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Abstract 

With an estimated 1.2 million cases annually worldwide, bacterial meningitis is a 

medical emergency and primary prevention as well as accurate diagnosis and 

treatment of this often fatal disease is paramount. The most common microorganisms 

associated with bacterial meningitis are Haemophilus influenzae, Neisseria 

meningitidis and Streptococcus pneumoniae.  

Several vaccines are available for the prevention of bacterial meningitis caused by 

these three microorganisms; however, these vaccines offer limited serotype coverage 

and as a consequence bacterial meningitis cases as a result of non-vaccine serotypes 

have emerged. Furthermore, limited vaccine availability in resource poor countries in 

addition to vaccine failures is a major concern in the prevention of bacterial 

meningitis worldwide. As such, patients with suspected meningitis require 

immediate medical assessment and accurate diagnosis of the disease in order to 

provide an optimal therapeutic regime. Moreover, as the incidence of bacterial 

meningitis varies significantly by age and geographic location, the accurate 

diagnosis of the causative microorganism would enable unambiguous 

epidemiological studies to be carried out.  

Presently, culture remains the gold standard for the diagnosis of bacterial meningitis, 

however, this is limited in its ability to rapidly and accurately diagnose and nucleic 

acid based diagnostic methods are more sensitive and specific for the diagnosis of 

this fatal disease. The overall aim of this study was to design, develop, optimise and 

validate robust, internally controlled nucleic acid based in-vitro amplification 

methods for the rapid and accurate identification of H. influenzae, N. meningitidis 

and S. pneumoniae. This was achieved using sequential experimental design 

consisting of three main studies.  

In the first study, RNA transcripts encoded for by the ssrA (tmRNA) and lepA (lepA 

mRNA) genes were evaluated using real-time Nucleic Acid Sequence Based 

Amplification (NASBA) as potential diagnostic targets for species specific 

identification of H. influenzae, N. meningitidis and S. pneumoniae. This established 

that tmRNA and lepA mRNA have potential as diagnostic targets for the species 

specific identification of N. meningitidis and S. pneumoniae respectively.  However, 



 
 

neither the tmRNA transcript nor the lepA mRNA transcript can be used as a 

diagnostic target to unequivocally differentiate H. influenzae from its most closely 

related species Haemophilus haemolyticus.  

In the second study, whole genome comparative analysis of H. influenzae and H. 

haemolyticus identified two novel gene targets, phoB and pstA, present in H. 

influenzae and absent in all other closely related species including H. haemoylticus. 

Subsequently, two internally controlled real-time PCR diagnostic assays were 

developed targeting both phoB and pstA and validated against an extensive panel of 

H. influenzae isolates and non-H. influenzae closely related species for the specific 

identification of H. influenzae. Analytical sensitivities of the real-time PCR 

diagnostic assays developed were determined to be comparable to other published 

diagnostic targets and more superior in terms of specificity than a previously 

published diagnostics targets for the identification of H. influenzae. 

 In the third study, phoB was further validated as a diagnostic target for the species 

specific detection of H. influenzae by targeting the phoB mRNA transcript in a 

duplex real-time NASBA diagnostic assay. In addition, two duplex real-time 

NASBA diagnostic assays were also developed targeting the RNA transcripts 

encoded for by the ssrA gene and lepA gene for the species specific identification of 

N. meningitidis and S. pneumoniae, respectively. All three duplex real-time 

NASBA diagnostic assays were determined to be 100% specific for the target 

species tested for and analytical sensitivities of less than 60 cell equivalents were 

determined for each of the diagnostic assays in duplex format. Each real-time 

NASBA diagnostic assay developed in this study includes an endogenous non-

competitive Internal Amplification Control (IAC) to amplify transcript 1 of the 

Homo Sapiens TBP gene from human total RNA. By incorporating an endogenous 

internal amplification control stably expressed at low levels in human blood, these 

duplex real-time NASBA diagnostic assays have the potential to be used in a 

clinical setting for the specific, sensitive and rapid (< 60 mins) detection and 

identification of the most prominent microorganisms associated with bacterial 

meningitis in humans.  

In summary, nucleic acid based in-vitro amplification diagnostic assays described in 

this study are the first description of internally controlled real-time PCR diagnostic 



 
 

assays and real-time NASBA diagnostic assay for the accurate, species specific 

identification of H. influenzae, N. meningitidis and S. pneumoniae.
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1. Introduction 

Meningitis is an acute inflammation of the meninges, the protective membranes that 

surround the brain and spinal cord of the central nervous system [1]. It is a life 

threatening infection that effects all age groups and accounted for up to an estimated 

151,000 deaths in children under 5 years in 2013 [2]. Meningitis can be infectious or 

non-infectious and the severity and incidence rate of the disease depends on the 

etiological agent as well as geographic location [3, 4]. Most cases of infectious 

meningitis are caused by viruses and bacteria, however other causes include, fungi 

and parasites [5-7], while causes of non-infectious meningitis include cancers, 

systemic lupus erythematous, drugs, head injury and brain injury [8].  

Of these meningitis etiological agents, viral meningitis is the most common while 

bacterial meningitis is the most severe [9, 10].  In the largest reported study the 

annual incident rate of viral meningitis was 219 cases/100,000 of the population 

aged <1 year and 27.8  cases/100,000 of the population aged 1-14 years [11]. This 

number decreases in people aged over 16 years (7.6 cases/100,000 of the population) 

[12]. However incidence rates may be higher for both adults and children as many 

cases go unreported due to the self-limiting nature and often benign clinical outcome 

of the disease [7]. Bacterial meningitis incidence rates vary geographically with the 

highest incidence in endemic regions (>10 cases/100,000 population) such as the 

African meningitis belt - a region of sub-Saharan Africa consisting of 26 countries, 

stretching from Senegal in the west to Ethiopia in the east [13, 14]. While moderate 

(<10 cases/100,000 population) to low (<2 cases/100,000 population) incidence rates 

occur in the United States, Europe, Asia and South Africa [13].  In Ireland the pre-

vaccine incident rate was 14.3 cases/100,000 of the population, although this has 

decreased to 2.19 cases/100,000 of the population since the introduction of vaccines 

targeting predominant etiological bacteria [13]. However, unlike viral meningitis, the 

clinical outcome for bacterial meningitis is often fatal with significant morbidity and 

mortality rates worldwide (5-40% in children, 20-50% in adults) in spite of anti-

microbial treatment [15]. Whilst in cases of untreated bacterial meningitis, mortality 

rates approach 100% [16]. Furthermore, survivors are often left with long term 

sequelae such as seizure disorders,  neurologic deficits, hearing/vision loss, loss of 

limb and impaired cognitive functioning [17, 18].  



Chapter 1 

 

13 

 

1.1.  Etiological Agents of Bacterial Meningitis 

Bacterial meningitis can be caused by almost any bacteria that is pathogenic to 

humans. Of these, Haemophilus influenzae, Neisseria meningitis, Streptococcus 

pneumoniae, Streptococcus agalactiae, Streptococcus suis, Escherichia coli, 

Mycobacterium tuberculosis and Listeria monocytogenes are the foremost causes of 

the disease. [15, 16, 19]. The causative microorganism of bacterial meningitis varies 

across age groups, as listed in Table 1.1, however, the most predominant 

microorganisms associated with the disease are, H. influenzae, N. meningitidis and S. 

pneumoniae [9]. Despite implementation of routine immunization against these 3 

microorganisms in recent years, they still account for up to 80% of acute bacterial 

meningitis cases annually worldwide [15]. 

