); blue, Haemophilus influenzae; yellow, Streptococcus pneumoniae; 
red, Moraxella catarrhalis; green, Staphylococcus aureus (green). Ns, non-significant = P > 0.05 
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An H. influenzae positive swab was a positive predictor of rAOM diagnosis (Positive EPV 

= 90.6% (95% CI 53.1% - 99.6%), negative EPV = 83.2% (95% CI 56.7% - 95.1%)). The EPV 

was improved when the density of H. influenzae in a swab was taken into consideration 

through applying a detection density threshold of >1000 pg/ml H. influenzae DNA:  

Positive EPV = 94.9% (95% CI 54.4 - 100) and negative EPV = 94.9% (95% CI 89.0% - 

98.9%). 

4.3.5 Otitis-prone children were more likely to have multiple 

otopathogens detected in their nasopharynx but one species often 

predominated in swabs from both cases and controls 

Assessment of the relative abundance of the 4 bacterial species in each swab showed that 

of the 40 cases, 5% had none of the 4 pathogens detected, 33% had a single bacterial 

species detected, 45% had 2 species detected and 18% had >2 of the 4 species detected 

(Figure 4.2). Of the 40 controls, 23% had none of the 4 pathogens detected, 45% had a 

single bacterial species detected, 28% had 2 species detected and 5% had >2 of the 4 

species detected. We observed a weak negative correlation between M. catarrhalis and S. 

aureus densities in the nasopharynx for cases only (r = -0.3411). No other correlations were 

found between the densities of these 4 bacterial species in the nasopharynx, including S. 

aureus and S. pneumoniae. 

4.3.6 Antibiotic use did not affect nasopharyngeal otopathogen density  

There was no difference in current or recent antibiotic use (within the month before 

sample collection) in the cases versus controls in this study (Table 4.1). To assess the 

impact of current and recent antibiotic use on the density of each pathogen in the 

nasopharynx, correlations were calculated between the median species-specific density 

and either current antibiotic use or recent antibiotic use. For both cases and controls, there 

was no correlation between H. influenzae, S. pneumoniae or M. catarrhalis median density 

and either current or recent antibiotic use. The number of patients on current or recent 

antibiotics and carrying S. aureus was too small (n=3) to assess any correlation.
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Figure 4-2 The relative abundance of otopathogens within individual nasopharyngeal swabs. Cases, otitis-prone children; controls, non-otitis-prone 
children. Each vertical bar represents a nasopharyngeal swab from a child and the colour depicts the amount of each species DNA that was measured in 
the swab: blue, Haemophilus influenzae; yellow, Streptococcus pneumoniae; red, Moraxella catarrhalis; green, Staphylococcus aureus. NB depending on 
the resolution, samples of low density may not be visible in graph. 
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 Discussion 

We have shown that an H. influenzae median density of >1000 pg/ml DNA in a 

nasopharyngeal swab is associated with a recurrent AOM diagnosis. Moreover, the rAOM 

diagnosed children with H. influenzae detected in their middle ear had the highest density 

of H. influenzae in their nasopharynx. Previous studies have demonstrated a positive 

correlation between dense nasopharyngeal colonization with S. pneumoniae and 

development of pneumococcal pneumonia, leading to the proposal that measuring 

bacterial density in the nasopharynx could be used as a non-invasive test to inform clinical 

diagnosis and more appropriate antibiotic treatment for patients with respiratory tract 

infections [168, 178, 179, 182]. However, the recently completed multi-country case 

controlled Pneumonia Etiology Research for Child Health (PERCH) study did not find a 

correlation between density of S. pneumoniae in the nasopharynx and development of 

pneumonia in the 56 cases with microbiologically confirmed pneumococcal pneumonia 

[185]. The PERCH study did however find evidence of an association between dense H. 

influenzae colonization of the nasopharynx and H. influenzae-confirmed pneumonia [186]. 

While in our study, the positive EPV value for an H. influenzae-qPCR positive swab as a 

predictor of OM was high at 94.9%, the 95% CI range was very wide at 54.4% - 100%. The 

negative EPV for the H. influenzae-qPCR test was high at 94.9% and with a narrower 95% 

CI range of 89% - 98.9%, reflecting confidence that a nasopharyngeal swab that is negative 

for H. influenzae is more likely to be from a healthy child than an otitis-prone child, and 

that the risk of a false diagnosis is low. It is unlikely that qPCR on nasopharyngeal swabs 

will ever be used as a stand-alone diagnostic assay for OM but the high etiological 

predictive values in our study do suggest that the density of H. influenzae in the 

nasopharynx is a strong non-invasive predictor of OM. It is also of interest that whilst the 

otitis-prone children in our study were not experiencing an acute episode of OM at the 

time of sample collection (nasopharyngeal swabs and middle ear effusion), detection of H. 

influenzae in the middle ear combined with dense H. influenzae colonisation of the 

nasopharynx provides further evidence of a pathogenic reservoir of H. influenzae in the 

upper respiratory tract of otitis-prone children. This reservoir may contribute to the 

chronicity of disease and recurrence of AOM [249]. Perhaps the EPV of H. influenzae 

density in the nasopharynx as a predictor of H. influenzae OM would increase if specimens 

were collected during an episode of AOM rather than in between episodes. Such 
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investigation would need to be undertaken in countries such as the USA where 

tympanocentesis during AOM is permitted.  

Our study is the first to describe a similar (or even higher) density of M. catarrhalis in the 

nasopharynx of healthy children when compared to children with a history of rAOM. This 

finding warrants further investigation, particularly into whether this provides evidence of 

a bystander involvement of M. catarrhalis in OM pathogenesis rather than an initiatory 

role (as has recently been suggested for S. pneumoniae [204]). Our finding that PCR 

enhances detection of M. catarrhalis in nasopharyngeal swabs compared with culture has 

been well documented [88, 98, 165-167]. The increased detection of M. catarrhalis by PCR 

compared with culture could be due to M. catarrhalis being present in biofilm, preventing 

detection by culture [107, 109]. In our cohort, total bacterial load in the nasopharynx was 

not an indicator of rAOM status. This is in contrast to a previous study comparing 

otopathogen densities in the nasopharynx of Australian Aboriginal and non-Aboriginal 

children, in which a positive association between high total bacterial load and a probability 

of suppurative OM was observed [176]. This may be a reflection of the different OM 

diagnoses (rAOM versus OME or SOM) and different study populations in these two 

cohorts. 

Recent antimicrobial therapy has been demonstrated to reduce detection of H. influenzae, 

S. pneumoniae and M. catarrhalis in nasopharyngeal swabs by culture and/or PCR [143, 

263]. However, we did not find any correlation between the density of any of these species 

and current or recent antibiotic use for either cases or controls.  

Different bacterial species that share the same niche within the host are often found to 

interact with each other, either synergistically or competitively [264]. It was clear that 

whilst multiple otopathogens were detected in the nasopharyngeal swabs from this cohort, 

often one species was more abundant. Negative correlations between bacterial species in 

the nasopharynx have previously been demonstrated between S. aureus and S. pneumoniae 

[60, 265-267], whilst positive correlations have been observed between H. influenzae and 

M. catarrhalis, and H. influenzae and S. aureus [268]. The negative association between 

carriage of S. pneumoniae and S. aureus have been reported by multiple studies of children 

from different geographical regions, however most of these studies found that the inverse 

correlation was only significant for carriage of S. pneumoniae serotypes included in the 

pneumococcal conjugate vaccines [269]. S. pneumoniae carriage was not common in this 
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cohort (25% colonized with S. pneumoniae) and all were non-vaccine serotypes, perhaps 

explaining why we did not find a correlation between S. aureus and S. pneumoniae carriage 

in this study. 

Traditionally bacterial density has been evaluated by semi-quantitative culture methods. 

However, qPCR is faster and can provide more accurate identification and quantification 

of specific pathogens. Our study confirms that qPCR was more sensitive and detected 

more positive samples than culture. This can partly be explained by bacterial death, either 

from patients receiving antibiotics or from storage of the sample, thereby preventing 

culture but still allowing detection of DNA by PCR. Another factor is that otopathogens 

can persist in viable but non-cultureable states as biofilms, a phenomenon that is widely 

recognised in OM pathogenesis [105, 112]. The qPCR panel that we have applied to this 

study can reliably determine the density of the most common otopathogens, with a strong 

correlation between density measured by qPCR and semi-quantitative culture. This means 

that these qPCR assays could replace culture as the primary detection and quantification 

method for these pathogens, particularly for large collections of specimens to reduce time 

and labour costs whilst improving detection rates. While culture is still required for 

antibiotic susceptibility testing of most bacterial species, qPCR could be used to screen for 

probable culture-positive specimens to reduce the number of specimens undergoing 

culture, which would also reduce labour, time and consumable costs. 

In summary, we have shown that children with recurrent AOM undergoing ventilation 

tube insertion have a higher density of H. influenzae in their nasopharynx than non-otitis-

prone children, and that the highest H. influenzae carriage densities are observed in 

children who also had H. influenzae in their middle ear. While qPCR to measure 

otopathogen density in nasopharyngeal swabs is unlikely to be used alone as a diagnostic 

test for OM, there may be value in using such a test to direct treatment options such as 

antibiotics or novel anti-NTHi treatments when the H. influenzae DNA density in a 

nasopharyngeal swab is >1000 pg/ml. The most likely use of these qPCR assays are as a 

surveillance tool to measure the impact of treatments, such as anti-biofilm agents, or 

preventative therapies, such as vaccines, on otopathogen colonisation density in cohort 

studies and clinical trials. We propose that the qPCR panel described in this study is ideal 

for such surveillance. 
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 Introduction 

Protein-polysaccharide conjugate vaccines targeting S. pneumoniae and H. influenzae have 

the potential to reduce nasopharyngeal carriage and transmission, leading to a reduction 

in the prevalence of OM and in turn to a reduction in antibiotic prescriptions and children 

undergoing ventilation tube insertion (VTI) surgery. S. pneumoniae is the only 

otopathogen that is directly targeted by currently licensed vaccines. Introduction of 

pneumococcal conjugate vaccines (PCV) has reduced the incidence of OM from the 

serotypes included in the vaccine [197-199], but has had a limited impact on the overall 

prevalence of OM due to replacement disease from non-vaccine serotypes and other 

otopathogens [189, 202]. 

The 7-valent PCV (PCV7) was introduced into the New Zealand Immunisation Program in 

2008, and national surveillance reports showed a significant decrease in the rate of 

invasive pneumococcal disease in children <5 years of age in the following years [270]. In 

2011, PCV7 was replaced by the 10-valent PCV (PCV10), which covers 3 additional 

pneumococcal serotypes and has Protein D from H. influenzae as the conjugate protein for 

8 of the 10 serotypes [271, 272]. From an OM prevention point of view, it is of particular 

interest to assess whether the addition of Protein D influences the nasopharyngeal carriage 

and development of OM from H. influenzae. A recent Phase IV clinical trial in Australian 

Aboriginal children, who have a high risk of chronic OM, showed that PCV10 vaccination 

reduced the prevalence of H. influenzae detection in middle ear discharge when compared 

with PCV7, although no difference in nasopharyngeal H. influenzae carriage rates was 

observed [273]. Likewise, studies from the Netherlands and Finland on non-otitis-prone 

children with a lower risk of developing H. influenzae OM, showed that PCV10 vaccination 

had no impact on H. influenzae carriage rates [209, 274]. In these studies, carriage was 

assessed by culture of nasopharyngeal swabs, with presence or absence of an otopathogen 

reported rather than the density of otopathogens. It has been suggested that quantitative 

analysis, rather than culture, should be used to determine the impact of vaccines on 

colonisation with otopathogens [173]. Quantitative (q) PCR was previously applied to 

nasopharyngeal swabs in an Australian study, and revealed that children with chronic OM 

had a significantly higher median load of otopathogens in their nasopharynx compared 

with non-otitis-prone children. They also observed that Australian Aboriginal children 

had significantly higher nasopharyngeal densities of otopathogens than their non-
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Aboriginal counterparts [176]. Recently, an animal model of AOM has demonstrated that 

vaccination with Protein D, the H. influenzae carrier protein in PCV10, reduced H. 

influenzae density in the middle ear but had no impact on density of H. influenzae in the 

nares [197]. Whether this occurs in PCV10-vaccinated children has not been investigated 

before, but may explain the findings of the Leach et al. study [273], where a reduction in 

H. influenzae-associated OM was observed without reduction in H. influenzae carriage 

rates following PCV10 immunisation.  

To determine the aetiology of OM in New Zealand in the PCV7 era, nasopharyngeal swabs 

and middle ear effusions were collected from 325 PCV7-vaccinated otitis-prone children 

and 137 PCV7-vaccinated non-otitis-prone children, with H. influenzae identified as the 

predominant otopathogen detected by culture and PCR (non-quantitative) in the 

collected specimens [275]. In 2014, three years after the introduction of PCV10, a second 

cohort of 319 PCV10-vaccinated otitis-prone children and 154 PCV10-vaccinated non-

otitis-prone children were recruited [92] to compare OM otopathogens with the PCV7-

vaccinated children. H. influenzae remained the predominant otopathogen identified in 

nasopharyngeal swabs and middle ear effusions from the PCV10-vaccinated children, with 

both H. influenzae and S. pneumoniae carriage rates remaining unchanged in the two 

vaccine cohorts [92]. To further assess PCV10 impact and aid development of future OM 

therapies, we have applied qPCR to specimens collected in these cohorts to 1) determine 

whether PCV10 vaccination reduces H. influenzae density in the nasopharynx and middle 

ear of otitis-prone children, and 2) assess the impact of PCV10- versus PCV7-vaccination 

on pneumococcal carriage density in otitis-prone and non-otitis-prone children.  

 Methods 

5.2.1 Nasopharyngeal swabs and middle ear effusion samples 

A total of 457 nasopharyngeal swabs and 411 middle ear effusion samples were included in 

this study. Samples were collected as previously described [275] from children less than 

36 months of age and either undergoing VTI surgery for rAOM/OME (otitis-prone cases) 

or surgery for non-infectious reasons (non-otitis-prone comparison group; controls). 

Recruitment for the PCV7 vaccine group occurred between May to November 2011, and 

for the PCV10 vaccine group between May to November 2014. All children were fully PCV-

vaccinated according to the National Immunisation Program for New Zealand. Season- 
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and age-matching was conducted for recruitment of controls. Additional exclusion criteria 

for this study included cases that had only middle ear effusion collected and no matching 

nasopharyngeal swab. Nasopharyngeal swabs and middle ear effusions were collected and 

stored as previously described [89]. 

Samples underwent pre-processing and enzymatic lysis followed by automatic DNA 

extraction on the QIAcube HT system (Qiagen) as previously described in Chapter 2, 

Section 2.4.4. Genomic DNA was stored in aliquots at −80 C for long term storage and at 

−20 C for no more than 6 weeks. 

5.2.2 Quantitative PCR 

Real-time qPCR was conducted using the CFX96 real-time PCR detection system (Bio-

Rad, Gladesville, NSW, Australia) as detailed in section 0. Primers and probes for the 

detection and quantification of H. influenzae and S. pneumoniae, as well as reaction 

conditions, are listed in Table 2.2.  

Specimens that were found to be culture positive for S. pneumoniae by previous study [92] 

were serotyped by either Quellung [92] or microarray [276]. Accessing these serotype data 

and combining them with results for S. pneumoniae carriage density (based on the S. 

pneumoniae specific lytA qPCR), makes it possible to assess serotype-specific carriage 

density. We used the dominant serotype present in the specimen and matched this with 

the overall pneumococcal density. 

5.2.3 Statistical analysis 

Host and environmental risk factors between cases and controls were compared using 

Student’s t tests for continuous variables (age), and Pearson chi-square analyses (P value, 

asymptotic significant, 2-sided) for categorical variables (gender, day-care attendance, 

ethnicity, current antibiotic use). Binary logistic regression was used to determine the 

association between the presence of otopathogens in specimens and case/control status 

or vaccine recipient groups (PCV7 or PCV10), adjusting for the cofounding variables of age 

and day-care attendance to give the adjusted odds ratio (aOR). A linear regression model 

(on log-transformed densities and adjusting for confounders of age and day-care 

attendance) was used to compare density of otopathogens in positive specimens collected 

from PCV7- and PCV10-vaccinated otitis-prone and non-otitis-prone children. The 

significance level was considered as p < 0.05.  
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Spearman’s rank correlation coefficient was used to determine the correlation between 

otopathogen densities in the nasopharynx and middle ear, where 0.5>r>0.3 was 

considered to be a weak correlation and 0.7>r>0.5 was considered to be a moderate 

correlation. For this analysis, samples with DNA densities below the limit of quantification 

(LOQ; 12.5 pg/ml) were assigned half of this value (6.25 pg/ml) rather than zero, to permit 

statistical analyses. 

The area under the receiver operating characteristic (ROC) curve (AUC) was determined 

to assess the potential value of a nasopharyngeal otopathogen density test for 

differentiating disease status (otitis-prone) from non-disease status (non-otitis-prone 

controls), where an AUC of 0.5 = no diagnostic ability, AUC 0.5–0.6 = poor diagnostic 

ability, AUC of 0.6–0.7 = sufficient diagnostic ability, an AUC 0.7–0.9 = good to excellent, 

and an AUC of 1.0 = perfect diagnostic ability. IBM SPSS Statistics version 22 was used for 

all statistical analysis. Graphs were plotted using GraphPad Prism 7 (GraphPad Software 

Inc., San Diego, California, USA). 

5.2.4 Ethics 

The study was conducted in accordance with the Declaration of Helsinki, and the protocol 

was approved by the New Zealand Northern Regional Ethics Committee (NTX/11/04/029). 

Informed written consent was obtained from parents/guardians of study participants at 

the time of recruitment. 

 Results 

5.3.1 Study population 

Of the 457 children included in this study, 217 were recruited in 2011 and were PCV7-

vaccinated (147 otitis-prone cases and 70 non-otitis-prone controls), and 240 were 

recruited in 2014 and were PCV10-vaccinated (178 otitis-prone cases and 62 non-otitis-

prone controls) (Table 5.1). All children included in this study were fully vaccinated with 

either PCV7 or PCV10 according to the National Immunisation Program. The controls 

were approximately 3 months younger than the cases in both vaccine groups. Day-care 

attendance was more common in the otitis-prone cases compared to the non-otitis-prone 

controls in both the PCV7-vaccinated (63% versus 40%; p = 0.002) and PCV10-vaccinated 

(81% versus 45%; p = 0.0001) groups. More of the otitis-prone children in the PCV10-
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vaccinated group attended day-care for >4 h/week in comparison with the otitis-prone 

children in the PCV7-vaccinated group (81% versus 63%, p = 0.001); whereas day-care 

attendance in the non-otitis-prone controls was similar between the vaccine groups, p = 

0.270 (Table 5.2). While there were more children of Māori descent in the PCV10-

vaccinated cohort than the PCV7-vaccinated cohort (Table 5.2), there was no difference 

in the proportion of otitis-prone versus non-otitis-prone Māori children in each vaccine 

group: PCV7-vaccinated  otitis-prone Māori versus PCV7-vaccinated non-otitis-prone 

Māori children, 14% versus 7%, p = 0.130; and PCV10-vaccinated  otitis prone Māori versus 

PCV10-vaccinated non-otitis-prone Māori children, 25% versus 23%, p = 0.671 (Table 5.1). 

Age and day-care attendance were adjusted for as confounders in all subsequent analysis.  

Table 5.1 Demographics of study cohort and comparison between cases and controls within 
PCV7- and PCV10-vaccinated groups. 
 PCV7 Vaccine Group  PCV10 Vaccine Group 

Sample demographics Cases Controls p  Cases Controls p 

Total number 147 70   178 62  
Median age in months 
(interquartile range) 

21.34 
(16.54–
26.63) 

18.82 
(12.86–
24.8) 

0.031  24.17 
(19.05–
28.81) 

21.11 
(14.7–
29.08) 

0.043 

Male gender (%) 92 (63%) 51 (73%) 0.136  122 (69%) 34 (55%) 0.051 
Day care attendance (%) 93 (63%) 28 (40%) 0.002  144 (81%) 28 (45%) 0.0001 
Antibiotics in last month (%) 74 (50%) 29 (41%) 0.201  78 (44%) 18 (29%) 0.171 
Ethnicity (%)        

European 104 (71%) 45 (64%) 0.337  103 (58%) 30 (48%) 0.196 
Māori 21 (14%) 5 (7%) 0.130  45 (25%) 14 (23%) 0.671 
Pacific Island 19 (13%) 13 (19%) 0.273  27 (15%) 9 (15%) 0.901 
Other/unknown 3 (2%) 7 (10%) 0.014  3 (2%) 9 (15%) 0.0001 

 
Table 5.2 Comparison of demographics for otitis-prone cases and non-otitis-prone controls 
between vaccine groups. 
 Otitis-Prone Children (Cases)  Non-Otitis-Prone (Controls) 

Sample demographics PCV7 PCV10 p  PCV7 PCV10 p 

Total number 147 178   70 62  
Median age in months 
(interquartile range) 

21.34 
(16.54–
26.63) 

24.17 
(19.05–
28.81) 

0.007  18.82 
(12.86–
24.8) 

21.11 
(14.7–
29.08) 

0.183 

Male gender (%) 92 (63%) 122 (69%) 0.260  51 (73%) 34 (55%) 0.031 
Day care attendance (%) 93 (63%) 144 (81%) 0.001  28 (40%) 28 (45%) 0.270 
Antibiotics in last month (%) 74 (50%) 78 (44%) 0.176  29 (41%) 18 (29%) 0.325 
Ethnicity (%)        

European 104 (71%) 103 (58%) 0.016  45(64%) 30 (48%) 0.066 
Māori 21 (14%) 45 (25%) 0.014  5 (7%) 14 (23%) 0.012 
Pacific Island 19 (13%) 27 (15%) 0.564  13 (19%) 9 (15%) 0.533 
Other/unknown 3 (2%) 3 (2%) 0.813  7 (10%) 9 (15%) 0.428 
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5.3.2 No difference in otopathogen presence in the nasopharynx of PCV7- 

and PCV10-vaccinated otitis-prone or non-otitis-prone children 

There was no difference in the proportion of otitis-prone children colonised with H. 

influenzae between vaccine groups: 61.9% (91/147) for PCV7-vaccinated cases versus 68.5% 

(122/178) for PCV10-vaccinated cases, p = 0.214 (Figure 5-1). However, the adjusted odds 

ratio (aOR) was 1.297 (95% CI 0.807-2.084), indicating that when the confounding factors 

of age and day-care were adjusted for, PCV10-vaccinated otitis-prone children were more 

likely to carry H. influenzae than PCV7-vaccinated otitis-prone children. There was also 

no significant difference in presence of H. influenzae in the nasopharynx of non-otitis-

prone controls from the different vaccine eras, with 40.0% (28/70) colonised with H. 

influenzae in the PCV7-vaccinated controls versus 56.5% (35/62) for PCV10-vaccinated 

controls, p = 0.059 (Figure 5-1). However, the aOR was 1.652 (95% CI 0.758-3.599), 

indicating that PCV10-vaccinated controls were more likely to be colonised with H. 

influenzae than the PCV7-vaccinated controls. 

Similarly, there was no significant difference in the presence of S. pneumoniae in the 

nasopharynx of PCV7-vaccinated otitis-prone cases (54.5%, 80/147) versus PCV10-

vaccinated otitis-prone cases (64.6%, 115/178), p = 0.065. However the aOR was 1.452 (95% 

CI 0.913-2.310), indicating that PCV10-vaccinated otitis-prone children were more likely 

to carry S. pneumoniae than the PCV7-vaccinated otitis-prone children. There was no 

difference observed for the presence of S. pneumoniae in the nasopharynx between PCV7-

vaccinated (40.0%, 28/70) and PCV10-vaccinated (46.8%, 29/62) non-otitis-prone 

controls (p = 0.433) (aOR = 1.213 (95% CI 0.597-2.595). 

5.3.3 PCV10-vaccinated otitis-prone and non-otitis-prone children had 

similar H. influenzae nasopharyngeal densities to PCV7-vaccinated otitis-

prone and non-otitis-prone children 

Of the children who were colonised with H. influenzae, there was no difference in H. 

influenzae carriage densities between PCV7- and PCV10-vaccinated otitis-prone (p = 

0.649) or non-otitis-prone children (p = 0.626) (Figure 5-1).
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Figure 5-1 Density of H. influenzae (blue) and S. pneumoniae (yellow) in the nasopharynx of PCV7- and PCV10-vaccinated otitis-prone and non-otitis-
prone children. Data are presented for children that were colonised with an otopathogen, with each point representing an individual child and the 
horizontal bars depicting the median otopathogen DNA concentration in pg/ml. Circles represent PCV7-vaccinated otitis-prone cases (closed circles) and 
non-otitis-prone control children (open circles), and triangles represent PCV10-vaccinated otitis-prone cases (closed triangles) and non-otitis-prone 
controls (open triangles). Statistical analysis was conducted on adjusted data, correcting for age and day-care attendance, where *: p < 0.05. PCV, 
pneumococcal conjugate vaccine. 
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5.3.4 PCV10-vaccinated otitis-prone children had higher pneumococcal 

nasopharyngeal densities than PCV7-vaccinated otitis-prone children 

Of the cases who were colonised with S. pneumoniae, higher densities of S. pneumoniae 

were detected in the nasopharynx of PCV10-vaccinated otitis-prone children than in 

PCV7-vaccinated otitis-prone children (p = 0.0163) (Figure 5-1). This was not observed in 

the non-otitis-prone children, where there was a lower (but non-significant) density of S. 

pneumoniae in the nasopharynx of PCV10-vaccinated children compared with the PCV7-

vaccinated controls (p = 0.2559). 

5.3.5 Otitis-prone children had higher densities of H. influenzae and S. 

pneumoniae in their nasopharynx compared with non-otitis-prone 

children 

Otopathogen presence and density were compared between the otitis-prone cases and 

non-otitis-prone controls within each vaccine group. In the PCV7-vaccinated group, otitis-

prone cases were more than twice as likely to be colonised with H. influenzae (aOR = 2.095 

(95% CI 1.137-3.862)) and also more likely to be colonised with S. pneumoniae (aOR = 1.629 

(95% CI 0.884-3.003)) than the non-otitis-prone controls, p = 0.018 and p = 0.117 

respectively. In the PCV10-vaccinated group, there was no difference in the colonisation 

rate between cases and non-otitis controls (aOR = 1.333 (95% CI 0.687-2.585)) (p = 0.396). 

An aOR of 1.823 (95% CI 0.958-3.467) indicated that PCV10-vaccinated cases were more 

likely to be colonised with S. pneumoniae than the non-otitis-prone controls (p = 0.067). 

Of the children that were colonised with H. influenzae, there was no difference in H. 

influenzae density in the nasopharynx between cases and controls in the PCV7-vaccinated 

(p = 0.767) and PCV10-vaccinated (p = 0.902) groups (Figure 5-1). In those colonised with 

S. pneumoniae, there was a trend towards higher S. pneumoniae densities in the 

nasopharynx of otitis-prone cases compared to non-otitis-prone controls in the PCV7-

vaccinated group (p = 0.154), which was even more apparent, however still non-significant, 

in the PCV10-vaccinated group (p = 0.099) (Figure 5-1). 
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5.3.6 Otopathogen density in the middle ear of otitis-prone children was 

similar between vaccine groups 

Middle ear effusion was not available for 35 of the 147 PCV7-vaccinated cases and 62 of 

the 178 PCV10-vaccinated cases. The proportion of children with H. influenzae detected in 

their middle ear effusion was 29.9% (44/112) for PCV7-vaccinated cases and 25.8% (46/116) 

for PCV10-vaccinated cases, p = 0.894 (aOR = 0.963 (95% CI 0.554-1.674)). The proportion 

of children with S. pneumoniae detected in their middle ear effusion was 17.0% (25/112) 

for PCV7-vaccinated cases and 17.4% (31/116) for PCV10-vaccinated cases, p = 0.278 (aOR 

= 1.418 (95% CI 0.754-2.665)). Of the children with H. influenzae or S. pneumoniae 

detected in their middle ear, there was no difference between otopathogen densities in the 

middle ear effusion from PCV7- versus PCV10-vaccinated otitis-prone children (H. 

influenzae p = 0.918; S. pneumoniae p = 0.415) (Figure 5-2). 

 

 

Figure 5-2 Otopathogen density in the middle ear of PCV7- and PCV10-vaccinated otitis-
prone children with H. influenzae (blue) or pneumococcal (yellow) OM. Data are presented 
for each child with an otopathogen detected in their middle ear, with each data point 
representing an individual child and the horizontal bars depicting the median otopathogen 
DNA concentration in pg/ml in the middle ear effusion. Circles represent PCV7-vaccinated 
otitis-prone cases and triangles represent PCV10-vaccinated otitis-prone cases. Statistical 
analysis was conducted on adjusted data, correcting for age and day-care attendance. PCV, 
pneumococcal conjugate vaccine.  
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5.3.7 Correlation between otopathogen density in the nasopharynx and 

middle ear 

For all of the otitis-prone cases, there was a moderate positive correlation between density 

of H. influenzae in the nasopharynx and density of H. influenzae in the middle ear (r = 

0.57) (Figure 5-3). For S. pneumoniae there was a weak positive correlation between 

density in the nasopharynx and middle ear (r = 0.40) (Figure 5-3).  

 
Figure 5-3 Correlation between otopathogen densities in the nasopharynx with otopathogen 
density in the middle ear of otitis-prone children. Each dot represents the density of H. 
influenzae (blue) and S. pneumoniae (yellow) in pg/ml of DNA in the nasopharynx (NPS) and 
middle ear effusion (MEE) of otitis-prone children. Correlation was assessed by Spearman 
rho, where 0.5> r >0.3 is considered a weak positive correlation and 0.7> r >0.5 is considered 
a moderate positive correlation. 

 

Only 3/325 otitis-prone children (0.9%) had H. influenzae detected in their middle ear and 

not their nasopharynx, while 73/325 otitis-prone children (22.5%) had H. influenzae 

detected in their nasopharynx but not their middle ear. Likewise, 2/325 (0.6%) otitis-

prone children had S. pneumoniae detected in their middle ear but not their nasopharynx, 

and 80/325 (24.6%) otitis-prone children had S. pneumoniae detected in their 

nasopharynx but not their middle ear. To assess the diagnostic value of measuring 

otopathogen density in nasopharyngeal swabs to distinguish otitis-prone from non-otitis-

prone children, AUC curves were evaluated, determining the AUC to be 0.63 for H. 

influenzae and 0.62 for S. pneumoniae, values that are considered to be indicative of a test 

with sufficient diagnostic ability. 
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5.3.8 Carriage density of pneumococcal vaccine and non-vaccine 

serotypes was similar between all PCV7- and all PCV10-vaccinated 

children 

Of all the children who were colonised with S. pneumoniae, there was no difference 

between the nasopharyngeal densities of vaccine types (VT) (p = 0.546) and non-vaccine 

types (NVT) (p = 0.315) between PCV7- and PCV10-vaccinated children (Figure 5-4). For 

specific pneumococcal serotypes, nasopharyngeal colonisation with VTs 6B, 9V, 19F and 

23F was observed in both vaccine groups (cases and controls combined), but this was more 

common in the PCV7-vaccinated group (Figure 5-5). VT serotype 19F was a common 

coloniser in the PCV7-vaccinated cohort (18/82 children versus 2/120 in the PCV10-

vaccinated cohort), while colonisation with vaccine-related serotype 19A was common in 

both vaccine groups and often at a high density. 