 

Table 1.1. Aetiology of bacterial meningitis according to age groups 

Age Groups Causes 

New-born Group B Streptococcus, Streptococcus 

pneumoniae, Escherichia coli, Listeria 

monocytogenes 

Infants and Children Streptococcus pneumoniae, Neisseria 

meningitidis, Haemophilus influenazae type b, 

Group B Streptococcus 

Adolescents and Young Adults Streptococcus pneumoniae, Neisseria 

meningitidis 

Older Adults Streptococcus pneumoniae, Neisseria 

meningitidis, Haemophilus influenzae type b 

(Hib), Group B Streptococcus, Listeria 

monocytogenes 

(Source : http://www.cdc.gov/meningitis/bacterial.html)  

 

1.1.1. Haemophilus influenzae  

H. influenzae is a member of the genus Haemophilus. Haemophilus species are 

small, non-motile, Gram negative bacilli, which are dependent on blood derived 

http://www.cdc.gov/meningitis/bacterial.html
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factors for growth, thus giving the genus its name (Haemophilus: derived from the 

Greek meaning “blood-loving”) [20-22]. Presently, there are fourteen species in the 

genus Haemophilus [23], nine of which are potentially pathogenic to humans; H. 

influenzae, Haemophilus aegyptius, H. haemolyticus, H. parainfluenzae, 

Haemophilus parahaemolyticus, Haemophilus paraphrohaemolyticus, Haemophilus 

pittmaniae, Haemophilus sputorum and H. ducreyi [21].  The remaining 

Haemophilus species, recognized by the list of prokaryotic names with standing 

nomenclature (LPSN)[24], have host specificity for animals and include; 

Haemophilus felis (cats), Haemophilus haemoglobinophilus (dogs), Haemophilus 

paracuniculus (rabbits), Haemophilus parasuis (swine) and Haemophilus piscium 

(fish) .  

H. influenzae was first isolated in 1890 by Richard Pfeiffer [25] and was referred to 

as ‘Pfeiffer’s Bacillus’ or  Bacillus influenzae at the time, as it was mistakenly 

thought to be the etiological agent of the influenza pandemic [21, 26-29]. H. 

influenzae is a member of the Haemophilus influenzae group, - sometimes referred to 

as Haemophilus sensu stricto - together with H. aegyptius and H. haemolyticus [21]. 

It is the most pathogenic of the eight Haemophilus species which reside as 

commensal organisms in the human respiratory tract. To date, no known animal or 

environmental isolates have been identified [30, 31]. It is responsible for infections 

such as otitis media, epiglottitis, and conjunctivitis as well as more invasive 

infections such as meningitis, sepsis and pneumonia [32, 33] 

H. influenzae is a fastidious facultative anaerobe with specific growth requirements. 

Pfeiffer first demonstrated that haemoglobin is the essential component of blood 

media that enables H. influenzae to grow [29]. This was further validated a few years 

later and in addition, it was established that a second vitamin like substance, that is 

destroyed by autoclaving, is also required [34, 35]. Thjötta et al went on to coin the 

terms X factor (hemin), for the heat stable blood associated substance,  and V factor 

(nicotinamide adenine dinucleotide [NAD+]), for the vitamin-like heat labile 

substance [36]. It is these growth requirements that differentiate H. influenzae from 

all other Haemophilus species with the exception of its most closely related species, 

H. aegyptius and H. haemolyticus. Consequently, H. influenzae grow optimally on 
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rich blood media such as chocolate agar (which contains X and V factors) at 35-37oC 

and growth is further enhanced in a 5% CO2 enriched environment [25].  

Typing of H. influenzae strains provides valuable information on population biology 

and genetic structure and is essential to monitoring the changing nature of this 

organism [31]. Serotyping identifies H. influenzae strains as either encapsulated 

(typeable) or unencapsulated (non-typeable). Encapsulated strains are further divided 

in to six serotypes, designated a – f (Hia –Hif), based on the antigenic properties of 

their polysaccharide capsule [21, 37]. Prior to the implementation of the Hib 

conjugate vaccine worldwide in the 1990s, Hib was the primary cause of invasive 

disease such as meningitis, bacteraemia and pneumonia [38]. More than a 95% 

reduction in the number of H. influenzae meningitis cases was recorded in 1995 

following the implementation of the vaccine [15]. However, the world health 

organization estimated Hib conjugate vaccine coverage to be only 56% globally in 

2014 (Figure 1.1) and Hib invasive disease still remains a concern in developing 

countries where vaccine availability is limited by cost factors [39]. Whilst, H. 

influenzae as a causative agent of  invasive infection has declined as a result of the 

routine use of the Hib conjugate vaccine in industrialized countries,  Non-typeable 

H. influenzae (NTHi) are now the most common cause of H. influenzae invasive 

infections, globally, across all age groups, with a higher incidence among infants and 

the elderly [38, 40-42]. Furthermore, serotypes a, e and f have also emerged to 

replace Hib as an important cause of invasive disease [43-45]. The 10-valent 

pneumococcal polysaccharide protein-D conjugate vaccine (PhiD-CV10; 

SynflorixTM), approved for use in more than 40 countries worldwide [46], contains 

ten polysaccharide serotypes of S. pneumoniae, of which eight are conjugated to the 

surface lipoprotein, protein D, of NTHi [47]. However, the absence of the hpd gene 

encoding Haemophilus protein D in some NTHi isolates highlights a limitation in the 

use of the PhiD-CV10 vaccine against NTHi invasive disease [48]. 



Chapter 1 

 

16 

 

 

Figure 1.1: Statistics on H. influenzae type b conjugate vaccine coverage. 

(Source: WHO/UNICEF coverage estimates. July 2015) 

 

1.1.1.1. Closely related species Haemophilus species 

Haemophilus aegyptius (formally Kochs-Weeks Bacillus), a member of the group 

Haemophilus sensu stricto, was first described as a separate species within the genus 

Haemophilus in 1950 [49]. It is responsible for Brazilian Purpuric Fever (BPF) in 

children and is often isolated from patients with purulent conjunctivitis which 

precedes BPF [50, 51]. H. aegyptius was thought to  differ from H. influenzae  by its 

distinct rod shape, its susceptibility to troleandomycin, its inability to both grow on 

tryptic Soy Agar (TSA) supplemented with X and V factors and  to ferment d-

xylose,  and its ability to agglutinate human erythrocytes [52-54]. However, these 

characteristics have never been definitively proven to distinguish the two micro-

organisms. [55-58]. Furthermore, DNA relatedness hybridization studies revealed 

that they are highly similar on a nucleic acid level and should be considered as the 

same species [59, 60]. Consequently, Brenner et al designated H. aegyptius as H. 

influenzae biogroup aegyptius agreeing with a previous claim by Casin et al that H. 
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aegyptius is a different type strain of H. influenzae. [61, 62]. However, as of yet, 

designation of H. aegyptius as a separate species or as a biogroup of H. influenzae 

remains uncertain. 

Haemophilus haemolyticus, a human commensal bacterium that colonizes the 

respiratory tract, was first described in Bergey’s Manual of Determinative 

Bacteriology in 1923[63]. It is a member of the group Haemophilus sensu stricto and 

is closely related to H. influenzae. Similar to H. influenzae, H. haemolyticus also 

requires X and V factors for growth, facilitating their differentiation from other 

Haemophilus species [21]. H. haemolyticus can be easily distinguished from 

encapsulated H. influenzae as H. haemolyticus has not been reported to produce a 

capsule [64]. However, it’s differentiation from NTHi is on the basis of its ability to 

cause hemolysis on blood agar plates, a characteristic which may be lost after 

subculture [65-67]. Up until recently, H. haemolyticus was considered either non-

pathogenic [68] or a rare pathogen [69],  and was seldom associated with invasive 

disease [70, 71]. However, a number of cases of invasive disease originally 

attributed to NTHi have since been confirmed as non-haemolytic H. haemolyticus 

[71-75]. Since culture methods cannot reliably distinguish NTHi from H. 

haemolyticus, alternative techniques must be used, such as nucleic acid based in- 

vitro amplification and matrix-assisted laser desorption ionization time of flight mass 

spectrometry (MALDI-TOF MS).  These are discussed in more detail in section 

1.2.2.  