 

Figure 5-4 Pneumococcal vaccine and non-vaccine serotype carriage density in the 
nasopharynx of PCV7- (blue) and PCV10- (yellow) vaccinated children. Data are presented 
for each individual child, with the horizontal bars depicting the median density of vaccine-
types and non-vaccine types in pg/ml of pneumococcal DNA 
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Figure 5-5 Serotype-specific carriage density in the nasopharynx of PCV7- (blue) and PCV10- (yellow) vaccinated children. Data are presented for each 
individual child, with the horizontal bars depicting the median density of specific pneumococcal serotypes in pg/ml of pneumococcal (lytA) DNA. 
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 Discussion 

H. influenzae and S. pneumoniae are common bacterial pathogens isolated in upper and 

lower respiratory tract infections, including OM. With the inclusion of Protein D from H. 

influenzae, PCV10 has the potential to offer additional protection against H. influenzae 

colonisation and/or disease in comparison with PCV7 (as well as the additive protection 

against three extra pneumococcal serotypes). In this study, we observed that PCV10-

vaccinated otitis-prone and non-otitis-prone children had similar, or even higher, 

densities of H. influenzae and S. pneumoniae in their nasopharynx when compared with 

PCV7-vaccinated children. The density of pneumococcal VT and NVT in the nasopharynx 

was not different between vaccine groups, however there was a significant decrease in the 

proportion of children colonised with vaccine serotypes in the PCV10 era. It is important 

to highlight that while VT 6B and 19F have been indicated to elicit some cross-protection 

against NVT 6A and 19A respectively [187, 277], colonisation with both 6A and 19A was 

observed in both vaccine groups. Although vaccination with PCVs may not reduce the 

overall carriage density of S. pneumoniae, elimination of serotypes with enhanced capacity 

to cause disease may lead to reduced incidence of acute and complex OM [278]. Indeed, 

rates of hospitalisation for OM have declined by 25% in New Zealand since introduction 

of PCV7 in 2006 [251], indicating that while PCVs may be having a limited impact on 

otopathogen colonisation density, they are having an impact on hospitalisation for OM.  

In our study, we did not observe a reduction of H. influenzae in the middle ear of PCV10-

vaccinated otitis-prone children compared with PCV7-vaccinated children. This is in 

contrast to a recent animal study demonstrating that mice vaccinated with Protein D had 

reduced H. influenzae density in the middle ear compared with unvaccinated mice in a 

model of H. influenzae AOM [279]. It is possible that we may have missed any short-term 

impact of PCV10 vaccination in children in our cross-sectional study where middle ear 

effusion was only collected at the time of surgery, which was months or even years after 

PCV10 vaccination. PCV-induced antibody responses have not been measured in this 

study. We have previously shown that Australian otitis-prone children have similar 

antibody responses to PCV vaccination when compared to non-otitis prone children [280-

282]. We have also observed that Aboriginal otitis-prone children have similar natural 

antibody titres to pneumococcal protein antigens when compared with their non-

Aboriginal counterparts [283]. Aboriginal otitis-prone children did, however, have lower 

natural antibody titres to specific H. influenzae protein antigens [284], indicating that 
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Aboriginal children may be tolerised to H. influenzae from a young age and cease 

responding to some H. influenzae antigens. It is possible that the different ethnic groups 

within the PCV10 group have different antibody responses to Protein D, but this had no 

impact on density of H. influenzae (or pneumococcal) colonisation. 

Reports on the impact of Protein D-conjugated pneumococcal vaccines on H. influenzae 

colonisation are mixed, and methods used to assess prevalence are variable: studies in 

Dutch and Finnish children have reported no impact of PCV10 on H. influenzae carriage 

density (by qPCR) [209, 274], while an increase in H. influenzae carriage prevalence from 

26% to 44% was observed following PCV10 introduction in Brazil [285]. Importantly, apart 

from the initial trial with a prototype of PCV10 (11 serotypes all conjugated to Protein D) 

in the Czech Republic [208], there are no reports that have shown a decrease in H. 

influenzae carriage prevalence following PCV10-vaccination. In terms of OM, a recent 

study in Australian Aboriginal children demonstrated that PCV10 vaccination significantly 

reduced the prevalence of H. influenzae in ear discharge [273]. Measuring the density of 

otopathogens in the nasopharynx and middle ear with molecular techniques gives more 

insight into subtle changes that may be influenced by vaccination. 

We and others have previously shown that otitis-prone children have higher densities of 

otopathogens in their nasopharynx than non-otitis-prone children [176]. Obtaining 

samples from the site of infection in children with OM (middle ear samples), is an invasive 

and challenging procedure, so the use of nasopharyngeal swabs as a marker of disease 

aetiology and for monitoring the impact of interventions is appealing. Our data shows a 

moderate correlation between densities of H. influenzae in the nasopharynx and middle 

ear of otitis-prone children, suggesting that detection of H. influenzae in nasopharyngeal 

swabs is indicative of H. influenzae-associated OM, but cannot be used as a definitive test. 

Only a weak correlation was observed for S. pneumoniae densities in the nasopharynx and 

middle ear of otitis-prone children, suggesting that nasopharyngeal swabs are not a good 

indication of pneumococcal OM diagnosis, as has been concluded by studies assessing the 

utility of nasopharyngeal swabs as a proxy for pneumococcal pneumonia aetiology across 

a wide range of settings [67, 185]. 

Over-representation of day-care attendance in otitis-prone children is well documented 

[17, 286, 287], and shows that our cohort is representative of cohorts in other countries. 

Day-care attendance in the PCV10-vaccinated group was higher than the PCV7-vaccinated 



5.4 Discussion 105 

 
group; this may be linked to the slightly older age range in the PCV10 group, but is more 

likely to have been influenced by the change in government policy in 2012 to provide 20 

hours of free childcare for all New Zealand children [288]. To ensure that only 

otopathogen density was compared between vaccine groups, the confounding factors of 

age and day-care were adjusted for in all analyses. The PCV10-vaccinated group was 

recruited 3 years after the PCV7-vaccinated group, and 6 years after PCV7 introduction 

into New Zealand, which may have impacted the circulating pneumococcal serotypes in 

the population. Longitudinal studies with frequent sampling may reveal short-lived 

temporal changes in otopathogen density in the nasopharynx or middle ear following 

PCV10-vaccination, but ideally, any impact on carriage density should be sustained. In 

addition, prolonged (3 years) cryopreservation of the specimens from the PCV7 era may 

have led to a lower otopathogen density compared with the specimens from the PCV10 

era. However, studies have shown no reduction in viability counts over a >10 year period 

for both S. pneumoniae and H. influenzae cultured from nasopharyngeal swabs collected 

in STGGB media, which is the same media used in this study [289, 290].  

In summary, 3 years following the introduction of PCV10 into New Zealand, there was no 

reduction in H. influenzae or S. pneumoniae density in the nasopharynx of otitis-prone or 

non-otitis-prone children. There was also no difference in otopathogen density in the 

middle ear of PCV10-vaccinated otitis-prone children compared with PCV7-vaccinated 

otitis-prone children. Development of improved strategies to reduce otopathogen density 

in the nasopharynx, and their dissemination into the middle ear, are warranted in attempt 

to reduce the burden of OM. 





 

Chapter 6 The impact of 3 infant doses of 

PCV10 or PCV13 on S. pneumoniae and H. 

influenzae colonisation density in Papua New 

Guinean infants 
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 Introduction 

In Papua New Guinea (PNG), rates of infant morbidity and mortality due to pneumonia 

and severe pneumococcal disease are among the highest documented in the world, with 

pneumonia the most common reason for childhood hospitalisation and mortality [291]. In 

the Asaro Valley (which includes Goroka town) in the PNG Eastern Highlands, the 

mortality rate for pneumonia is 25 in every 1000 live births per year and 56% of all 

pneumonia deaths in children <5 years occurs under the age of 6 months [292]. The 

Eastern Highlands Province lies within the highlands of PNG (an area of 11,157 km2 and a 

population of 579,825). The provincial capital Goroka is situated 1600 m above sea-level 

and is only accessible by air from the nation’s capital, Port Moresby, or by mountainous 

highways from the nearest port, Lae. Many roads in the area are unsealed and in poor 

condition, with numerous villages only accessible by foot [293]. Although some areas have 

access to water and electricity supply, interruptions are common [294]. Contributing to 

the disproportionately high burden of pneumonia in low-income settings such as PNG are 

a very early and high burden of upper respiratory tract colonisation with pneumococci as 

well as a high degree of serotype diversity compared with more affluent populations [132].  

 

Figure 6-1 Eastern Highlands Province in Papua New Guinea (Wikipedia) 

The Haemophilus influenzae type b (Hib) vaccine was introduced in PNG in 2008 and is 

administrated in a 3+0 schedule (at 1, 2 and 3 month). Despite a relatively low uptake of 

around 50%, the vaccine has been highly effective in reducing Hib disease [295], but the 
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vaccine does not protect against carriage and infections with non-type b encapsulated 

strains or nontypeable H. influenzae (NTHi). The pneumococcal conjugate vaccine 

(PCV13) was introduced into PNG in 2016 with support from the global vaccine alliance – 

GAVI. The samples for this study were collected prior to this. 

Alongside the pneumococcal conjugate vaccines, a pneumococcal polysaccharide vaccine 

(PPV) consisting of 23 different serotypes (PPV23) also exists. This vaccine has been used 

since the 1980s and compared with the PCVs provides increased serotype coverage. PPV23 

has been shown to effectively protect against serious disease in healthy young adults [296]. 

However immunogenicity of the different components of PPV23 is variable in specific 

populations and the vaccine may not be effective in children under 6 months of age [297]. 

The poor immunogenicity of PPV23 in infants and the limited duration of protective 

antibody levels is associated with the T-independent nature of the pneumococcal 

polysaccharide vaccine, due to the immature immunsystem in very young children [298]. 

Concerns regarding potential immunological hyporesponsiveness following PPV23 in 

PCV-primed children [299-301] stopped the recommendation of PPV23 vaccination for 

Aboriginal and immunocompromised children in Australia. However, 3 trials of PPV23 

have demonstrated that this vaccine prevents death and severe morbidity in young Papua 

New Guinean children when given from the age of 6 months onwards [302-304]; and a 

recent paper on PPV23 vaccination of PCV-primed PNG infants showed no significant 

hyporesponsiveness [305]. 

Pneumococcal serotype diversity in the nasopharynx is termed the ‘pneumobiome’ [306] 

and PNG children have a particularly broad pneumobiome. A previous study on the impact 

of PCV7 on nasopharyngeal carriage of S. pneumoniae in PNG identified 62 different 

pneumococcal serotypes (54 after 3 doses of PCV7) in the nasopharynx of children in the 

trial [307]. At 9 months of age (after 3 doses of PCV7) 87% of the vaccinated children were 

colonised with pneumococci compared with 79% of age-matched unvaccinated controls 

(p = 0.1110). The PCV7 vaccinated children carried 22% vaccine serotypes compared with 

31% among the unvaccinated controls (p = 0.1357). Carriage of non-vaccine serotypes were 

found to be 65% among the PCV7 vaccinated children compared to 47% among the 

unvaccinated children (p = 0.0086) [307]. Replacement of carriage and disease with non-

vaccine pneumococcal serotypes or an increase of previously low density serotypes is a 

major threat in the PCV era (8, 28), particularly in settings of dense nasopharyngeal 

carriage with non-vaccine types [307-309]. The threat is amplified when the replacement 
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serotypes are highly invasive and/or antibiotic-resistant [310]. This means that current 

PCVs have limited ability to protect against disease. We do not fully understand the impact 

of different PCVs on the pneumobiome, particularly in populations like PNG where very 

early onset of dense upper respiratory tract bacterial carriage is associated with early onset 

of respiratory related diseases [311]. 

Current data on bacterial load in children in PNG is based on semi-quantitative culture 

and we know that that dense colonization occurs at an even younger age in Papua New 

Guinean children compared with Australian Aboriginal children [40, 311]. Quantification 

of colonization by molecular methods gives a better depiction of the microbial ecology in 

the nasopharynx compared with bacteriological culture. In this study, qPCR was applied 

to quantify S. pneumoniae and H. influenzae in nasopharyngeal swabs from PNG children 

vaccinated with 3 infant doses of either PCV10 or PCV13 and randomised to receive PPV23 

or not at 9 months of age. This study provides insight into how these vaccines affect 

bacterial carriage in a population with early, dense and diverse pneumococcal carriage. 

 Methods 

6.2.1 Nasopharyngeal swabs 

A total of 262 children were enrolled in the study. At the time of enrolment, the children 

were between 28 and 35 days old. The infants were randomised 1:1 to receive 3 doses of 

PCV10 or PCV13 at 1, 2 and 3 months of age. At 9 months of age half the children in each 

vaccine arm were randomised to receive a dose of PPV23. All children were challenged 

with a 20% dose of PPV23 at 23 months of age. NPS samples were collected at 1 month of 

age (before the administration of the first dose of PCV), at 4 months of age (1 month after 

the 3 doses of PCV), at 9 months of age (before half of the children received the PPV23 

booster), at 10 months of age (1 month after PPV23), at 23 months of age (before receiving 

the challenge with PPV23), and finally at 24 months of age. Of the 262 children initially 

enrolled into the study, 132 had NPS collected at all 6 time points and were assessed in 

this study of carriage density. NPS were collected in STGGB and 10μl used for traditional 

culture at PNG Institute of Medical Research (PNGIMR) [312]. The remaining sample was 

stored at -80°C at PNGIMR and then shipped on dry-ice to our laboratories in Perth, 

Western Australia for DNA extraction and qPCR analysis. 
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Samples underwent pre-processing and enzymatic lysis followed by automatic DNA 

extraction on the QIAcube HT system (Qiagen) as previously described in Chapter 2, 

Section 2.4.4. Genomic DNA was stored in aliquots at −80 C for long term storage and at 

−20 C for no more than 6 weeks. 

6.2.2 Quantitative PCR 

Real-time qPCR was conducted using the CFX96 real-time PCR detection system (Bio-

Rad, Gladesville, NSW, Australia). Primers and probes specific for S. pneumoniae and H. 

influenzae (Table 6.1) were multiplexed together to allow quantification of both pathogens 

in one reaction. The total reaction volume was 10 µl and consisted of 5 µl of 2× SensiFAST 

Probe No-ROX (Bioline), 0.4 µl 25× internal DNA Extraction Control mix (Bioline), primer 

and probe as per concentrations listed in Table 6.1, molecular grade water (Sigma-Aldrich) 

and 1 µl of sample DNA. A standard curve was generated for each run using serial dilutions 

of gDNA (2000 pg to 0.02 pg) of S. pneumoniae NCTC 7466 and NTHi 86-028NP (mixed 

together). Cycling conditions were 50 °C for 2 min and 95 °C for 10 min, followed by 40 

cycles of 95 °C for 15 sec and 60 °C for 60 sec. All samples were run in duplicate, and the 

density was calculated as an average of the two measurements. Analysis of the qPCR data 

was performed using Bio-rad CFX manager 3.1 (Bio-Rad). The internal control (IC) qPCR 

was assessed as previously described in Chapter 2, Section 2.4.5. 

Table 6.1 List of primers, probes and cycling conditions for qPCR 
Detected 
species 

Primer/probe Sequence (5’ to 3’) 
Concentration 
in reaction mix 

Reference 

H. influenzae fucP fwd GCCGCTTCTGAGGCTGG 1000 nM [156] 
fucP rev AACGACATTACCAATCCGATGG 1000 nM 
fucP probe 6FAM-TCCATTACTGTTTGAAATAC-

MGBNFQ 
1000 nM 

 hpd3 fwd GGTTAAATATGCCGATGGTGTTG 1000 nM [152] 
hpd3 rev TGCATCTTTACGCACGGTGTA 1000 nM 
hpd3 probea HEX-TTGTGTACACTCCGT/ZEN/ 

TGGTAAAAGAACTTGCAC-3C6 
1000 nM 

S. pneumoniae lytA fwd ACGCAATCTAGCAGATGAAGCA 200 nM [127] 
lytA rev TCGTGCGTTTTAATTCCAGCT 200 nM  
lytA probeb ROX-TGCCGAAAACGCTTGATACAG-

GGAG-BHQ2 
200 nM 

aProbe was modified from [152] with a ZEN internal quencher instead of the internal black hole 
quencher (BHQ); bProbe was modified [127] with different fluorophore to allow multiplexing. Fwd: 
forward; Rev: reverse. 
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6.2.3 Statistical analysis 

IBM SPSS Statistics version 22 was used for statistical analysis. The dataset wasn’t normally 

distributed, hence non-parametric Mann-Whitney tests were applied when comparing 

between groups. Paired non-parametric Wilcoxon test was used to compared the different 

time points within vaccine groups and p<0.05 was considered significant. Graphs were 

plotted using GraphPad Prism 7 (GraphPad Software Inc., California, USA). 

 Results 

6.3.1 Study population 

Three samples failed qPCR analysis and were excluded, leaving 774 NPS from 129 children 

available for analysis. Of these, 70 had received PCV10 and 59 had received PCV13 at 1, 2, 

and 3 months of age according to the accelerated early immunisation program. Of the 70 

PCV10-vaccinated children, 38 received PPV23 at 9 months of age and of the 59 PCV13-

vaccinated children, 33 received PPV23 at 9 months of age. Gender distribution and 

birthweight were similar between groups, as was the mean age at all sample collection 

time points (Table 6.2). 

Table 6.2 Demographics of study cohort 
 PCV10 (n=70)  PCV13 (n=59)  

 +PPV23 -PPV23 p +PPV23 -PPV23 p 

n 38 32  33 26  
Gender (% male) 42% 50% 0.509 42% 50% 0.562 
birthweight (g) 3330 3411 0.514 3235 3252 0.780 
Age at sample collection (month) 

1 month visit 1.006 1.033 0.441 1.010 1.011 0.739 
4 month visit 4.136 4.203 0.946 4.009 4.041 0.270 
9 month visit 9.362 9.232 0.323 9.108 9.063 0.727 
10 month visit 10.80 10.45 0.632 10.39 10.12 0.634 
23 month visit 23.20 23.36 0.918 23.29 23.33 0.055 
24 month visit 24.43 24.44 0.812 24.68 24.43 0.051 

6.3.2 High nasopharyngeal carriage rates of H. influenzae and S. 

pneumoniae in PNG infants. 

At 1 month of age, before receiving the first dose of PCV, 55.7% and 54.2% of children in 

the PCV10 and PCV13 group respectively had H. influenzae detected in their 

nasopharyngeal swabs. Pneumococci were detected in 67.1% and 76.3% of nasopharyngeal 

swabs from 1 month old children in the PCV10 and PCV13 group respectively. At 4 months 
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of age, after all 3 doses of PCV, 94.3% and 94.9% of children were colonised with H. 

influenzae in the PCV10 and PCV13 group respectively and 95.7% and 93.2% were carrying 

pneumococci in the PCV10 and PCV13 group respectively. Nasopharyngeal carriage rates 

remained high and at 24 months of age 97.1% and 94.9% of children in the PCV10 and 

PCV13 group respectively were colonised with H. influenzae, and pneumococci were 

detected in 97.1% and 94.9% of children in the PCV10 and PCV13 group respectively. 

Of the 774 samples included in this study, 770 samples also had culture data available for 

S. pneumoniae and H. influenzae. For S. pneumoniae 91.6% of all samples were qPCR 

positive, while 85.7% were positive by culture (Table 6.3). Fifty samples were positive by 

qPCR, but negative by culture and 5 samples were culture positive but qPCR negative. H. 

influenzae was detected in 89.6% of all samples by qPCR, while 62.3% were culture 

positive. An entire 216 samples that had been determined positive for H. influenzae by 

qPCR were negative by culture, while only 6 samples were positive by culture and negative 

by qPCR (Table 6.3). 

Table 6.3 Comparison of detection rates of S. pneumoniae and H. influenzae in NPS samples by 
qPCR and culture 

S. pneumoniae 
qPCR 

positive 
qPCR 

negative 
Total  H. influenzae 

qPCR 
positive 

qPCR 
negative 

Total 

Culture 
positive 

655 
(86.4%) 

5 
(0.6%) 

660 
(85.7%) 

 
Culture 
positive 

474 
(61.5%) 

6 
(0.8%) 

480 
(62.3) 

Culture 
negative 

50 
(6.5%) 

60 
(7.8%) 

110 
(14.3%) 

 
Culture 

negative 
216 

(28.1%) 
74 

(9.6%) 
290 

(37.7) 

Total 
705 

(91.6%) 
65 

(8.4%) 
770 

(100%) 
 Total 

690 
(89.6) 

80 
(10.4) 

770 
(100%) 

 

6.3.3 No difference in nasopharyngeal density of S. pneumoniae between 

PCV10 and PCV13 vaccinated children up to 2 years of age 

Figure 6-2 shows the median density of S. pneumoniae and carriage rates in the 

nasopharynx of PCV10- and PCV13-vaccinated children from 1 month to 24 months of age. 

The children in this study were colonised with high density of S. pneumoniae from an early 

age and neither PCV made an impact on this. Indeed pneumococcal carriage rates 

continued to increase with age in both vaccine groups. No difference was observed 

between the two groups at any of the time points.  
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Figure 6-3 shows the difference in median density of H. influenzae between the two PCV 

vaccine groups. As with S. pneumoniae, no difference in median nasopharyngeal density 

of H. influenzae was observed between the two groups at any of the time points.
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Figure 6-2 S. pneumoniae nasopharyngeal density in PCV10- and PCV13-vaccinated children at the different time points when NPS were collected. 
Data are presented for children that were colonised with S. pneumoniae, with each point representing an individual child and the horizontal bars 
depicting the median DNA concentration in pg/ml. Circles represent PCV10-vaccinated children and triangles represent PCV13-vaccinated children, 
ns: not significant. 
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Figure 6-3 Difference in H. influenzae nasopharyngeal density between PCV10 and PCV13 vaccinated children at the different time points where NPS 
were collected. Data are presented for children that were colonised with H. influenzae, with each point representing an individual child and the 
horizontal bars depicting the median DNA concentration in pg/ml. Circles represent PCV10-vaccinated children and triangles represent PCV13-
vaccinated children, ns: not significant. 
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6.3.4 No changes in median density of S. pneumoniae in any of the two 

vaccine groups 

No change in median S. pneumoniae nasopharyngeal density was observed between any of 

the time points among either the PCV10 or the PCV13 vaccinated children (Figure 6-4). 

Among the PCV10 vaccinated children the median nasopharyngeal density of S. 

pneumoniae at 1 month of age was not significantly higher than the median density at 24 

months of age (17.81x103 pg/ml vs 19.88x103 pg/ml, p=0.3803). In the PCV13 vaccinated 

group the median nasopharyngeal density of S. pneumoniae was 28.48x103 pg/ml at 1 

month of age which was not significantly different from the median density at 24 months 

of age of 33.40x103 pg/ml (p=0.3285). 

 
Figure 6-4 Connected median plot showing S. pneumoniae density over time for children 
immunised with PCV10 or PCV13. Each triangle represents the median S. pneumoniae density 
in pg/ml at each time point with 95% CI error bars. Yellow triangles represents PCV10 
vaccinated children and blue triangles represents PCV13 vaccinated children. 

6.3.5 Initial increase in median density of H. influenzae in PCV10-

vaccinated children 

From 1 month to 4 months of age there was an increase in median H. influenzae density in 

nasopharyngeal swabs from the children that had received PCV10, with the median 

density at 1 month of age being 16.38x103 pg/ml compared with 38.60x103 pg/ml at 4 

months of age (p=0.0429) (Figure 6-5). From 4 months of age the density of H. influenzae 
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decreased to a median density of 15.17x103 pg/ml at 10 months of age (p=0.0495). The 

median density of H. influenzae at 24 months of age was 27.75x103 pg/ml, which was not 

statistically different from the median density at 1 month of age (p=0.3069). In 

comparison, the children that received PCV13 had no increase in H. influenzae density 

after receiving 3 doses of PCV13 (median H. influenzae density 16.96x103 pg/ml at 1 month 

of age versus 27.80x103 pg/ml at 4 months of age, p=0.5988) (Figure 6-5). There was an 

increase in density between 10 months and 23 months of age (median H. influenzae density 

10.75x103 pg/ml versus 38.34x103 pg/ml, p=0.0060). However the median nasopharyngeal 

density of H. influenzae of 36.86x103 pg/ml at 24 months of age, was not statistically 

different from the density at 1 month of age, in the PCV13 group (p=0.6219). 

 
Figure 6-5 Connected median plot showing H. influenzae density over time for children 
immunised with PCV10 or PCV13. Each circle represents the median H. influenzae density in 
pg/ml at each time point with 95% CI error bars. Yellow circles represents PCV10 vaccinated 
children and blue circles represents PCV13 vaccinated children, where *: p<0.05 and **: 
p<0.01. 
 

6.3.6 Similar carriage densities among children who received PPV23 at 9 

months of age and those who did not 

Half of the children in each vaccine arm received a PPV23 booster at 9 months of age. A 

comparison of median density of S. pneumoniae in the nasopharynx of PPV23 immunised 

and non-PPV23 immunised children among children can be seen in Figure 6-6. A small 
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decrease in S. pneumoniae density from 23 to 24 months of age was observed among the 

PCV10-vaccinated children who received the PPV23 booster compared with those who did 

not receive the 9-month booster, leading to a difference in median density at 24 months 

of age between PPV23 and non-PPV23 receivers in the PCV10 group (11.69x103 pg/ml 

versus 46.21x103 pg/ml, p=0.0456). No difference in S. pneumoniae density at 24 months 

of age was observed between PPV23-boosted children and non-PPV23 receivers in the 

PCV13-vaccinated group. 

Nasopharyngeal carriage densities of H. influenzae were similar between PPV23 and non-

PPV23 receivers in both PCV vaccine groups (Figure 6-7), with no statistical difference 

observed at any time point.
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Figure 6-6 Connected scatterplot showing S. pneumoniae nasopharyngeal density over time for PCV10 (red) and PCV13 (blue) vaccinated children, who 
did or did not receive PPV23 booster at 9 months of age. Each triangle represents the median S. pneumoniae density in pg/ml at that time point with 
95% CI error bars. Dark red/blue represents children who received a PPV23 booster at 9 months of age and light red/blue represents children who did 
not receive a PPV23 booster. 
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Figure 6-7 Connected scatterplot showing H. influenzae nasopharyngeal density over time for PCV10 (red) and PCV13 (blue) vaccinated children, who did 
or did not receive PPV23 booster at 9 months of age. Each triangle represents the median H. influenzae density in pg/ml at that time point with 95% CI 
error bars. Dark red/blue represents children who received a PPV23 booster at 9 months of age and light red/blue represents children who did not 
receive a PPV23 booster. 

H. influenzae H. influenzae 
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 Discussion 

Pneumococcal disease is highly endemic in PNG, where childhood morbidity and 

mortality is among the highest in the world. Studying PCVs in these high-risk settings is 

important to understand the impact and possible limitations of these vaccines. In addition 

to offering protection against pneumococcal disease, PCVs have the potential to reduce 

pneumococcal carriage in the upper respiratory tract to minimise transmission. This study 

compares the densities of S. pneumoniae and H. influenzae in the nasopharynx of children 

from PNG immunised with either PCV10 or PCV13. PCV13 offers protection against 3 

additional pneumococcal serotypes compared to PCV10, however PCV10, with the 

inclusion of Protein D from H. influenzae, has the potential to offer additional potential 

protection against H. influenzae colonisation and disease compared with PCV13. This 

study confirms previous studies [312] showing that PNG infants are colonised with both S. 

pneumoniae and H. influenzae from a very early age. More than half of the children were 

colonised with these species at 1 month of age before receiving their first vaccine dose. 

From 4 months of age onwards, almost all children were colonised with both pathogens. 

These colonisation rates are the highest reported in the world including countries with 

comparably high pneumonia rates such as Bangladesh and Mali [185]  

Detection rates for both S. pneumoniae and H. influenzae were higher when determined 

by qPCR compared to results obtained by culture. qPCR has been shown to have higher 

detection rates compared with culture [238, 249, 309], however the difference in this 

study is profound, especially for H. influenzae, where 28% (216 out of 770) of samples were 

found to be positive by qPCR but negative by culture, indicating that carriage of H. 

influenzae is potentially being underestimated and the impact of treatment and 

prevention not fully being addressed when culture alone is used to determined carriage. 

Some strains of H. influenzae have been shown to be involved in biofilm formation in the 

nasopharynx [313, 314], which could cause these strains to be non-culturable. Another 

consideration is also that non-viable bacteria can be detected by qPCR, but are unable to 

be cultured, meaning incorrect or long term storage can negatively affect culture to a 

higher extent than qPCR detection. 

Five samples were found to be culture positive for S. pneumoniae with no S. pneumoniae 

detected by qPCR, likewise a mere 6 samples were found to be culture positive for H. 

influenzae but not detected by qPCR. It is likely that these were mis-identified by culture, 
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as related species can be difficult to distinguish by culture (as discussed in Chapter 3) [134, 

142, 158]. 

We did not observe any difference in nasopharyngeal densities of either S. pneumoniae or 

H. influenzae between the two PCV vaccine groups in PNG. This is in accordance with 

previously published culture results from the same cohort, which did not show any 

difference in colonisation rates of S. pneumoniae and H. influenzae between PCV10- and 

PCV13-vaccinated children at 1, 4 and 9 months of age [312]. Compared with other cohorts 

that have been assessed using the same qPCR assays, the median density of both S. 

pneumoniae and H. influenzae was noticeably higher among the PNG children compared 

with children from Australia and New Zealand. Median nasopharyngeal densities of S. 

pneumoniae and H. influenzae were 5-10 and 4-30 times higher respectively among PNG 

children compared with similar aged children from New Zealand (chapter 5 of this thesis) 

[315] and Western Australia (Chapter 4 of this thesis), highlighting the extreme density of 

colonisation in young PNG children. 

In this study, nasopharyngeal density of S. pneumoniae and H. influenzae was assessed 

over time from before immunisation, shortly after all 3 doses of PCV, before and shortly 

after some children received a booster with PPV23 and up until the children reached 24 

months of age. This offers a valuable insight into the dynamics of nasopharyngeal 

colonisation after PCV vaccination. Despite an initial increase in median nasopharyngeal 

density of H. influenzae in the PCV10 vaccinated children from 1 month to 4 months of 

age, the median density at 24 months of age was not significantly different from the 

densities at 1 month of age, indicating that the effect of PCV10 on H. influenzae density 

was short term. For the PCV13 vaccinated children there were no differences in either S. 

pneumoniae or H. influenzae median nasopharyngeal density between any time points, 

and the densities at 24 months of age were not significantly different from the densities at 

1 month of age. 

A limitation of this study is that we have not yet assessed serotype-specific carriage 

densities. We know that there is a large serotype diversity in this cohort and that 

simultaneous carriage of multiple serotypes is common [307, 312, 316]. A reduction in, or 

elimination of, vaccine specific serotypes may not be apparent on the overall carriage 

density due to serotype replacement. Serotype-specific carriage density is currently being 

assessed on this cohort using the pneumococcal microarray [131]. 
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In summary S. pneumoniae and H. influenzae carriage densities in PNG children were not 

affected by PCV10 or PCV13 vaccination. Indeed, the carriage rate continued to increase 

with age in both vaccine groups. Despite some temporal changes in S. pneumoniae and H. 

influenzae densities, there was no difference in median nasopharyngeal densities between 

pre-vaccine and 24 months of age in any of the vaccine groups. This study confirms that 

PNG children are colonised with high densities of S. pneumoniae and H. influenzae very 

early in life and that PCVs have limited to no impact on carriage density in this population. 