1.1.2. Neisseria meningitidis  

Neisseria meningitidis is a member of the genus Neisseria within the family 

Neisseriaceae [76]. There are 29 members of the genus Neisseria as recognized by 

the LPSN [77]. Of these, the following Neisseria species, in addition to N. 

meningitidis, have been associated with human disease; Neisseria animaloris [78], 

Neisseria bacilliformis [79], Neisseria canis [80], Neisseria cinera [80], Neisseria 

elongate subsp. elongate [81], Neisseria elongata subsp. glycolytica [82], Neisseria 

elongata subsp. Nitroreducens [83], Neisseria flava [80], Neisseria gonorrhoeae 

[84], Neisseria sicca [85], Neisseria mucosa [86], Neisseria oralis [80], Neisseria 

subflava [87, 88], Neisseria flavescens [89], Neisseria lactamica [90], Neisseria 

polysaccharea [91], Neisseria perflava [92], Neisseria shayeganii [93], Neisseria 
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wadsworthii [93], Neisseria weaveri [94] and Neisseria zoodegmatis [78]. Moreover, 

N. gonorrhoeae, N. cineria, N. flavescens, N. perflava, N. sicca, and N. subflava 

have also been reported to occasionally cause bacterial meningitis [84, 85, 87-89, 92, 

95].  

N. meningitidis, commonly called meningococcus, was first isolated from the  

cerebrospinal fluid (CSF) of a patient in 1887 [96]. An exclusive pathogen of 

humans, it resides as a commensal in the nasopharynx of 5-10% of adults in non-

epidemic periods. It is most commonly associated with rapid onset meningitis and 

sepsis however it is also known to cause septic arthritis, pneumonia, purulent 

pericarditis, conjunctivitis, otitis, sinusitis, and urethritis [97].  

N. meningitidis is a Gram negative fastidious microorganism that grows optimally on 

blood agar plates or chocolate agar plates at 35-37oC with 5% CO2 [98] .  If growth 

on blood agar or chocolate agar plates morphologically appear to be N. meningitidis, 

a sequential series of tests are recommended to confirm the identity. Firstly, Kovacs 

oxidase tested is performed to determine the presence of cytochrome oxidase. An 

oxidase positive  result indicates N. meningitidis, however other members of the 

Neisseria species may also give a positive results [3]. Consequently, a carbohydrate 

utilization test against four carbohydrates (glucose, maltose, lactose and sucrose) 

should be carried out to further validate the identification of the strain as N. 

meningitidis [3]. Carbohydrate utilization results for N. meningitidis and other 

closely related species are listed in Table 1.2. Following this, slide agglutination tests 

should be performed using serogroup-specific antisera to identify the N. meningitidis 

serogroup [3]. 

N. meningitidis can be encapsulated or unencapsulated [3]. Encapsulated N. 

meningitidis strains are more commonly associated with invasive disease and are 

classified in to 12 serotypes based on the antigenic properties of their polysaccharide 

capsule [14]. Of these 12 serogroups, 6 are responsible for most cases of infection in 

humans, specifically serogroups A, B, C, W135, X and Y [3].  The incidence of 

bacterial meningitis caused by these serogroups varies widely across the globe 

(Figure 1.2). Serogroups B and C cause the majority of disease  in America, Europe 

and Australia while serogroup A is more frequent in Africa and Asia [3]. The largest 

burden of meningococcal meningitis occurs in the meningitis belt of sub-Saharan 
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Africa, which stretches  from Senegal to Ethiopia and is attributed to serogroup A 

[14]. Although less common, increased outbreaks of serogroup Y in North America 

and some parts of Europe, and serogroup W-135 in Sudan and Saudi Arabia, in 

addition to the emergence of serogroup X in the African region have also been 

reported [13].  

Table 1.2: Carbohydrate Utilization by Neisseria and Moraxella Spp.  

 Acid Production from: 

Organism Glucose1 Maltose Lactose Sucrose 

Neisseria meningitidis + + - - 

Neisseria lactamica + + + - 

Neisseria gonorrhoeae +2 - - - 

Neisseria sicca + + - + 

Moraxella catarrhalis - - - - 

1 Glucose may also be referred to as Dextrose 
2Some strains of N. gonorrhoeae are weak acid producers and may appear to be glucose 

negative 

(Source: https://www.cdc.gov/meningitis/lab-manual/full-manual.pdf)  

 

Meningococcal polysaccharide and conjugate vaccines have been introduced in 

developed countries against serogroups A, B, C, W-135 and Y (Table 1.3) resulting 

in a significant decrease in the number of bacterial meningitis cases caused by these 

serogroups [99, 100]. However, vaccine availability still remains limited in 

developing countries and it was not until 2010, that a vaccine against N. meningitidis 

serogroup A was introduced in the countries of the African meningitis belt which has 

subsequently reduced the incidence of the disease in this region [13, 14]. As a result 

of routine immunization against serogroups A, C, W-135 and Y since the 1970s, N. 

meningitidis serogroup B is now the most prominent cause of bacterial meningitis in 

Europe [100, 101]. More recently, in 2014, vaccines against meningococcal B (Table 

1.3) were  introduced in developed countries, of which, 4cMenB, has already been 

reported to provide a strong immune response against a  representative panel of 

European serogroup B disease isolates [99, 101].  

Despite a decrease in the incidence of bacterial meningitis cases as a result of the 

implementation of these vaccines, 1.2 million cases of  meningococcal meningitis 

still occur worldwide every year [3]. Similar to the Hib vaccine, vaccines for the 

https://www.cdc.gov/meningitis/lab-manual/full-manual.pdf
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prevention of meningococcal disease offer limited coverage and meningococcal 

meningitis as a result of non-vaccine serogroup X have been reported [102, 103]. 

Despite great progress toward increasing worldwide access to vaccines in recent 

years, a more concerted global effort is required to make more affordable vaccines 

against serogroups B, C, W-135, and Y available in endemic regions, in addition to 

the need for new vaccines against emerging serogroup X worldwide.  

 

Figure 1.2: Worldwide distribution of N. meningitidis serogroups responsible 

for meningococcal meningitis. (Source: Jafri et al, 2013) 

 

Table 1.3. Meningococcal Vaccines 

Trade Name Type of Vaccine Meningococcal Serogroup 

Bexsero® Recombinant B 

Menactra® Conjugate A, C, W, Y 

MenHibrix® Conjugate C, Y (and Haemophilus influenzae type b 

[Hib]) 

Menomune® Polysaccharide A, C, W, Y 

Menveo® Conjugate A, C, W, Y 

Trumenba® Recombinant B 

(Source : http://www.cdc.gov/vaccines/vpd-vac/mening/) 

 

http://www.cdc.gov/vaccines/vpd-vac/mening/
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1.1.3. Streptococcus pneumoniae  

Streptococcus pneumoniae is a member of the genus Streptococcus. The LPSN 

recognizes over 100 species within the genus [104]. While Streptococci are 

important ecologically as part of the normal microbial flora of humans and animals, 

they are also associated with significant human diseases such as scarlet fever, 

rheumatic heart disease, glomerulonephritis, bacteraemia, meningitis and 

pneumococcal pneumonia [105]. S. pneumoniae is the leading cause of bacterial 

meningitis in the United states and Europe accounting for over 50% of cases [15, 

106]. Other Streptococci reported to cause bacterial meningitis include: 

Streptococcus agalactiae (Group B Streptococci), Streptococcus mitis, Streptococcus 

pyrogenes and Streptococcus suis [105]. However, with the exception of S. 

agalactiae, the incidence of bacterial meningitis as a result of infection with these 

microorganisms is rare. S. mitis has been described in individuals with previous 

spinal anaesthesia, neurosurgical procedure, malignancy, or neurological 

complications of endocarditis, while S. pyrogenes is often as a direct extension of 

middle ear if sinus infections [105]. S. suis is more commonly associated with 

meningitis in pigs but has been reported in meat handlers [105].  