The impact of PCV13 introduction on pneumococcal disease in PNG is yet to be 

determined. 
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 Summary 

Pneumonia and OM are acute respiratory infections with a high burden globally. The 

microorganisms causing respiratory infections are common colonisers of the upper 

respiratory tract and bacterial carriage always precedes disease. Although transition from 

colonisation to disease is not well understood, increased respiratory bacterial density in 

the nasopharynx has been shown to correlate with the onset of H. influenzae and 

pneumococcal infection in the ear and lung. Hence efforts to eliminate or reduce bacterial 

colonisation can potentially reduce the prevalence of respiratory diseases. Accurate and 

reliable molecular-based methods to determine the density of respiratory pathogens are 

important as surveillance tools to assess impact of treatments and preventive therapies, 

such as vaccines. 

This thesis has 1) described the development of specific and sensitive qPCR assays 

discriminating between H. influenzae and H. haemolyticus within clinical specimens; 2) 

assessed the density of and correlation between H. influenzae and H. haemolyticus in NPS 

and MEE samples from otitis-prone children and healthy controls; 3) assessed the 

nasopharyngeal density of otopathogens in Australian otitis-prone children undergoing 

grommet surgery and healthy controls; 4) measured and compared densities of S. 

pneumoniae and H. influenzae in the nasopharynx and middle ear of PCV10-vaccinated 

versus PCV7-vaccinated otitis-prone children from New Zealand; and 5) assessed the 

impact of infant PCV10 and PCV13 vaccination on pneumococcal and H. influenzae 

carriage density in Papua New Guinean children. 

 Key findings 

7.2.1 The relationship between H. influenzae and H. haemolyticus 

Chapter 3 describes the development of two duplex PCR assays for reliable identification 

and quantification of H. influenzae and H. haemolyticus. Both assays utilise two genes to 

ensure correct identification of variant strains. Both the H. influenzae and H. haemolyticus 

specific assays employ the protein D gene (hpd) as one of the targets. Both species harbour 

protein D, but the gene varies enough to design species-specific protein D assays. 

Detecting protein D is interesting as both H. influenzae and H. haemolyticus strains have 

been shown to lack the gene [145, 153, 155, 156]. The use of Protein D in PCV10 was 
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predicted to promote an increase in protein D negative strains of both species, and these 

qPCR assays enable surveillance of this possible vaccine evasion. The H. influenzae specific 

assay uses fucP, part of the fucose operon, as the second gene target. This operon is known 

to be lacking in H. haemolyticus; but furthermore, is has been shown that a genetically 

distinct group of H. influenzae are missing the operon as well [145, 156, 162], underscoring 

the importance of using two genes in these assays. The clinical relevance of these fucose 

negative strains of H. influenzae is not known and warrants further investigation. 

Due to the high level of genetic homogeneity between H. haemolyticus and H. influenzae, 

and the fact that these two species occupy the same niche, it has been suggested that H. 

haemolyticus may compete with H. influenzae for colonisation of the respiratory tract 

[138]. This theory is supported by previous in vitro findings by our research group 

demonstrating that pre-treatment of human respiratory epithelial cells with H. 

haemolyticus reduced H. influenzae attachment and invasion [138]. Previous studies also 

found that H. haemolyticus is less often isolated from populations with high rates of H. 

influenzae carriage and disease [136, 242], including PNG infants [Aho unpublished]. This 

led to the hypothesis that H. influenzae carriage densities were higher in otitis-prone 

compared with non-otitis-prone children, and that H. haemolyticus carriage densities 

would be higher among heathy controls. Two different cohorts of otitis-prone and non-

otitis-prone children were assessed in chapter 3. There were some differences between the 

two cohorts, but generally the results did not support this hypothesis. There was no 

difference in nasopharyngeal H. influenzae carriage density between otitis-prone and non-

otitis-prone children in any of the two cohorts, and non-otitis-prone children did not have 

higher nasopharyngeal carriage densities of H. haemolyticus as predicted. Interestingly a 

moderately positive correlation between nasopharyngeal density of H. haemolyticus and 

H. influenzae was found in one of the two cohorts, contradicting the hypothesis that the 

two species compete with each other for colonisation site. A limitation of this study was a 

relatively small sample size of 40 cases and 40 controls in each cohort and that only one 

non-otitis-prone child in cohort 1 had measurable density of H. haemolyticus, making the 

data unsuitable for statistical analysis. Another limitation was the fact that the samples 

from the two cohorts were extracted by two different methods (manual versus automated), 

meaning that direct comparison of measured densities between the two cohorts should be 

considered carefully. 
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7.2.2 Carriage densities of respiratory pathogens in disease prone 

children and healthy controls 

Obtaining samples for determining the aetiology of pneumonia and OM are invasive and 

challenging procedures due to difficulty in accessing the sites of infection (lung and 

middle ear) for specimen collection. The use of nasopharyngeal swabs as a proxy for 

determining the aetiology of infection is therefore appealing. In chapter 4 the density of 

H. influenzae, S. pneumoniae, M. catarrhalis and S. aureus was measured in 

nasopharyngeal swabs from children with a history of rAOM and healthy controls, with 

the purpose of assessing the use of nasopharyngeal swabs as a non-invasive diagnostic 

marker for OM and as an indicator of OM aetiology that might guide treatment. Results 

showed that children with rAOM had a higher density of H. influenzae in their 

nasopharynx than non-otitis-prone children, and that the highest H. influenzae carriage 

densities were observed in children who also had H. influenzae in their middle ear. The 

calculated EPV values suggest that the density of H. influenzae in the nasopharynx is a 

strong non-invasive predictor of OM aetiology. However it is unlikely that qPCR on 

nasopharyngeal swabs will ever be used as a stand-alone diagnostic assay for the aetiology 

of OM. 

Otitis-prone children were more likely to have multiple otopathogens detected in their 

nasopharynx at one time, and healthy controls had a higher carriage rate of M. catarrhalis 

compared with otitis-prone children. Other studies have found high rates of M. catarrhalis 

colonisation among healthy individuals [317, 318] and found M. catarrhalis to be more 

frequently detected in NPS than in MEE samples from children with OM, which could 

indicate a commensal rather than a pathogenic role of M. catarrhalis [173]. This view is 

further supported by the fact that M. catarrhalis is most often isolated in MEE samples as 

part of a polymicrobial infection [102]. It is therefore difficult to determine if M. catarrhalis 

acts as an otopathogen on its own or can only co-infect when another otopathogen species 

migrates to the middle ear. As an otopathogen, M. catarrhalis appears to be the least 

virulent [319], is associated with lower rates of spontaneous tympanic membrane 

perforation [102] and increased likelihood of spontaneous resolution [320]. Some 

researchers suggest that M. catarrhalis is only able to cause OM after initial infection 

caused by S. pneumoniae [204]. On the other hand, the role M. catarrhalis in OM could 

be underestimated in studies were detection is based on culture and in some populations 

M. catarrhalis has been shown to be an important otopathogen, contributing considerably 
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to the burden of OM [101]. Results from both chapter 4 and 6 confirm the higher detection 

rate of specific respiratory pathogens obtained by qPCR compared with traditional 

culture-based methods, especially for M. catarrhalis. 

Only a few other studies have been conducted that assess concordance between 

otopathogen densities detected in the nasopharynx and middle ear in children with OM 

[171, 173, 176, 259]. Most of these studies use culture-based methods to evaluate the 

presence of otopathogens in the nasopharynx and middle ear, and find a low to moderate 

concordance between presence of bacteria in nasopharynx and middle ear samples [171, 

173, 259]. The correlation is generally too weak to have diagnostic value. The first study to 

compare specific otopathogen density with OM severity was by Smith-Vaughan and 

colleagues [176], who found a significant association between NPS bacterial load and the 

presence and severity of current ear disease. The recent large-scale PERCH study [185], 

however did not find any correlation between nasopharyngeal S. pneumoniae density and 

development of pneumococcal pneumonia, but did find an association between dense H. 

influenzae density in the nasopharynx and H. influenzae pneumonia [186].  This has also 

been observed in the Drakenstein longitudinal birth cohort in South Africa, where 

increasing NTHi density in the nasopharynx was associated with development of 

pneumonia [321]. In contrast S. pneumoniae and H. influenzae nasopharyngeal densities 

did not correlate with pneumonia diagnosis in our recent cross-sectional case-control 

study in Western Australian children [67]. Measurement of specific respiratory pathogens 

in the nasopharynx is therefore likely to be more useful as a surveillance tool, rather than 

as a diagnostic test. 

7.2.3 The impact of PCV on carriage densities 

In chapter 5 and 6, qPCR was used to assess the impact of PCV on bacterial carriage of S. 

pneumoniae and H. influenzae on two different cohorts of children. In both chapters the 

effect of PCV10 is assessed (and compared with either PCV7 or PCV13), with the hypothesis 

that the H. influenzae protein D component of PCV10 would offer an effect on H. 

influenzae carriage and disease. Interestingly a recent study by Cleary et al. [322] found 

evidence of altered NTHi carriage and disease dynamics in the UK, where only PCV7 and 

PCV13 has been in use. Despite neither of these vaccine contains any H. influenzae 

components, an increase in NTHi carriage was observed after the introduction of PCV13, 

suggesting an indirect effect of PCV on NTHi epidemiology and distinct association 
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between NTHi and S. pneumoniae [322]. In Chapter 5 a cohort of otitis-prone children and 

healthy controls from New Zealand, where PCV7 was introduced into the national 

immunisation program in 2008 and replaced by PCV10 in 2010, was assessed. This study 

provided a unique opportunity to compare the impact of nasopharyngeal colonisation 

between the two vaccines in otitis-prone and non-otitis-prone children. No reduction in 

nasopharyngeal density of S. pneumoniae or H. influenzae was observed following the 

introduction of PCV10, in either otitis-prone or healthy children. No differences in S. 

pneumoniae or H. influenzae density in middle ear samples from otitis-prone children were 

observed between the two vaccine groups either. Despite the potential of PCV10 to reduce 

H. influenzae colonisation due to the H. influenzae Protein D component, our study 

confirms results of previous studies showing no impact of PCV10 on H. influenzae carriage 

density [209, 274]. Although no difference in nasopharyngeal carriage density of 

pneumococcal VT and NVT was observed between vaccine groups, a significant decrease 

was observed in the proportion of children carrying a vaccine serotype in the PCV10 group 

compared with the PCV7 group. One limitation of this study was that the PCV10 group 

was recruited 3 years after the PCV7 group, and 6 years after the introduction of PCV7 in 

New Zealand, which may have impacted on the pneumococcal serotypes circulating in the 

population. Also children were only sampled once, at the time of surgery. Longitudinal 

studies with frequent sampling may reveal short-term temporal changes in otopathogen 

density in the nasopharynx or middle ear following PCV vaccination that could have a 

clinical effect. 

Finally, the impact of PCV10 and PCV13 on nasopharyngeal density of S. pneumoniae and 

H. influenzae was assessed in children from Papua New Guinea, a population with a very 

high rate of infant morbidity and mortality due to pneumonia and severe pneumococcal 

disease. No difference in nasopharyngeal densities of either S. pneumoniae or H. influenzae 

was observed between the two vaccine groups, confirming previously published culture 

results from the same cohort [312]. Some temporal changes in S. pneumoniae and H. 

influenzae densities were observed shortly after vaccination. However, there were no 

differences in median nasopharyngeal densities between 1-month pre-vaccine swabs and 

at 24 months of age, indicating that overall the PCV vaccines have no impact on 

pneumococcal or H. influenzae carriage (as has been shown for other countries with less 

dense and diverse colonisation). A limitation of this study is that we did not assess 

pneumococcal serotype-specific carriage. We know from previous studies that there is a 
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large serotype diversity in the PNG population and that simultaneous carriage of multiple 

serotypes is common [307, 312, 316]. A potential reduction in vaccine serotype carriage 

may not be apparent in the overall pneumococcal carriage density, due to replacement 

with non-vaccine serotypes. Serotype-specific carriage densities using pneumococcal 

microarray [131] are currently being assessed in these samples to monitor serotype 

replacement in this high-risk cohort. 

 Research impact 

The molecular tools developed during this thesis are useful for surveillance of treatments, 

such as anti-biofilm agents, and preventative therapies, such as vaccines, on specific 

respiratory pathogen colonisation densities. The relationship between H. influenzae and 

H. haemolyticus is still one to be explored further and the two duplex qPCR assays will be 

useful tools in this future work.  It appears that there is a threshold of S. pneumoniae and 

H. influenzae colonisation density in the nasopharynx of children, that is unaffected by 

increasing age and colonisation frequency. The exceptionally high median colonisation 

density in the PNG infants at 1 month of age, which does not change with age or 

vaccination status, may indicate that this threshold is either inherited or influenced very 

early in life. Interventions to reduce the early and dense colonisation may hold the key to 

reducing the disproportionately high burden of disease in vulnerable populations. 
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Duplex Quantitative PCR Assay for Detection of Haemophilus
influenzae That Distinguishes Fucose- and Protein D-Negative Strains

Camilla de Gier,a Janessa L. Pickering,a,b Peter C. Richmond,a,b,c Ruth B. Thornton,a,b Lea-Ann S. Kirkhama,b

School of Paediatrics and Child Health, University of Western Australia, Perth, Australiaa; Wesfarmers Centre for Vaccines and Infectious Diseases, Telethon Kids Institute,
Perth Australiab; Department of Paediatrics, Princess Margaret Hospital for Children, Subiaco, Australiac

We have developed a specific Haemophilus influenzae quantitative PCR (qPCR) that also identifies fucose-negative and protein
D-negative strains. Analysis of 100 H. influenzae isolates, 28 Haemophilus haemolyticus isolates, and 14 other bacterial species
revealed 100% sensitivity (95% confidence interval [CI], 96% to 100%) and 100% specificity (95% CI, 92% to 100%) for this as-
say. The evaluation of 80 clinical specimens demonstrated a strong correlation between semiquantitative culture and the qPCR
(P < 0.001).

Haemophilus influenzae is an important human respiratory
tract pathogen that causes otitis media, acute exacerbations of

chronic obstructive pulmonary disease, and chronic bronchitis
and sinusitis, in addition to invasive diseases such as meningitis
and bacteremia (1–6). Since the introduction of global H. influen-
zae serotype b immunization, most H. influenzae infections are
caused by unencapsulated strains designated nontypeable H. in-
fluenzae (NTHi) (1). Haemophilus haemolyticus is a close relative
of NTHi, and both species colonize the human upper respiratory
tract. Unlike NTHi, H. haemolyticus is rarely associated with inva-
sive infections (7) and is generally considered a commensal organ-
ism. However, the two species are difficult to distinguish using a
standard microbiological culture or single-plex PCR (8).

Several studies have sought to identify a single gene target for
the rapid identification of H. influenzae (9–17). Among the sug-
gested targets are genes in the fucose operon of H. influenzae (12,
18–20). The operon consists of 4 genes encoding the enzymes
fuculokinase (fucK), fucose permease (fucP), fuculose phosphate
aldolase (fucA), and fucose isomerase (fucI). H. haemolyticus does
not possess the fucose operon, and hence these genes are potential
markers for specific H. influenzae identification. The fucP gene
was recently demonstrated to be a highly specific discriminatory
target for H. influenzae identification based on a large comparative
genomics study of 338 NTHi and 116 related Haemophilus isolates
(20). However, 5% of the H. influenzae isolates in the Price et al.
study were found to be missing the fucP gene (20). Other studies
have confirmed the presence of H. influenzae strains that are miss-
ing all, or part of, the fucose operon (21–23). It has been suggested
that these fucose-negative isolates are a distinct cluster of H. influ-
enzae (20, 23). While still regarded as NTHi, these variant strains
would not be detected by a fucP PCR assay.