S. pneumoniae is a Gram positive bacteria which was first isolated from human 

saliva in 1881 [107]. Similar to N. meningitidis, it is an exclusive pathogen of 

humans and resides as a commensal in the upper respiratory tract of 20-40% of 

adults [105]. It is a common cause of non-invasive infections such as sinusitis, acute 

bacterial otitis media, and conjunctivitis as well as more invasive infections such as 

pneumonia, bacteraemia, meningitis, acute septic arthritis, bone infections in patients 

with sickle cell disease, peritonitis and endocarditis [105, 108]. 

It is a fastidious bacterium, growing optimally at 35-37°C with 5% CO2 on media 

that contain blood, however it will also grow on a chocolate agar plates [3]. S. 

pneumoniae can be differentiated from other species by their ability to produce 

alpha-hemolysis on blood agar plates [3]. Once a culture morphologically appears to 

be S. pneumoniae, a specialized series of tests, namely optochin susceptibility and 

bile solubility tests, can then be performed to further confirm the identity [3]. S. 

pneumoniae demonstrate sensitivity to the chemical optochin unlike other 

Streptococci [109]. However, a number of S. pneumoniae strains have been reported 
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as optochin resistant [109-111]. In this case a bile solubility test can be carried out to 

distinguish S. pneumoniae, which are bile soluble, from all other alpha-hemolytic 

Streptococci, which are bile resistant [3, 112]. Once these tests have confirmed S. 

pneumoniae, serological tests can be performed to determine the serotype [3].  

S. pneumoniae is an encapsulated bacterium with a large capsular diversity. There 

are over 90 serotypes identified based on the bacteria’s polysaccharide capsule, 

however only a few cause severe pneumococcal disease globally [3]. The burden of 

pneumococcal disease varies worldwide but mostly effects children under 5 years of 

age. In low income countries an estimated 0.7 to 1.0 million deaths occur annually in 

this age group as a consequence of pneumococcal meningitis [15]. In the United 

States, it accounts for 61% of bacterial meningitis cases. In order to decrease this 

burden, various types of vaccines have been introduced. These include, the 13-valent 

pneumococcal conjugate vaccine (PCV13), which superseded PCV7 and PCV10, 

and the 23-valent polysaccharide vaccine PPSV23 for the prevention of 

pneumococcal disease [18, 84]. Initial studies indicated that 74-90% of serotypes 

recovered from the CSF of patients with pneumococcal meningitis are contained 

within the PPSV23 vaccine, however overall vaccine efficacy is only estimated at 

50% [15]. This may be because polysaccharide vaccines, such as PPSV23, are 

poorly immunogenic in immunocompromised individuals and children under two 

years of age [113]. As a consequence, pneumococcal conjugate vaccines were 

developed. The initial PCV7 vaccine targeting 7 serotypes of S. pneumoniae had an 

overall efficacy rate of 97.4% and resulted in a 33% decrease in pneumococcal 

meningitis incident rates in children under 2 [15]. However, following it’s 

introduction, multiple studies observed an increase in the number of pneumococcal 

meningitis cases caused by serotypes not contained within the vaccine. 

Consequently, PCV10 and PCV13 were developed to provide efficacy against 

emerging serotypes. However, these vaccines still offer limited coverage and both 

PCV10 and PCV13 do not include protection against serotypes 22F and 35B while 

only PCV13 includes serotype 19A [15]. Furthermore, pneumococcal meningitis as a 

result of non-vaccine serotype 35F has been reported [114]. Presently vaccines are 

also limited to high income countries where the child mortality rate as a consequence 

of pneumococcal meningitis is low compared with resource poor countries [15].  
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1.2. Bacterial Meningitis Diagnostic Landscape 

Diagnosis of bacterial meningitis can be difficult due to inconsistencies in clinical 

findings. Studies have shown that classic symptoms of rash, stiff neck and impaired 

consciousness do not develop until late in the illness and are often absent in adults. 

Furthermore, viral meningitis, fungal meningitis and tuberculosis meningitis often 

present with the same symptoms [5]. Therefore, clinical differentiation between 

these cases of meningitis is crucial to avoid administration of antibiotics 

unnecessarily or in the case of tuberculosis meningitis, to ensure the rapid 

administration of anti-tuberculosis chemotherapy [5]. Once there is a suspicion of 

bacterial meningitis, antimicrobial therapy must be initiated immediately to improve 

the overall outcome for the patient. To date, targeted antimicrobial therapy is based 

on presumptive pathogen identification by CSF Gram stain, while in cases where 

lumbar puncture is delayed empirical antimicrobial therapy is administered based on 

the patients age and common bacterial pathogens [115]. At present, third generation 

cephalasporins, (cefotaxime and ceftriaxone) are the beta-lactam antibiotics of 

choice for the treatment of meningitis as they provide consistent CSF penetration and 

potent activity against major pathogens, with the exception of Listeria 

monocytogenes and penicillin resistant S. pneumoniae [116]. However, evidence 

based recommendations for specific microorganisms have been described [115]. 

Therefore, the accurate identification of the microorganism responsible in bacterial 

meningitis case would allow for a more targeted antimicrobial treatment regime, 

particularly in cases of bacterial meningitis caused by multidrug resistant bacteria. 

For example, vancomycin should be added to the treatment regime for S. 

pneumoniae due to the increase in the number of penicillin or third generation 

celphalasporin resistant S. pneumoniae strains causing bacterial meningitis[116].  

Adjunctive therapy with dexamethasone is also beneficial in the treatment of S. 

pneumoniae to help prevent neurological complications. However its beneficial 

effects are not clear against meningitis caused by other organisms and as such 

treatment of non-S. pneumoniae meningitis cases using dexamethasone is not 

recommended  [16, 116]. The duration of antimicrobial therapy also varies 

dependant on the isolated microorganism and while 10-14 days is required for most 

pathogens, 5-7 days is sufficient for the treatment of N. meningitidis and as little as 

3-4 days is sufficient for the treatment of L. monocytogenes [115].  
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1.2.1. Conventional Detection Methods 

1.2.1.1. CSF Culture 

The mandatory “gold standard” for diagnosis of bacterial meningitis is CSF culture 

[5]. However, CSF culture is time consuming, often taking  two to three days to 

identify slow growing, fastidious microorganisms [117]. False negatives may also be 

reported when viable but non-culturable microorganisms are present in a sample 

[118-120]. Culture of CSF samples is not very sensitive with a reported limit of 

detection of 102 to 103 CFU/ml [121-123]. The predominant causes of bacterial 

meningitis namely, H. influenzae, N. meningitidis and S. pneumoniae require culture 

on selective media under anaerobic conditions and can often take up to 24-48 hours 

to obtain a positive culture, if at all [3, 25, 98].  CSF culture is only positive in 80-

90% of patients with acute community acquired bacterial meningitis and a 

retrospective study of 875 cases of bacterial meningitis established positive CSF 

culture for only 85% of patients prior to antibiotic treatment [5, 15, 124]. This is a 

significant concern in the diagnosis of bacterial meningitis as administration of 

antibiotics prior to sample collection can result in additional diminished capability of 

culture confirmation [15, 117, 122, 123]. Two large case studies reported decreases 

in CSF culture yields from 66 to 62% and 88% to 70% of patients as a consequence 

of prior antimicrobial therapy [124, 125]. Furthermore, in one of these studies, this 

yield further decreased to 59%  24 hours after treatment [125]. In a third study, CSF 

culture was negative in children who received antimicrobial treatment prior to CSF 

examination and sterilization of N. meningitidis and S. pneumoniae from CSF 

occurred within 2 hours and 4 hours of antibiotic administration, respectively [119]. 

Consequently, there is a need for lumbar puncture prior to antibiotic treatment in 

order to accurately diagnose bacterial meningitis. In addition, CSF culture does not 

always accurately identify the causative agent of bacterial meningitis, restricting the 

administration of an appropriate antibiotic treatment regime [5]. 

1.2.1.2. CSF Cell Count, Glucose and Protein 

Bacterial meningitis may also be diagnosed by physical examination of CSF. The 

normal CSF white blood cell count varies between 0-5 cells/mm3 [126], while in a 

patient with untreated bacterial meningitis CSF white blood cell count is 1000-5000 
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cells/ mm3 [118]. However, cell count can vary and in rare cases may be lower. This 

often occurs in immunosuppressed patients or patients with septic shock and 

systemic complications [15, 118]. In one study, of 258 adults with culture confirmed 

bacterial meningitis, 19% of patients had CSF white blood cell counts of <1000 

cells/mm3 while CSF examination was normal for 1.7% of patients [127]. 

Nevertheless, the predominance of polymorphonuclear pleocytosis in CSF is 

suggestive of bacterial meningitis [118].  

CSF glucose levels may be reduced in patients with bacterial meningitis. A CSF 

glucose level of <0.34g/litre with a ratio of CSF glucose to blood glucose of less 

than 0.23 is usually indicative of bacterial meningitis infection [15]. However  this is 

only observed in 21% of patients [15]. Furthermore, results are nonspecific, 

suggesting only a non-viral cause [121]. 

Raised CSF protein concentrations are observed in 90% of patients with acute 

community acquired bacterial meningitis and a concentration of >2.2g/litre is 

associated with the disease [15]. However, similar to CSF glucose levels it is non-

specific and a slight increase may also occur in viral and fungal meningitis [128]. 

Furthermore, pre-treatment with antibiotics can reduce protein and glucose 

abnormalities within hours of administration [121]. 

1.2.1.3. MALDI-TOF MS 

In recent years, MALDI-TOF MS has emerged as a powerful technique for the 

accurate identification and speciation of microorganisms such as Haemophilus by 

obtaining a protein mass spectral ‘fingerprint’ which can be compared with a 

reference spectra database [21, 102]. Unlike more traditional biochemical and 

growth factor based detection methods which require a lengthy subculturing step, 

MALDI-TOF MS can be applied directly to pure and mixed cultures immediately 

after growth occurs. As a result, mass spectra results can be achieved in less than 10 

minutes from a culture positive sample, reducing identification time from ≥48 hr to ≤ 

24 hr [102]. However, despite the significant improvement in the time it takes to 

identify a micro-organism of interest, the requirement for a culture step is 

problematic when dealing with fastidious microorganisms responsible for bacterial 

meningitis or in a clinical setting where culture sensitivity is diminished as a result 
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of antibiotic administration prior to sample collection [129]. Furthermore, the 

identification of rare microorganisms and those lacking reference spectra within the 

MALDI-TOF MS database can be challenging [130, 131]. [131, 132]. MALDI-TOF 

MS has been established as a reliable method for the identification of H. influenzae. 

In particular, the suitability of MALDI-TOF MS for the discrimination of H. 

influenzae from its most closely related species, H. haemolyticus using well-defined 

reference spectra has been described [132-134]. MALDI-TOF MS has also been 

shown as a useful tool for the species specific identification of N. meningitidis. In a 

one study, 29 strains of N. meningitidis were successfully identified and 

differentiated from closely related species, N. gonorrhoeae, and 15 other non-

pathogenic Neisseria strains  [135]. However, so far, MALDI-TOF MS identification 

of S. pneumoniae remains a challenge. This is most likely a result of an incomplete 

database reference library and as a consequence S. pneumoniae is often misidentified 

as S. mitis, S. oralis or S. parasanguinis and vice versa [136-139]. Consequently, at 

present, reliable identification of S. pneumoniae cannot be performed using MALD-

TOF MS [137].   

1.2.1.4. Fluorescent in-situ hybridization (FISH) 

Fluorescent in-situ hybridization (FISH) enables microscopic visualization of 

bacteria using fluorescence labelled oligonucleotide probes which bind to a 

complementary target sequence. FISH is a highly valuable and rapid tool for the 

detection of pathogenic bacteria without the need for culture and  while to date only 

genus specific probes have been described for Streptococci [140, 141], FISH with 

probes specific for H. influenzae, N. meningitidis and other microorganisms 

associated with bacterial meningitis have been documented [120, 132, 142]. 

However, shortcomings in the use of these probes exist.  In one study describing a 

FISH probe set for the rapid diagnosis of bacterial meningitis in CSF, the N. 

meningitidis specific probe only accurately identify 1/2 N. meningitidis strains tested 

[120].  Furthermore, due to the significant 16s rRNA nucleotide sequence similarity 

within the Haemophilus genus, it was later established that the H. influenzae 16S 

rRNA probe by itself is unable to distinguish H. influenzae from closely related 

species, including H. haemolyticus [132]. As a consequence, additional 16S rRNA 

probes were designed and evaluated for H. influenzae, H. parainfluenzae and H. 
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haemolyticus. However 15.5%  of results remained uninterruptable resulting in 13/84 

failed identifications [132].  

1.2.1.5. Other conventional detection methods   

In the event where lumbar puncture to collect CSF cannot be performed, or a CSF 

culture negative result is obtained, other conventional methods of diagnosis such as 

Gram staining, latex agglutination testing, blood culture and skin biopsy are often 

performed [15]. Both CSF Gram staining and latex slide agglutination are rapid, cost 

effective, and well validated diagnostic methods for diagnosis of bacterial 

meningitis, particularly in cases where CSF culture is unable to identify the infection 

[15, 115]. However reported sensitivities vary between organisms with correct 

identification as little as 25% and 78%, 69% and 59%, and 30% and 22% for H. 

influenzae, S. pneumoniae and N. meningitidis Gram staining and latex agglutination 

tests respectively [15]. Similar to diagnosis using CSF culture, pre-treatment with 

antibiotic reduces the ability of both Gram stain and latex agglutination to detect 

bacterial meningitis. In one study for the diagnosis of meningococcal meningitis 

using latex agglutination test, diagnostic sensitivity was reduced from 60% to 9% 

following antibiotic treatment [143]. However, the effect of antibiotic pre-treatment 

on latex agglutination tests is much more significant than observed with Gram 

staining and only a slight decrease in diagnostic sensitivity is observed with the latter 

[124, 125, 144]. Conversely, the accuracy of CSF Gram staining results is dependent 

on operators staining and interpretation, unlike the more reliable latex agglutination 

test which uses serum containing bacterial antibodies or antisera directed capsular 

polysaccharide of meningeal bacterial [15, 145]. Comparable to Gram staining and 

latex agglutination, blood culture and skin biopsy Gram stain are also useful 

diagnostic tools for the detection of bacterial meningitis in CSF culture negative 

patients, however their reported sensitivities are variable [15]. Furthermore, although 

skin biopsy Gram stain is not effected by pre-treatment with antibiotics, it offers 

extremely limited sensitivity and in a French study of 1,344 children with 

meningococcal meningitis, only 0.5% of cases were positively identified using this 

method [146]. 
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1.2.2. Nucleic Acid Based Detection Methods 

1.2.2.1. Polymerase Chain Reaction 

Since its introduction in 1986,  Polymerase Chain Reaction (PCR) has become a 

widely used technique with significant influence in the area of molecular biology 

[147]. PCR is an in vitro DNA amplification technique based on the ability of a heat 

stable DNA polymerase, usually derived from Thermus aquaticus, to amplify a 

specific fragment of DNA by exploiting two specific oligonucleotide primers that 

flank that region [147]. Firstly, template DNA is denatured by heating to 95oC. This 

separates the double stranded DNA in to two single strands and allows the 

oligonucleotide primers to anneal to the single stranded DNA upon cooling. The 

temperature at which the primers anneal to the single stranded DNA is dependent on 

the primers. Following this, the reaction is heated to 72oC which is the optimum 

temperature to allow the DNA polymerase to extend the primers. Thus, the primers 

are extended at this temperature in the presence of deoxyribonucleotide triphosphates 

(dNTPs), MgCl2, and reaction buffer, using the target DNA as a template.  This 

results in newly synthesized copies of the target DNA which can act as template for 

subsequent cycles. As a result, PCR is exponential (Figure 1.3). Subsequent 

detection and visualization of conventional PCR products is usually carried out using 

agarose gel electrophoresis stained with ethidium bromide under ultraviolet (UV) 

light [147].  