Another established NTHi target is the hpd gene, which encodes
the surface lipoprotein, protein D. This protein is conserved in H.
influenzae and is a component of the 10-valent pneumococcal non-
typeable H. influenzae protein D conjugate vaccine (PHiD-CV) (24).
H. haemolyticus also possesses an hpd gene, but it is variable
enough from that of H. influenzae to be used as a discriminatory
molecular target (17). A primer pair designated hpd#3, specific for
H. influenzae hpd, is sensitive and specific for the identification of
H. influenzae (16, 25). However, studies have since identified clin-
ical NTHi isolates lacking protein D (17, 26), which are not iden-
tified with an hpd-based assay.

The purpose of this study was to develop a specific quantitative
PCR (qPCR) assay to quantify H. influenzae in nasopharyngeal
swabs (NPS) and middle ear effusions (MEE) for use in future
otitis media studies, including the assessment of the impact of
immunization with PHiD-CV on NTHi carriage and disease. For
this, we have duplexed the fucP and hpd#3 gene targets to give an
H. influenzae-specific qPCR that also detects variant fucP- or hpd-
negative strains.

Specific primers and probes were used to amplify a 68-bp frag-
ment of the fucP gene and a 151-bp fragment of the hpd gene in H.
influenzae (Table 1). Both primers were previously described for
single-plex qPCRs (16, 20); however, probes were modified for
compatibility in the duplex assay (Table 1). Real-time qPCR was
conducted on the CFX96 real-time PCR detection system (Bio-
Rad, CA, USA). The reaction mix consisted of 5 �l of 2� SensiMix
II Probe No-ROX (Bioline, Alexandria, NSW, Australia), 1,000
nM each primer and probe (Integrated DNA Technologies,
Baulkham Hill, NSW, Australia) diluted in molecular-grade water
(Sigma-Aldrich, Castle Hill, NSW, Australia), and 1 �l of sample,
to a total volume of 10 �l. Cycling conditions were 50°C for 2 min
and 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and
60°C for 60 s. A standard curve was generated for each run using
serial dilutions of genomic DNA (2000 pg to 0.02 pg) from the
reference strain NTHi 86-028NP, originally isolated from the na-
sopharynx of a child with otitis media (27, 28). All samples were
run in duplicate. The duplex fucP/hpd#3 qPCR assay consistently
had an efficiency of 90 to 110% and a limit of quantification
(LOQ) of 0.0125 pg for fucP and hpd#3, which is equivalent to 6
copies of H. influenzae DNA (corresponding to a limit of detection
of a quantification cycle [Cq] value of 35).
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The fucP/hpd#3 qPCR assay was evaluated on 144 bacterial
isolates comprising 94 NTHi, H. influenzae serotypes a to f (ATCC
9006, ATCC 10211, ATCC 9007, ATCC 9332, ATCC 8142, ATCC
9833), 28 H. haemolyticus (including ATCC 33390), 2 Haemophi-
lus parainfluenzae (including ATCC 33392), 2 Haemophilus para-
haemolyticus (ATCC 10014, ATCC 49700), Staphylococcus aureus
(ATCC 25923), Aggregatibacter aphrophilus (ATCC 7901),
Moraxella catarrhalis (ATCC 25138), Streptococcus pneumoniae
(NCTC 7466), Pseudomonas aeruginosa (ATCC 27853), Neisseria
meningitidis (ATCC 13090), Neisseria lactamica (ATCC 23970),
Escherichia coli (ATCC 11775), Alloiococcus otitidis (ATCC
51267), Streptococcus oralis, Streptococcus mitis, and Streptococcus
pyogenes (ATCC 19615). All NTHi and H. haemolyticus isolates
were X factor- and V factor-dependent and were identified as
either NTHi, H. haemolyticus, or fucose-negative NTHi by 16S
(29), high-resolution melt hpd PCR (17), fucP PCR, or whole-
genome sequencing (20). The bacterial isolates were cultured on
suitable plate media for 24 h, and then 2 to 3 colonies were resus-
pended into 200 �l of RNase-free water (Sigma-Aldrich) and pre-
pared as colony boils as previously described (17). The colony
boils were diluted 1:10 in RNase-free water for use in the PCR
assay. Of the 94 clinical NTHi isolates identified using standard
microbiology techniques, 41 were isolated from NPS (30), 15 from
MEE (30), 33 from blood, 1 from cerebrospinal fluid, and 4 from
unknown clinical sites (kindly supplied by Daniel J. Morton).

Genomic DNA preparations from 80 clinical specimens (67
NPS and 13 MEE), of which 57 were culture positive for NTHi,
were evaluated to compare H. influenzae quantification using the
duplex fucP/hpd#3 qPCR assay with culture results (see Table 3).
Collection, storage, and culture of the NPS and MEE used in this
study have been described (30). Prior to DNA extraction, the
specimens were thawed, vortexed thoroughly for 30 s, and cen-

trifuged at 13,000 � g in DNA IQ spin baskets (Promega) to
ensure maximum DNA recovery. The swabs were then re-
moved from the NPS specimens, and the remaining material
was centrifuged at 13,000 � g for 7 min. The supernatant was
discarded, and DNA was extracted from the pellet using enzy-
matic extraction and the QIAamp DNA minikit (Qiagen) as
previously described (31).

The duplex fucP/hpd#3 qPCR was found to be 100% sensitive
(95% CI, 96% to 100%), with all of the 100 H. influenzae isolates
positive for at least one of the two genes (Table 2). When individ-
ual targets only were assessed, 83% of the H. influenzae isolates
were positive for fucP and 99% were positive for the hpd gene
(Table 2). Calculation of the specificity of the duplex fucP/hpd#3
qPCR was based on the 44 non-H. influenzae strains, where all 44
isolates were negative for both target genes, demonstrating 100%
specificity (95% CI, 92% to 100%) for H. influenzae detection
(Table 2).

Of the 57 culture-positive specimens, 55 were positive in the
fucP/hpd#3 qPCR assay (Table 3). Of the 23 specimens that were
culture negative, 2 were positive by the fucP/hpd#3 qPCR. Assum-
ing culture to be the current gold standard for NTHi detection, the
sensitivity of the fucP/hpd#3 duplex assay for NTHi detection in
clinical specimens was 96% (95% CI, 88% to 100%), and the spec-
ificity was 91% (95% CI, 72% to 99%). When a specimen was
positive for both qPCR targets, the geometric mean DNA concen-
trations (picograms per milliliter) for fucP and hpd#3 were calcu-
lated (although the DNA concentrations were usually similar for
both targets). If one target gene was below the LOQ, thus indicat-
ing a fucP- or hpd#3-negative strain, then the quantity of H. influ-

TABLE 2 Sensitivity and specificity for identification of H. influenzae
isolates with duplex fucP/hpd#3 qPCR

PCR

No. of true
positives/
total no. of
positivesa

Sensitivity
(%)
(95% CIb)

No. of true
negatives/
total no. of
negativesc

Specificity
(%)
(95% CI)

fucP/hpd#3 100/100 100 (96–100) 44/44 100 (92–100)
fucP 83/100 83 (74–90) 44/44 100 (92–100)
hpd#3 99/100 99 (95–100) 44/44 100 (92–100)
a Calculations include all H. influenzae strains.
b 95% CI, the 95% exact binomial confidence interval.
c Calculations include all non-H. influenzae strains.

TABLE 3 Comparison of NTHi culture and fucP/hpd#3 qPCR
quantification in clinical specimens

Semiquantitative NTHi
culture score (no.)a

fucP/hpd#3 qPCR geometric mean
quantity of DNA (pg/�l) (95% CIb)

��� (8) 6.58 (�4.13 to 30.13)
�� (18) 1.45 (0.15 to 8.87)
� (30) 0.18 (0.17 to 2.35)c

0 (23) 0.01 (�0.07 to 0.24)d

a One culture-positive specimen was excluded from analysis as a semiquantitative
culture was not recorded.
b 95% CI, 95% confidence interval.
c Includes 2 H. influenzae culture-positive specimens that were less than the LOQ for
both targets. Specimens in which both targets were not detected were assigned half of
the LOQ for statistical analyses.
d Two of the culture-negative specimens were qPCR positive.

TABLE 1 Primers and probes used for duplex fucP/hpd#3 qPCR

Target gene Primer/probea Sequence (5= to 3=)
Fragment
size (bp) Reference

fucP fucP Fwd GCCGCTTCTGAGGCTGG 68 20
fucP Rev AACGACATTACCAATCCGATGG
fucP probeb 6FAM-TCCATTACTGTTTGAAATAC-BHQ1

hpd hpd#3 Fwd GGTTAAATATGCCGATGGTGTTG 151 16
hpd#3 Rev TGCATCTTTACGCACGGTGTA
hpd#3 probec HEX-TTGTGTACACTCCGT/ZEN/TGGTAAAAGAACTTGCAC-3C6

a Fwd, forward; Rev, reverse.
b Probe was modified with a black hole quencher (BHQ-1) instead of the TaqMan MGB.
c Probe was modified with a ZEN internal quencher instead of the BHQ internal quencher.
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enzae in the sample was based on the positive gene only. The
cultures for 79/80 specimens were semiquantitatively scored as �,
��, and ���, which corresponded to �103, 103 to 104, and
�104 CFU/ml. A strong correlation between NTHi densities de-
termined by duplex qPCR and semiquantitative culture of the
specimens was observed, as determined by the Spearman rho (r �
0.825; P � 0.001).

Within the 57 H. influenzae qPCR-positive specimens, 5 (9%)
were negative for the fucP gene and 4 (7%) were negative for the
hpd gene (all from NPS specimens). Duplex qPCR analysis of “cul-
ture-defined” NTHi isolates from 8 of the 9 specimens (1 was
culture negative) identified to contain variant H. influenzae strains
revealed a 50% concordance between isolate identification and
specimen identification, with isolates from 3 out of 5 specimens
identified as fucP-negative NTHi and 1 out of 3 specimens as hpd-
negative NTHi. This concordance would probably increase if �2
isolates were examined per specimen. Molecular analysis of 2 cul-
ture-defined NTHi isolates from each of the 2 culture-positive
(�103 CFU/ml) but qPCR-negative specimens confirmed that the
isolates were H. influenzae and both targets were present. It is
surprising that the qPCR did not identify H. influenzae in these 2
specimens, but possibly the H. influenzae density was very low.
The 2 culture-negative/qPCR-positive specimens were from
children who were currently taking or had recently received
antibiotics.

As the duplex qPCR can distinguish variant H. influenzae
strains within clinical specimens, it is suitable for use in determin-
ing the frequency at which fucose-negative and protein D-nega-
tive H. influenzae strains occur within populations. Such an
assay is useful for determining the clinical relevance of these
variant strains and, in the case of the hpd-negative isolates, for
determining whether there is selective pressure from the
PHiD-CV vaccine.

Development of a rapid and reliable method for distinguishing
H. influenzae from related species is important for surveillance
and diagnosis of H. influenzae disease. A single-target PCR assay
cannot reliably identify H. influenzae. We have therefore devel-
oped a duplex fucP/hpd#3 qPCR assay with high sensitivity and
specificity that can accurately quantify H. influenzae in clinical
samples. This fucP/hpd#3 qPCR has the potential to play an im-
portant role in clinical diagnostics and carriage surveillance of H.
influenzae in addition to evaluation of preventative therapies for
NTHi disease.
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Abstract: Otitis media (OM) is a major reason for antibiotic consumption and surgery in children.
Nasopharyngeal carriage of otopathogens, Streptococcus pneumoniae and nontypeable Haemophilus
influenzae (NTHi), is a prerequisite for development of OM, and increased nasopharyngeal
otopathogen density correlates with disease onset. Vaccines can reduce or eliminate otopathogen
carriage, as demonstrated for pneumococcal serotypes included in pneumococcal conjugate vaccines
(PCV). The 10-valent PCV (PCV10) includes an NTHi carrier protein, and in 2011 superseded 7-valent
PCV on the New Zealand Immunisation Program. Data are conflicting on whether PCV10 provides
protection against NTHi carriage or disease. Assessing this in otitis-prone cohorts is important
for OM prevention. We compared otopathogen density in the nasopharynx and middle ear of
New Zealand PCV7-vaccinated and PCV10-vaccinated otitis-prone and non-otitis-prone children
to determine PCV10 impact on NTHi and S. pneumoniae carriage. We applied qPCR to specimens
collected from 217 PCV7-vaccinated children (147 otitis-prone and 70 non-otitis-prone) and 240
PCV10-vaccinated children (178 otitis-prone and 62 non-otitis-prone). After correcting for age and
day-care attendance, no difference was observed between NTHi density in the nasopharynx of
PCV7-vaccinated versus PCV10-vaccinated otitis-prone (p = 0.563) or non-otitis-prone (p = 0.513)
children. In contrast, pneumococcal nasopharyngeal density was higher in PCV10-vaccinated
otitis-prone children than PCV7-vaccinated otitis-prone children (p = 0.003). There was no difference
in otopathogen density in middle ear effusion from PCV7-vaccinated versus PCV10-vaccinated
otitis-prone children (NTHi p = 0.918; S. pneumoniae p = 0.415). When pneumococcal carriage
was assessed by vaccine serotypes (VT) and non-vaccine serotypes (NVT), there was no difference
in VT density (p = 0.546) or NVT density (p = 0.315) between all PCV7-vaccinated versus all
PCV10-vaccinated children. In summary, PCV10 did not reduce NTHi density in the nasopharynx or
middle ear, and was associated with increased pneumococcal nasopharyngeal density in otitis-prone
children in New Zealand. Development of therapies that prevent or reduce otopathogen colonisation
density in the nasopharynx are warranted to reduce the burden of OM.
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1. Introduction

Otitis media (OM) is the most common paediatric infection for which medical care is sought,
and the most common indication for prescription of antibiotics in children [1,2]. OM is also one
of the most common reasons for children to undergo surgery for ventilation tube insertion (VTI),
with recurrent acute OM (rAOM) or persistent otitis media with effusion (OME) being the usual
indications. Hence, OM places a significant burden on healthcare systems and on affected families [3–5].
Most episodes of severe OM are from bacterial causes, with the most common species involved
being Streptococcus pneumoniae (pneumococcus) and nontypeable Haemophilus influenzae (NTHi).
Nasopharyngeal colonization with otopathogens is considered to be a prerequisite to development
of disease [6–11]. Vaccines that target these pathogens have the potential to reduce nasopharyngeal
carriage and transmission, leading to a reduction in the prevalence of OM and in turn to a reduction in
antibiotic prescriptions and children undergoing VTI surgery. S. pneumoniae is the only otopathogen
that is directly targeted by currently licensed vaccines. Introduction of pneumococcal conjugate
vaccines (PCV) has reduced the incidence of OM from the serotypes included in the vaccine [12–14],
but has had a limited impact on the overall prevalence of OM due to replacement disease from
non-vaccine serotypes and other otopathogens [15,16].