1.2.2.2. Real-time Polymerase Chain Reaction 

Real-time PCR technology eliminates the requirement for end-point post in-vitro 

amplification processing of the samples thus reducing the risk of cross contamination 

[148]. First described in 1992, real-time PCR is a method based on the detection and 

quantification of PCR products as they accumulate using fluorescent technology 

[107]. The fluorescent signal emitted increases in direct proportion to the amount of 

PCR product in the reaction. The point at which the fluorescent signal exceeds a 

fixed baseline is known as the Cycle Threshold (Ct) value and correlates to the initial 

amount of target template added to the reaction [148]. For example, if a high 

concentration of starting template is added to the reaction, an early Ct value will be 

observed and if a low concentration of target template is added to the reaction, a later 
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Ct value will be observed. It is this property of real-time PCR which enables 

quantification of unknown samples when a standard curve of known concentrations 

is incorporated in to the real-time PCR run. To date there have been a number of  

fluorescent reporter systems used for monitoring real-time PCR in-vitro 

amplification, these include, non-sequence specific DNA binding agents and species 

specific Hydrolysis probes [148]. 

 

 

Figure 1.3: Schematic Representation of PCR. (1) Separating the of double stranded 

DNA at 95oC. (2) Annealing of primers e.g. 55oC. (3) Extension at 72oC (P = DNA 

polymerase). (4) The first cycle of PCR is complete resulting in two copies of the target 

DNA. Each additional cycle results in the exponential amplification of the target DNA. 

(Source http://serc.carleton.edu/microbelife/research_methods/genomics/pcr.html) 

http://serc.carleton.edu/microbelife/research_methods/genomics/pcr.html
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1.2.2.2.1. DNA binding agents 

Double stranded DNA binding chemistry detects amplicon production using a non-

sequence specific fluorescent intercalating dye such as SYBR green. SYBR green is 

a fluorogenic minor groove binding dye that exhibits little fluorescence in solution 

but emits a strong fluorescent signal upon binding to dsDNA (Figure 1.4). Despite 

being a cheaper alternative to hydrolysis and hybridizing probes, SYBR green real-

time PCR requires extensive optimization to reduce non-specific binding which can 

lead to the reporting of false positives [148].  

 

Figure 1.4. Schematic representation of SYBR green technology (Source: 

http://www.sigmaaldrich.com/)  

1.2.2.2.2. Hydrolysis probes 

Hydrolysis probes include Taqman probes. Taqman probes are dual labelled 

oligonucleotides that are specific for a region of interest in the amplified target 

sequence. They are typically 20-30 bp in length, have a melting temperature of 5-

10◦C higher than the primers and contain a fluorescent reporter molecule on the 5’ 

end (e.g. FAM, HEX, ROX) and a quencher molecule on the 3’ end (e.g. Black Hole 

Quencher 1 [BHQ1]). Taqman probes utilize 5’ exonuclease activity of Taq DNA 

polymerase. Taq polymerase degrades the bound probe releasing the fluorophore 

from the adjacent quencher. When the fluorophore is released it emits a fluorescent 

signal [148] (Figure 1.5).  

http://www.sigmaaldrich.com/
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Figure 1.5. Schematic representation of Taqman probe technology (Source: 

http://www.sigmaaldrich.com/) 

 

Over recent years a number of PCR diagnostic assays have been described targeting 

various genes including bexA [117, 149, 150] ompP6 [151], ply [117, 150], lytA 

[149], crgA [149] and ctrA [117, 150, 151] for the detection of microorganisms 

associated with bacterial meningitis. Most notably, Corless et al demonstrated the 

simultaneous real-time PCR in-vitro amplification of H. influenzae, S. pneumoniae, 

and N. meningitidis DNA in CSF from patients with culture confirmed community 

acquired bacterial meningitis. This real-time PCR diagnostic assay reported 

sensitivities of 92% (H. influenzae), 100% (S. pneumoniae) and 88% (N. 

meningitidis) is 100% specific for all three microorganisms [117]. However, primers 

designed in this study for the identification of H. influenzae amplify a capsule type-

specific gene, bexA. As a consequence, they will only amplify H. influenzae 

serotypes b and c and will not amplify serotypes a, d, e or f or NTHi.  In another 

study, 43%, 27% and 37% of patients with H. influenzae, S. pneumoniae, and N. 

meningitidis meningitis respectively were diagnosed using only conventional PCR. 

Whereas, less than 1.1% of patients were diagnosed using only culture and although 

latex agglutination test provided a higher patient diagnosis rate of 35% for S. 

pneumoniae, diagnosis rates for H. influenzae and N. meningitidis were only 8.4% 

and 22% respectively, further validating that PCR sensitivity and specificity is high 

compared with conventional CSF culture and latex agglutination test methods [149]. 

Furthermore pre-treatment with antibiotics does not significantly reduce sensitivity, 

and in one prospective study, 81% of patients were successfully diagnosed with 

meningococcal meningitis despite antimicrobial therapy [143]. 

http://www.sigmaaldrich.com/
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1.2.2.3. Loop Mediated Isothermal Amplification 

Loop Mediated Isothermal Amplification (LAMP), first described in 2000 by Notomi 

et al [152], is an isothermal nucleic acid based in-vitro amplification technique 

which utilizes Bst DNA polymerase and a set of four specifically designed primers, 

two inner primers (FIP, BIP) and two outer primers, which recognize six distinct 

regions of the target DNA. LAMP is highly specific as amplification will only occur 

when six regions are correctly identified by the four primers. At 65oC, LAMP can 

amplify up to 109 DNA copies in less than an hour. Two further primers, known as 

loop primers (LF, LB), are also now commonly utilized to improve the sensitivity of 

the LAMP reaction and can reduce amplification time to within 30 minutes [153, 

154].  

In the initial LAMP reaction steps all four primers are used, after which only the 

inner primers are used in the cycling reaction for strand displacement DNA 

synthesis. Figure 1.6 illustrates in detail the steps involved in a LAMP reaction. 

Monitoring techniques for LAMP products include; naked eye visualization of 

turbidity, fluorescence, or colorimetry, agarose gel electrophoresis, real-time 

turbidity, real-time fluorescence, electrochemical methods, lateral flow dipstick 

(LFD) and enzyme-linked immunosorbent assay (ELISA) [155]. Several LAMP 

diagnostic assays have been described for the detection of common bacterial 

meningitis pathogens, H. influenzae, S. pneumoniae, and N. meningitidis. LAMP 

diagnostic assays for the detection of these three microorganisms have been 

developed targeting well characterized genetic markers, including, bexA, 16s and 

ctrA [156-160]. LAMP has a number of advantages over PCR. It been demonstrated 

to be more sensitive than previously published PCR diagnostic assays [158] and is 

more tolerant to biological substances found in clinical samples which might inhibit 

the reaction [161]. Furthermore, it is more cost effective, therefore, more suitable for 

use in resource poor settings [156, 158, 160]. However, unlike PCR, LAMP is 

difficult to multiplex due to its complicated amplicon structure [162] and as a 

consequence this limits its use for simultaneous detection of more than one DNA 

target in a single reaction. 
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Figure 1.6. Schematic representation of LAMP. (A) Steps in the LAMP reaction. (B) 

Schematic presentation of the structure of LAMP products in a linearized DNA form. 