The 7-valent PCV (PCV7) was introduced into the New Zealand Immunisation Program in 2008,
and national surveillance reports showed a significant decrease in the rate of invasive pneumococcal
disease in children <5 years of age in the following years [17]. In 2011, PCV7 was replaced by the
10-valent PCV (PCV10), which covers 3 additional pneumococcal serotypes and has Protein D from
H. influenzae as the conjugate protein for 8 of the 10 serotypes [18,19]. From an OM prevention
point of view, it is of particular interest to assess whether the addition of Protein D influences the
nasopharyngeal carriage and development of OM from NTHi. A recent Phase IV clinical trial in
Australian Aboriginal children, who have a high risk of chronic OM, showed that PCV10 vaccination
reduced the prevalence of NTHi detection in middle ear discharge when compared with PCV7,
although no difference in nasopharyngeal NTHi carriage rates was observed [20]. Likewise, studies
from the Netherlands and Finland, including non-otitis-prone children with a lower risk of developing
NTHi OM, showed that PCV10 vaccination had no impact on NTHi carriage rates [21,22]. In these
studies, carriage was assessed by culture of nasopharyngeal swabs, with presence or absence of
an otopathogen reported rather than the density of otopathogens. It has been suggested that
quantitative analysis, rather than culture, should be used to determine the concordance between
carriage and disease [23]. Quantitative (q) PCR was previously applied to nasopharyngeal swabs in an
Australian study, and revealed that children with chronic OM had a significantly higher median load
of otopathogens in their nasopharynx compared with non-otitis-prone children. They also observed
that Australian Aboriginal children had significantly higher nasopharyngeal densities of otopathogens
than their non-Aboriginal counterparts [24]. Recently, an animal model of AOM has demonstrated that
vaccination with Protein D, the NTHi carrier protein in PCV10, reduced NTHi density in the middle
ear but had no impact on density of NTHi in the nares [25]. Whether this occurs in PCV10-vaccinated
children has not been investigated before, but may explain the findings of the Leach et al. study [20],
where a reduction in NTHi-associated OM was observed without reduction in NTHi carriage rates
following PCV10 immunisation.

To determine the aetiology of OM in New Zealand in the PCV7 era, nasopharyngeal swabs
and middle ear effusions were collected from 325 PCV7-vaccinated otitis-prone children and 137
PCV7-vaccinated non-otitis-prone children, with NTHi identified as the predominant otopathogen
detected by culture and PCR (non-quantitative) in the collected specimens [26]. In 2014, three years
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after the introduction of PCV10, a second cohort of 319 PCV10-vaccinated otitis-prone children and
154 PCV10-vaccinated non-otitis-prone children were recruited [27] to compare OM otopathogens
with the PCV7-vaccinated children. NTHi remained the predominant otopathogen identified in
nasopharyngeal swabs and middle ear effusions from the PCV10-vaccinated children, with both NTHi
and S. pneumoniae carriage rates remaining unchanged in the two vaccine cohorts [27]. To further assess
PCV10 impact and aid development of future OM therapies, we have applied qPCR to specimens
collected in these cohorts to (1) determine whether PCV10 vaccination reduces NTHi density in the
nasopharynx and middle ear of otitis-prone children, and (2) assess the impact of PCV10- versus
PCV7-vaccination on pneumococcal carriage density in otitis-prone and non-otitis-prone children.

2. Methods

2.1. Nasopharyngeal Swabs and Middle Ear Effusion Samples

A total of 457 nasopharyngeal swabs and 411 middle ear effusion samples were included in this
study. Samples were collected as previously described [26] from children less than 36 months of age
and either undergoing VTI surgery for rAOM/OME (otitis-prone cases) or surgery for non-infectious
reasons (non-otitis-prone comparison group; controls). Recruitment for the PCV7 vaccine group
occurred between May to November 2011, and for the PCV10 vaccine group between May to November
2014. All children were fully PCV-vaccinated according to the National Immunisation Program for
New Zealand. Season- and age-matching was conducted for recruitment of controls. Additional
exclusion criteria for this study included cases that had only middle ear effusion collected and no
matching nasopharyngeal swab. Nasopharyngeal swabs and middle ear effusions were collected and
stored as previously described [28].

2.2. DNA Extraction

Stored samples were thawed, vortexed thoroughly for 30 seconds, and material transferred to
RNase free microcentrifuge tubes for enzymatic lysis. Tubes were centrifuged at 13,000× g for 7 min
and supernatant was discarded. The pellets were resuspended in 180 µL enzymatic lysis buffer (20 mM
Tris-HCL pH 8.0, 2 mM Na-EDTA pH 8.0, 1% Triton X-100 (Sigma-Aldrich, Castle Hill, NSW, Australia),
2 mg/mL RNase A (Thermo Fisher Scientific, Scoresby, VIC, Australia), 0.075 mg/mL Mutanolysin
(Sigma-Aldrich), 20 mg/mL lysozyme (Sigma-Aldrich) plus 5 µL of internal DNA Extraction Control
(IC) (Bioline, Alexandria, NSW, Australia). After incubation at 37 ◦C for 60 min, 20 µL of 20 mg/mL
Proteinase K (Qiagen, Chadstone, VIC, Australia) and 200 µL Buffer AL (Qiagen) was added and
samples were incubated at 56 ◦C for 30 min. After the final incubation step, samples were stored at
−20 ◦C until the following day. DNA was extracted from the lysed samples using the Qiacube HT
(Qiagen). A negative extraction control consisting of STGGB only was included in each extraction
run. Genomic DNA was stored in aliquots at −80 ◦C for long term storage (and at −20 ◦C for no
more than 6 weeks). Reference strain genomic (g) DNA was extracted from overnight plate cultures of
NTHi 86-028NP [29] and S. pneumoniae NCTC 7466 using the QIAamp DNA mini kit (Qiagen) and
following the manufacturer’s protocol. DNA concentrations of the reference strains were measured on
the Qubit 3.0 Fluorimeter using the Qubit dsDNA BR Assay Kit (Thermo Fisher Scientific, Scoresby,
VIC, Australia). The extracted reference strain gDNA was stored as single use aliquots at −80 ◦C,
and DNA concentration remeasured on the Qubit before each use.

2.3. Quantitative PCR

Real-time qPCR was conducted using the CFX96 real-time PCR detection system (Bio-Rad,
Gladesville, NSW, Australia). The qPCR primers, probes and reaction conditions are detailed in
Table 1. The total reaction volume was 10 µL. The two genes used to detect NTHi were run together in
a duplex qPCR assay, as previously described [30]. The reaction mix consisted of 5 µL of 2× SensiFAST
Probe No-ROX (Bioline), 0.4 µL 25× internal DNA Extraction Control mix (Bioline), primer and probe
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as per concentrations listed in Table 1, molecular grade water (Sigma-Aldrich) and 1 µL of sample
DNA. A standard curve was generated for each run using serial dilutions of gDNA (2000 pg to 0.02 pg)
from each reference strain. Cycling conditions are described in Table 1. All samples were run in
duplicate, and the density was calculated as an average of the two measurements. Analysis of the
qPCR data was performed using Bio-rad CFX manager 3.1 (Bio-Rad). The internal control (IC) qPCR
was run alongside the NTHi qPCR, and threshold cycle value (Ct) for each sample was compared with
the Ct for the negative extraction control. Samples were considered accepted if within 1 Ct value on
either side of the Ct for the negative extraction control. Samples that failed IC qPCR were re-run and
excluded from further analysis if they failed IC qPCR twice. Specimens that were culture positive
for S. pneumoniae were serotyped by either microarray [31] or Quellung [27], making it possible to
assess serotype-specific carriage density based on the S. pneumoniae specific lytA qPCR. We used the
dominant serotype present in the specimen and matched this with the overall pneumococcal density.

Table 1. qPCR primers, probes and conditions.

Assay Detected
Species Primer/Probe a Sequence

(5’ to 3’)

Concentration
in Reaction
Mix

Cycling Conditions Ref.

fucP
H. influenzae

fucP fwd GCCGCTTCTGAGGCTGG 1000 nM 50 ◦C for 2 min and 95
◦C for 10 min,
followed by 40 cycles
of 95 ◦C for 15 sec and
60 ◦C for 60 sec.

[26]fucP rev AACGACATTACCAATCC
GATGG

1000 nM

fucP probe 6FAM-TCCATTACTGTTTG
AAATAC-MGBNFQ

1000 nM

hpd#3
H. influenzae

hpd3 fwd GGTTAAATATGCCGATG
GTGTTG

1000 nM 50 ◦C for 2 min and 95
◦C for 10 min,
followed by 40 cycles
of 95 ◦C for 15 sec and
60 ◦C for 60 sec.

[27]
hpd3 rev TGCATCTTTACGCAC

GGTGTA
1000 nM

hpd3 probe b HEX-TTGTGTACACTCCGT/
ZEN/TGGTAAAAGAACTT
GCAC-3C6

1000 nM

lytA S.
pneumoniae

lytA fwd ACGCAATCTAGCAGATGA
AGCA

200 nM 95 ◦C for 10 min,
followed by 40 cycles
of 95 ◦C for 15 sec and
60 ◦C for 60 sec.

[28]
lytA rev TCGTGCGTTTTAATTCC

AGCT
200 nM

lytA probe 6FAM-TGCCGAAAACGCT
TGATACAG-GGAG-BHQ1

200 nM

(a) Fwd, forward; Rev, reverse. (b) Probe was modified from [27] with a ZEN internal quencher instead of the
internal black whole quencher (BHQ).

2.4. Statistical Analysis

Samples with DNA densities below the limit of quantification (LOQ; 0.0125 pg/µL) were
assigned half of this value (0.00625 pg/µL) rather than zero, to permit statistical analyses. Host
and environmental risk factors between cases and controls were compared using Student’s t tests
for continuous variables (age), and Pearson chi-square analyses (P value, asymptotic significant,
2-sided) for categorical variables (gender, day-care attendance, ethnicity, current antibiotic use). Binary
logistic regression was used to determine the association between the presence of otopathogens in
specimens and case/control status or vaccine recipient groups (PCV7 or PCV10), adjusting for the
cofounding variables of age and day-care attendance to give the adjusted odds ratio (aOR). A linear
regression model (on log-transformed densities and adjusting for confounders of age and day-care
attendance) was used to compare density of otopathogens in positive specimens collected from
PCV7- and PCV10-vaccinated otitis-prone and non-otitis-prone children. The significance level was
considered as p < 0.05. Spearman’s rank correlation coefficient was used to determine the correlation
between otopathogen densities in the nasopharynx and middle ear, where 0.5 > r > 0.3 was considered
to be a weak correlation and 0.7 > r > 0.5 was considered to be a moderate correlation. The area
under the receiver operating characteristic (AU-ROC) curve was determined to assess the potential
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value of a nasopharyngeal otopathogen density test for differentiating disease status (otitis-prone)
from non-disease status (non-otitis-prone controls), where an AUC of 0.5 = no diagnostic ability, AUC
0.5–0.6 = poor diagnostic ability, AUC of 0.6–0.7 = sufficient diagnostic ability, an AUC 0.7–0.9 = good
to excellent, and an AUC of 1.0 = perfect diagnostic ability. IBM SPSS Statistics version 22 was used
for all statistical analysis. Graphs were plotted using GraphPad Prism 7 (GraphPad Software Inc.,
San Diego, CA, USA).

2.5. Ethics

The study was conducted in accordance with the Declaration of Helsinki, and the protocol was
approved by the New Zealand Northern Regional Ethics Committee (NTX/11/04/029). Informed
written consent was obtained from parents/guardians of study participants at the time of recruitment.

3. Results

3.1. Study Population

Of the 457 children included in this study, 217 were recruited in 2011 and were PCV7-vaccinated
(147 otitis-prone cases and 70 non-otitis-prone controls), and 240 were recruited in 2014 and were
PCV10-vaccinated (178 otitis-prone cases and 62 non-otitis-prone controls) (Table 2). All children
included in this study were fully vaccinated with either PCV7 or PCV10 according to the National
Immunisation Program. The controls were approximately 3 months younger than the cases in
both vaccine groups. Day-care attendance was more common in the otitis-prone cases compared
to the non-otitis-prone controls in both the PCV7-vaccinated (63% versus 40%; p = 0.002) and
PCV10-vaccinated (81% versus 45%; p = 0.0001) groups. More of the otitis-prone children in the
PCV10-vaccinated group attended day-care for >4 h/week in comparison with the otitis-prone
children in the PCV7-vaccinated group (81% versus 63%, p = 0.001); whereas day-care attendance
in the non-otitis-prone controls was similar between the vaccine groups, p = 0.270 (Table 3). While
there were more children of Māori descent in the PCV10-vaccinated cohort than the PCV7-vaccinated
cohort (Table 3), there was no difference in the proportion of otitis-prone versus non-otitis-prone
Māori children in each vaccine group: PCV7-vaccinated otitis-prone Māori versus PCV7-vaccinated
non-otitis-prone Māori children, 14% versus 7%, p = 0.130; and PCV10-vaccinated otitis prone Māori
versus PCV10-vaccinated non-otitis-prone Māori children, 25% versus 23%, p = 0.671 (Table 2). Age
and day-care attendance were adjusted for as confounders in all subsequent analysis.

Table 2. Demographics of study cohort and comparison between cases and controls within PCV7- and
PCV10-vaccinated groups.

PCV7 Vaccine Group PCV10 Vaccine Group

Sample Demographics Cases Controls p Cases Controls p

Total number 147 70 178 62
Median age in months
(interquartile range)

21.34
(16.54–26.63)

18.82
(12.86–24.8) 0.031 24.17

(19.05–28.81)
21.11
(14.7–29.08) 0.043

Male gender (%) 92 (63%) 51 (73%) 0.136 122 (69%) 34 (55%) 0.051
Day care attendance (%) 93 (63%) 28 (40%) 0.002 144 (81%) 28 (45%) 0.0001
Antibiotics in last
month (%) 74 (50%) 29 (41%) 0.201 78 (44%) 18 (29%) 0.171

Ethnicity (%)
European 104 (71%) 45 (64%) 0.337 103 (58%) 30 (48%) 0.196
Māori 21 (14%) 5 (7%) 0.130 45 (25%) 14 (23%) 0.671
Pacific Island 19 (13%) 13 (19%) 0.273 27 (15%) 9 (15%) 0.901
Other/unknown 3 (2%) 7 (10%) 0.014 3 (2%) 9 (15%) 0.0001
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Table 3. Comparison of demographics for otitis-prone cases and non-otitis-prone controls between
vaccine groups.

Otitis-Prone Children (Cases) Non-Otitis-Prone (Controls)

Sample Demographics PCV7 PCV10 p PCV7 PCV10 p

Total number 147 178 70 62
Median age in months
(interquartile range)

21.34
(16.54–26.63)

24.17
(19.05–28.81) 0.007 18.82

(12.86–24.8)
21.11
(14.7–29.08) 0.183

Male gender (%) 92 (63%) 122 (69%) 0.260 51 (73%) 34 (55%) 0.031
Day care attendance (%) 93 (63%) 144 (81%) 0.001 28 (40%) 28 (45%) 0.270
Antibiotics in last
month (%) 74 (50%) 78 (44%) 0.176 29 (41%) 18 (29%) 0.325

Ethnicity (%)
European 104 (71%) 103 (58%) 0.016 45(64%) 30 (48%) 0.066
Māori 21 (14%) 45 (25%) 0.014 5 (7%) 14 (23%) 0.012
Pacific Island 19 (13%) 27 (15%) 0.564 13 (19%) 9 (15%) 0.533
Other/unknown 3 (2%) 3 (2%) 0.813 7 (10%) 9 (15%) 0.428

3.2. No Difference in Otopathogen Presence in the Nasopharynx of PCV7- and PCV10-Vaccinated Otitis-Prone
or Non-Otitis-Prone Children

There was no difference in the proportion of otitis-prone children colonised with NTHi
between vaccine groups: 61.9% (91/147) for PCV7-vaccinated cases versus 68.5% (122/178) for
PCV10-vaccinated cases, p = 0.283. However, the adjusted odds ratio (aOR) was 1.297, meaning that
when the confounding factors of age and day-care were adjusted for, PCV10-vaccinated otitis-prone
children were 29.7% more likely to carry NTHi than PCV7-vaccinated otitis-prone children. There
was also no significant difference in presence of NTHi in the nasopharynx of non-otitis-prone controls
from the different vaccine eras, with 40.0% (28/70) colonised with NTHi in the PCV7-vaccinated
controls versus 56.5% (35/62) for PCV10-vaccinated controls, p = 0.207. However, the aOR was 1.652,
meaning that PCV10-vaccinated controls were 65.2% more likely to be colonised with NTHi than the
PCV7-vaccinated controls.