(Source : http://nar.oxfordjournals.org/content/28/12/e63/F1.large.jpg) 

http://nar.oxfordjournals.org/content/28/12/e63/F1.large.jpg
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1.2.2.4. Recombinase Polymerase Amplification 

Recombinase Polymerase Amplification (RPA) is an isothermal in-vitro DNA 

amplification technique which utilizes a combination of recombinase protein, 

oligonucleotide primers and a strand displacing polymerase, yielding a result in as 

little as 10 minutes [163, 164]. A schematic representation of the RPA detection 

method is illustrated in Figure 1.7. RPA is a rapid, specific and highly sensitive 

detection method with the capability to operate at low temperatures thus facilitating 

its application in Point-of-Care (POC) diagnostics [163]. It is less sensitive to 

inhibitors than PCR and the use of a fluorescent probe allows real-time monitoring 

of the amplification reaction in addition to multiplexing [50]. Furthermore, the 

addition of a reverse transcriptase enzyme enables the use of RPA for the in-vitro 

amplification of RNA targets [164]. Despite the significant advantages of RPA, low 

temperature in-vitro amplification also has a disadvantage in that interactions 

between primers can occur even when well-designed [164].   

 

Figure 1.7: Schematic representation of the RPA detection method. 

(Source : http://www.twistdx.co.uk/our_technology/) 
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To date, a small number of RPA diagnostic assays have been described for the 

detection bacterial targets [50, 165, 166]. In particular, a real-time RPA diagnostic 

assay has been described for the species specific identification of S. pneumoniae in 

whole blood samples [50]. As yet, RPA has not been described for the identification 

of other predominant microorganisms associated with bacterial meningitis including 

H. influenzae and N. meningitidis. 

1.3. Nucleic Acid Sequence Based Amplification (NASBA) 

1.3.1. General Introduction 

Nucleic Acid Sequence Based Amplification (NASBA) is an isothermal, enzymatic, 

transcription based in-vitro amplification system involving specific amplification of 

RNA sequences. Guatelli et al were the first to describe an isothermal nucleic acid 

sequence based in-vitro amplification protocol [167] . This was based on the self-

sustained sequence replication (3SR) system characteristic of retroviruses, whereby 

nucleic acid sequences can be amplified isothermally by the use of three enzymes; 

avian myeloblastosis virus reverse transcriptase (AMV-RT), Escherichia coli 

ribonuclease H (E. coli RNase H) and T7 DNA dependant RNA polymerase (DdRp). 

NASBA was first described in detail in a review published a year later [168]. It 

encompasses the same principles as that of the 3SR system. Advantages of NASBA 

over the original 3SR system is that it is carried out at 41°C instead of 37°C with the 

addition of dimethyl sulphoxide (DMSO). These adaptions increase reaction 

specificity as well as the number of RNA molecules produced rendering it an ideal 

model for the detection of specific microbial species [169]. The following sections 

describe the characteristics and development of a NASBA assay, NASBA amplicon 

detection methods, NASBA multiplexing, and NASBA as a miniaturized point of 

care device. 

1.3.2. NASBA Technology 

As with the 3SR system, the NASBA reaction exploits three enzymes: T7 DdRp, 

RNase H and AM-RT. It also utilizes two specific oligonucleotide primers, 

nucleotide triphosphates; deoxyribonucleoside triphosphates (dNTPs) for the activity 

of AMV-RT and ribonucleoside triphosphates (NTP) for the activity of T7 DdRp, 
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and other buffer components [168]. The oligonucleotide primer binding sites should 

be free from sequence variation and specific for the target nucleic acid. The first 

oligonucleotide primer (P1) consists of a sequence of about 20-30 bases in length 

that is complementary to the target RNA and contains a 5' T7 DdRp promoter 

sequence. The second oligonucleotide primer (P2) encompasses a sequence identical 

to the target RNA and is located upstream of the primer 1 binding site. The distance 

between the primer sites is usually between 80-200 bases [169]. NASBA is a two-

step process. Although in-vitro RNA amplification is carried out isothermally at 

41°C, a 65°C denaturation step is required at the start of the reaction to remove 

secondary structure before the addition of the enzymes. This allows P1, containing a 

T7 DdRp promoter sequence at the 5' end, to anneal to the target RNA. Following 

this, the enzymes are added and primer 1 is elongated by AMV reverse transcriptase 

forming a RNA:DNA hybrid. Simultaneously, the RNA strand of this hybrid is 

digested by RNase H leaving single stranded (ss) complementary (c) DNA. This 

enables P2 to anneal to the sscDNA. P2 can then be elongated by the action of AMV 

reverse transcriptase yielding a double stranded (ds) cDNA copy of the original 

sequence. The third enzyme, T7 RNA polymerase transcribes multiple RNA copies 

from the now active double stranded T7 RNA polymerase promoter site that are 

complimentary to the original target RNA. The process then enters the cyclic phase 

and can be repeated using the anti-sense RNA as a template and the primers 

annealing in reverse order (Figure 1.8). In this way the enzymes act continuously 

under isothermal conditions to achieve approximately a 109 fold amplification in as 

little as 90 minutes [170]. 

1.3.2.1. NASBA Amplicon Detection 

A number  of  hybridization  based  methods  exist  for  the  detection  of  the  

NASBA  RNA amplicon: electrochemiluminescence (ECL), enzyme-linked gel 

assay (ELGA), fluorescence correlation spectroscopy, microarray, and molecular 

beacon  detection [169, 171, 172]. ECL NASBA is a method which employs the use 

a biotinylated DNA capture probe to immobilize the amplicon by hybridization to 

streptavidin coated magnetic beads. A ruthenium-labelled probe hybrizes to the 

immobilized amplicon and a voltage induced oxidation-reduction reaction produces 

an ECL signal which can be read by a photomultiplier.   NASBA ECL has been 
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used to detect a number of viruses and bacteria such as picornavirus [173], rabies 

[174], avian influenzae [175-177], astrovirus [178], enterovirus [179], parainfluenza 

virus [180], flavivirus encephalitis [181], Salmonella enterica [182, 183], 

Escherichia coli [184], Chlamydia  trachomatis  and Neisseria gonorrhoeae  [185], 

Legionella spp. [186],  Plasmodium spp. [187] and Cryptosporidum parvum [188]. 

ELGA utilizes the hybridization of horseradish peroxidase (HRP) probes to the 

amplicon and subsequently separation of free and hybridized probes can be 

analysed by gel electrophoresis. Incubation with HRP substrate then allows 

visualization.  

 

 

Figure 1.8: Schematic presentation of NASBA technology [189]. 

 

Although NASBA ELGA has been used for the detection of a number of microbial 

pathogens, it's use has not been recorded in literature recently [190]. Fluorescence 

correlation spectroscopy (FCS) is a detection method which employs the use of a 

fluorescent labelled probe. The probe hybridizes to the amplicon and enables online 

detection of its increased diffusion time. FCS NASBA has been used to detect HIV 

RNA but similar to ELGA, it has not been recorded in literature as a detection 
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method for NASBA in recent years [191]. Microarray detection of NASBA 

products is a method by which the RNA amplicons are labelled with a fluorescent 

dye and detected by monitoring its intensity signal upon hybridization to a target 

sequence capture probe on the microarray. NASBA microarray detection has been 

carried out to detect S. pneumoniae tmRNA [172, 192], mRNA encoding ribosomal 

protein S18, estrogen receptor alpha, human epidermal growth factor receptor 2, 

caspase 8 D302H,  and superoxide dismutase 2 V16A [193]. 