Similarly, there was no significant difference in the presence of S. pneumoniae in the nasopharynx
of PCV7-vaccinated otitis-prone cases (55.8%, 82/147) versus PCV10-vaccinated otitis-prone cases
65.2% (116/178), p = 0.115. However the aOR was 1.452, meaning that PCV10-vaccinated otitis-prone
children were 45.2% more likely to carry S. pneumoniae than the PCV7-vaccinated otitis-prone children.
There was also no difference observed for the presence of S. pneumoniae in the nasopharynx between
PCV7-vaccinated (40.0%, 28/70) and PCV10-vaccinated (48.4%, 30/62) non-otitis-prone controls
(p = 0.619; aOR = 1.213), but PCV10-vaccinated controls were 21.3% more likely to be colonised with
S. pneumoniae than the PCV7-vaccinated controls.

3.3. PCV10-Vaccinated Otitis-Prone and Non-Otitis-Prone Children Had Similar NTHi Nasopharyngeal
Densities to PCV7-Vaccinated Otitis-Prone and Non-Otitis-Prone Children

Of the children who were colonised with NTHi, there was no difference in NTHi carriage densities
between PCV7- and PCV10-vaccinated otitis-prone (p = 0.563) and non-otitis-prone children (p = 0.513)
(Figure 1).

3.4. PCV10-Vaccinated Otitis-Prone Children Had Higher Pneumococcal Nasopharyngeal Densities than
PCV7-Vaccinated Otitis-Prone Children

Of the cases who were colonised with S. pneumoniae, higher densities of S. pneumoniae were
detected in the nasopharynx of PCV10-vaccinated otitis-prone children than in PCV7-vaccinated
otitis-prone children (p = 0.003) (Figure 1). This was not observed in the non-otitis-prone children,
where there was a lower (but non-significant) density of S. pneumoniae in the nasopharynx of
PCV10-vaccinated children compared with the PCV7-vaccinated controls (p = 0.074).
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Figure 1. Otopathogen density in the nasopharynx of PCV7- and PCV10-vaccinated otitis-prone and
non-otitis-prone children. Data are presented for children that were colonised with an otopathogen,
with each point representing an individual child and the horizontal bars depicting the median
otopathogen DNA concentration in pg/µL. Circles represent PCV7-vaccinated otitis-prone cases (closed
circles) and non-otitis-prone control children (open circles), and triangles represent PCV10-vaccinated
otitis-prone cases (closed triangles) and non-otitis-prone controls (open triangles). Statistical analysis
was conducted on adjusted data, correcting for age and day-care attendance, where **: p < 0.01,
*: p < 0.05 and ns: not significant. NTHi, nontypeable Haemophilus influenzae; PCV, pneumococcal
conjugate vaccine.

3.5. Otitis-Prone Children Had Higher Densities of NTHi and S. Pneumoniae in Their Nasopharynx Compared
with Non-Otitis-Prone Children

Otopathogen presence and density were compared between the otitis-prone cases and
non-otitis-prone controls within each vaccine group. In the PCV7-vaccinated group, otitis-prone
cases were more than twice as likely to be colonised with NTHi (aOR = 2.095) and 62.9% more likely
to be colonised with S. pneumoniae (aOR = 1.629) than the non-otitis-prone controls, p = 0.018 and
p = 0.117 respectively. In the PCV10-vaccinated group, cases were 33.3% more likely to be colonised
with NTHi (aOR = 1.333) and 82.3% more likely to be colonised with S. pneumoniae (aOR = 1.823) than
the non-otitis-prone controls, p = 0.396 and p = 0.067 respectively. Of the children that were colonised
with NTHi, there was no difference in NTHi density in the nasopharynx between cases and controls in
the PCV7-vaccinated (p = 0.985) and PCV10-vaccinated (p = 0.692) groups (Figure 1). In those colonised
with S. pneumoniae, there was a trend towards higher S. pneumoniae densities in the nasopharynx of
otitis-prone cases compared to non-otitis-prone controls in the PCV7-vaccinated group (p = 0.068),
which was even more apparent in the PCV10-vaccinated group (p = 0.017) (Figure 1).

3.6. Otopathogen Density in the Middle Ear of Otitis-Prone Children was Similar between Vaccine Groups

Middle ear effusion was not available for 35 of the 147 PCV7-vaccinated cases and 62 of the
178 PCV10-vaccinated cases. The proportion of children with NTHi detected in their middle ear
effusion was 29.9% (44/112) for PCV7-vaccinated cases and 25.8% (46/116) for PCV10-vaccinated
cases, p = 0.894 (aOR = 0.963). The proportion of children with S. pneumoniae detected in their middle
ear effusion was 17.0% (25/112) for PCV7-vaccinated cases and 17.4% (31/116) for PCV10-vaccinated
cases, p = 0.278 (aOR = 1.418). Of the children with NTHi or S. pneumoniae detected in their middle ear,
there was no difference between otopathogen densities in the middle ear effusion from PCV7- versus
PCV10-vaccinated otitis-prone children (NTHi p = 0.918; S. pneumoniae p = 0.415) (Figure 2).
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Only 3/325 otitis-prone children (0.9%) had NTHi detected in their middle ear and not their 
nasopharynx, while 73/325 otitis-prone children (22.5%) had NTHi detected in their nasopharynx but 
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Figure 2. Otopathogen density in the middle ear of PCV7- and PCV10-vaccinated otitis-prone children
with pneumococcal or NTHi OM. Data are presented for each child with an otopathogen detected
in their middle ear, with each data point representing an individual child and the horizontal bars
depicting the median otopathogen DNA concentration in pg/µL in the middle ear effusion. Circles
represent PCV7-vaccinated otitis-prone cases and triangles represent PCV10-vaccinated otitis-prone
cases. Statistical analysis was conducted on adjusted data, correcting for age and day-care attendance,
ns: not significant. NTHi, nontypeable Haemophilus influenzae; PCV, pneumococcal conjugate vaccine.

3.7. Correlation between Otopathogen Density in the Nasopharynx and Middle Ear

For all of the otitis-prone cases, there was a moderate positive correlation between density of
NTHi in the nasopharynx and density of NTHi in the middle ear (r = 0.57) (Figure 3). For S. pneumoniae
there was a weak positive correlation between density in the nasopharynx and middle ear (r = 0.40)
(Figure 3).
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Figure 3. Correlation between otopathogen densities in the nasopharynx with otopathogen density in
the middle ear of otitis-prone children. Each dot represents the density of nontypeable Haemophilus
influenzae (NTHi) (A) and S. pneumoniae (B) in pg/µL of DNA in the nasopharynx (NPS) and middle ear
effusion (MEE) of otitis-prone children. Correlation was assessed by Spearman rho, where 0.5 > r >0.3
is considered a weak positive correlation and 0.7 > r >0.5 is considered a moderate positive correlation.

Only 3/325 otitis-prone children (0.9%) had NTHi detected in their middle ear and not their
nasopharynx, while 73/325 otitis-prone children (22.5%) had NTHi detected in their nasopharynx but
not their middle ear. Likewise, 2/325 (0.6%) otitis-prone children had S. pneumoniae detected in their
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middle ear but not their nasopharynx, and 80/325 (24.6%) otitis-prone children had S. pneumoniae
detected in their nasopharynx but not their middle ear. ROC curves to assess the diagnostic
value of measuring otopathogen density in nasopharyngeal swabs to distinguish otitis-prone from
non-otitis-prone children determined the AU-ROC to be 0.63 for NTHi and 0.62 for S. pneumoniae,
values that are considered to be indicative of a test with sufficient diagnostic ability.

3.8. Carriage Density of Pneumococcal Vaccine and Non-Vaccine Serotypes was Similar between All PCV7-
and All PCV10-Vaccinated Children

Of all the children who were colonised with S. pneumoniae, there was no difference between the
nasopharyngeal densities of vaccine types (VT) (p = 0.546) and non-vaccine types (NVT) (p = 0.315)
between PCV7- and PCV10-vaccinated children (Figure 4A). For specific pneumococcal serotypes,
nasopharyngeal colonisation with VTs 6B, 9V, 19F and 23F was observed in both vaccine groups (cases
and controls combined), but this was more common in the PCV7-vaccinated group (Figure 4B). VT
serotype 19F was a common coloniser in the PCV7-vaccinated cohort (18/82 children versus 2/120 in
the PCV10-vaccinated cohort), while colonisation with vaccine-related serotype 19A was common in
both vaccine groups and often at a high density.
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horizontal bars depicting the median density of vaccine-types and non-vaccine types in pg/μL of 
pneumococcal DNA. (B) Serotype-specific carriage density in the nasopharynx of PCV7- and PCV10-
vaccinated children. Data are presented for each individual child, with the horizontal bars depicting 
the median density of specific pneumococcal serotypes in pg/μL of pneumococcal (lytA) DNA. Circles 
represent PCV7-vaccinated children and triangles represent PCV10-vaccinated children. 

Figure 4. (A) Pneumococcal vaccine and non-vaccine serotype carriage density in the nasopharynx of
PCV7- and PCV10-vaccinated children. Data are presented for each individual child, with the horizontal
bars depicting the median density of vaccine-types and non-vaccine types in pg/µL of pneumococcal
DNA. (B) Serotype-specific carriage density in the nasopharynx of PCV7- and PCV10-vaccinated
children. Data are presented for each individual child, with the horizontal bars depicting the median
density of specific pneumococcal serotypes in pg/µL of pneumococcal (lytA) DNA. Circles represent
PCV7-vaccinated children and triangles represent PCV10-vaccinated children.
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4. Discussion

NTHi and S. pneumoniae are common bacterial pathogens isolated in upper and lower respiratory
tract infections, including OM. With the inclusion of Protein D from NTHi, PCV10 has the potential to
offer additional protection against NTHi colonisation and/or disease in comparison with PCV7 (as well
as the additive protection against three extra pneumococcal serotypes). In this study, we observed that
PCV10-vaccinated otitis-prone and non-otitis-prone children had similar, or even higher, densities
of NTHi and S. pneumoniae in their nasopharynx when compared with PCV7-vaccinated children.
The density of pneumococcal VT and NVT in the nasopharynx was not different between vaccine
groups, however there was a significant decrease in the proportion of children colonised with vaccine
serotypes in the PCV10 era. It is important to highlight that while VT 6B and 19F have been indicated
to elicit some cross-protection against NVT 6A and 19A respectively [32,33], colonisation with both 6A
and 19A was observed in both vaccine groups. Although vaccination with PCVs may not reduce the
overall carriage density of S. pneumoniae, elimination of serotypes with enhanced capacity to cause
disease will lead to reduced incidence of acute and complex OM [34]. Indeed, rates of hospitalisation
for OM have declined by 25% in New Zealand since introduction of PCV7 in 2006 [35], indicating that
while PCVs may be having a limited impact on otopathogen colonisation density, they are having an
impact on hospitalisation for OM.

In our study, we did not observe a reduction of NTHi in the middle ear of PCV10-vaccinated
otitis-prone children compared with PCV7-vaccinated children. This is in contrast to a recent animal
study demonstrating that mice vaccinated with Protein D had reduced NTHi density in the middle
ear compared with unvaccinated mice in a model of NTHi AOM [25]. It is possible that we may
have missed any short-term impact of PCV10 vaccination in children in our cross-sectional study
where middle ear effusion was only collected at the time of surgery, which was months or even years
after PCV10 vaccination. PCV-induced antibody responses have not been measured in this study.
We have previously shown that Australian otitis-prone children have similar antibody responses to
PCV vaccination when compared to non-otitis prone children [36–38]. We have also observed that
Aboriginal otitis-prone children have similar natural antibody titres to pneumococcal protein antigens
when compared with their non-Aboriginal counterparts [39]. Aboriginal otitis-prone children did,
however, have lower natural antibody titres to specific NTHi protein antigens [40], indicating that
Aboriginal children may be tolerised to NTHi from a young age and cease responding to some NTHi
antigens. It is possible that the different ethnic groups within the PCV10 group have different antibody
responses to Protein D, but this had no impact on density of NTHi (or pneumococcal) colonisation.

Reports on the impact of Protein D-conjugated pneumococcal vaccines on NTHi colonisation are
mixed, and methods used to assess prevalence are variable: studies in Dutch and Finnish children
have reported no impact of PCV10 on NTHi carriage density (by qPCR) [21,22], while an increase in
NTHi carriage prevalence from 26% to 44% was observed following PCV10 introduction in Brazil [41].
Importantly, apart from the initial trial with a prototype of PCV10 (11 serotypes all conjugated to
Protein D) in the Czech Republic [42], there are no reports that have shown a decrease in NTHi carriage
prevalence following PCV10-vaccination. In terms of OM, a recent study in Australian Aboriginal
children demonstrated that PCV10 vaccination significantly reduced the prevalence of NTHi in ear
discharge [20]. Measuring the density of otopathogens in the nasopharynx and middle ear with
molecular techniques gives more insight into subtle changes that may be influenced by vaccination.

We and others have previously shown that otitis-prone children have higher densities of
otopathogens in their nasopharynx than non-otitis-prone children [24]. Obtaining samples from
the site of infection, such as the middle ear, is an invasive and challenging procedure, so the use of
nasopharyngeal swabs as a marker of disease aetiology and for monitoring the impact of interventions
is appealing. Our data shows a moderate correlation between densities of NTHi in the nasopharynx
and middle ear of otitis-prone children, suggesting that detection of NTHi in nasopharyngeal swabs is
indicative of NTHi-associated OM, but cannot be used as a definitive test. Only a weak correlation
was observed for S. pneumoniae densities in the nasopharynx and middle ear of otitis-prone children,
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suggesting that nasopharyngeal swabs are not a good indication of pneumococcal OM diagnosis, as has
been concluded by studies assessing the utility of nasopharyngeal swabs as a proxy for pneumococcal
pneumonia aetiology across a wide range of settings [43,44].

Over-representation of day-care attendance in otitis-prone children is well documented [45–47],
and shows that our cohort is representative of cohorts in other countries. Day-care attendance in
the PCV10-vaccinated group was higher than the PCV7-vaccinated group; this may be linked to
the slightly older age range in the PCV10 group, but is more likely to have been influenced by the
change in government policy in 2012 to provide 20 hours of free childcare for all New Zealand
children [48]. To ensure that only otopathogen density was compared between vaccine groups,
the confounding factors of age and day-care were adjusted for in all analyses. The PCV10-vaccinated
group was recruited 3 years after the PCV7-vaccinated group, and 6 years after PCV7 introduction into
New Zealand, which may have impacted the circulating pneumococcal serotypes in the population.
Longitudinal studies with frequent sampling may reveal short-lived temporal changes in otopathogen
density in the nasopharynx or middle ear following PCV10-vaccination, but ideally, any impact
on carriage density should be sustained. In addition, prolonged (3 years) cryopreservation of the
specimens from the PCV7 era may have led to a lower otopathogen density compared with the
specimens from the PCV10 era. However, studies have shown no reduction in viability counts over a
>10 year period for both S. pneumoniae and NTHi cultured from nasopharyngeal swabs collected in
STGGB media, which is the same media used in this study [49,50].

5. Conclusions

In summary, 3 years following the introduction of PCV10 into New Zealand, there was no
reduction in NTHi or S. pneumoniae density in the nasopharynx of otitis-prone or non-otitis-prone
children. There was also no difference in otopathogen density in the middle ear of PCV10-vaccinated
otitis-prone children compared with PCV7-vaccinated otitis-prone children. Development of improved
strategies to reduce otopathogen density in the nasopharynx, and their dissemination into the middle
ear, are warranted in attempt to reduce the burden of OM.
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