1.3.2.2. Real-time Molecular Beacon Detection 

More recently molecular beacons have become the method of choice for NASBA 

amplicon detection. Molecular beacons enable the monitoring of NASBA reactions 

in real time. Molecular beacons were first described by Tyagi et al in 1996 [194] 

and first illustrated for use in NASBA by Leone et al two years later [171]. 

Molecular beacon technology is based on the principle of fluorescence resonance 

energy transfer (FRET).  Molecular beacons are ssDNA molecules which possess a 

stem-loop structure which is dual labelled with a fluorescent reporter dye at the 5' 

end and a quencher at the 3' end (Figure 1.10). The loop portion, or probe sequence, 

is complementary to the target RNA while the stem portion consists of two 

annealing complementary arm sequences on either side of the probe region which 

are unrelated to the target sequence. One arm is labelled with a flurophore and the 

other arm is labelled with a non-fluorescent quencher. Due to its hairpin structure, 

in the absence of a complementary RNA target sequence the fluorophore is held in 

close proximity to the quencher and fluorescence is suppressed. Upon encountering 

a complementary RNA target sequence the stem portion of the molecular beacon 

opens, separating the fluorophore and the quencher, enabling the loop portion to 

anneal to the target RNA sequence and produce a fluorescent signal. This allows the 

assay to be “monitored by a simple photometer or visual observation” [194]. 
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Figure 1.10. Schematic Representation of Molecular Beacon Technology 

 

1.3.2.3. Multiplex real-time NASBA 

Labelling molecular beacon probes with fluorophores that emit light at different 

wavelengths enables the simultaneous amplification and detection of different RNA 

targets in a single reaction [142]. This provides the opportunity to carry out a 

multiplex NASBA assay in real time provided there is a known target sequence. The 

advantage of this technology is the ability to discriminate between specific species 

or specific serotypes, or the incorporation of a positive control which can determine 

if the assay is functioning correctly. Chen et al developed an assay to determine agr 

activity in Staphylococcus aureus [195]. This was carried out by targeting the 

effector of agr response, RNAIII, as well as targeting the housekeeping gene, 

gyrase B (gyrB), as a positive internal amplification control (IAC), consequently, 

two molecular beacon hybridization probes were utilized each labelled with a 

different fluorophore and quencher. The quencher is determined by ensuring 

sufficient spectral overlap between its absorption maximum and the fluorophores 

emission maximum. For example, fluorophores with an emission wavelength of 500 

nm to 550 nm work well with quenchers with an absorption spectra of 450 nm to 
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550 nm [196]. Another recent use of multiplex NASBA incorporating an IAC was 

described by Sidoti et al for the detection of human rhinovirus (HRV) [53]. This 

assay employed the fluorophores, FAM and HEX, the latter having a maximum 

emission spectra of 550 nm, and DABCYL, which absorbs maximally at 475 nm, as 

a quencher. Multiplex NASBA diagnostic assays have not only been described for 

the simultaneous detection of a target species and assay control but also for the 

detection of a number of species at the same time. Zhao et al illustrated a real-time 

NASBA diagnostic assay for the detection of pathogens associated with fungal and 

bacterial bloodstream infections [67]. However, a multiplex real-time NASBA 

diagnostic assay for predominant microorganisms associated with bacterial 

meningitis has not been described. 

1.3.2.4. Lab on a chip NASBA 

Recently, there has been a trend towards the use of miniaturised analytical systems 

for nucleic acid analysis. The development of these micro-total analysis systems 

(µTAS) or labon-chip (LOC) devices is driven by the requirement for rapid, easy to 

use,  affordable, point of care (POC) diagnostics [197]. Another benefit of these 

fully enclosed systems is that they involve less manual handling of the sample 

reducing the possibility of contamination [198]. Like other isothermal in-vitro 

amplification methods, real-time NASBA has the potential to eliminate the need for 

thermal cycling requirements which facilitates its potential application on a low cost 

lab on a chip (LOC) and/or point of care (POC) diagnostic device [199, 200]. On-

chip real-time NASBA technology was first documented in 2004 with the detection 

of human papillomavirus (HPV) 16 [201]. Using a 118 bp ssDNA target, Gulliksen 

et al were able to perform an on-chip real-time NASBA in-vitro amplification in 10 

nl surface treated silicon-glass reaction chambers. This revealed the potential use of 

microchips to perform NASBA reactions in nanolitre although further work was 

required to fully integrate the NASBA process to include sample preparation. 

Subsequently, Gulliksen et al described an on-chip NASBA process targeting HPV 

16 mRNA on a cyclic olefin co-polymer (COC) microchip [202]. HPV 16 mRNA 

was amplified simultaneously in 10 reaction chambers at a volume of 80 nl 

demonstrating the potential to multiplex and detect a number of RNA targets at the 

same time. This assay also established comparability between conventional and 
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microchip reader detection limits. Further advances from this research group came 

with dried enzymes and reagents stored on chip as well as a two chip approach.  The 

first COC polymer chip to contain fully integrated nucleic acid extraction and a 

second COC polymer chip for NASBA amplification and detection. [203]. The first 

ever fully integrated NASBA microchip combining nucleic acid isolation was 

described in 2008 [65].  This polydimethylsiloxane (PDMS) microfluidic system 

achieves RNA purification in a 0.25 µl silica bead chamber before NASBA 

amplification of E. coli tmRNA in a separate 2 µl volume chamber. The result 

obtained for the entire analysis of 100 E. coli cells, from input to output, was 30 

minutes with NASBA detection occurring within 3 minutes [65]. More recently, a 

fully integrated NASBA microchip has also been developed targeting the rbcL gene 

of Karenia bravis [197]. This poly (methyl methacrylate) (PMMA) chip containing 

a single 16 µl volume chamber with two connecting 0.5 µl channels can detect as 

little as 10 cells in 2.24 minutes [197]. Tsalagou  et al state that this microchip could 

be used as a model for the detection of a number of species with known target 

sequence and improvements could be made with the addition of an IAC [197]. 

These on-chip NASBA reactions demonstrate the potential for a rapid POC real-

time NASBA diagnostic device for bacterial meningitis. A NASBA lab-on-a-chip 

POC device that executes laboratory functions such as nucleic acid isolation and in-

vitro amplification on a single chip of only millimetres to a few square centimetres 

in size, would be immensely advantageous in the diagnosis of bacterial meningitis 

as it requires a low fluid volume sample and would enable home or physician based 

use of a compact, portable, cost effective, rapid diagnostic test by non-specially 

trained individuals [65]. This would subsequently allow for the more rapid 

administration of an appropriate pathogen specific antibiotic treatment regime in a 

patient with suspected meningitis and improve the overall prognosis of the disease. 

1.4. Scope of this Thesis 

The overall aim of this study was to contribute toward the design of a Point of Care 

(POC) on chip nucleic acid diagnostic assays for the detection of the predominant 

microorganisms associated with bacterial meningitis. This is a collaborative, 

multidisciplinary project being carried out at the Nucleic Acid Diagnostics Research 

Group (NADRL) at National University of Ireland, Galway, the Tyndall National 
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Institute at University College Cork and the Biomedical Diagnostics Institute at 

Dublin City University. The overall project can be broken down in to two main 

components. The first is to develop an isothermal multiplex nucleic acid based 

diagnostic assay for the detection of the three main causative bacteria associated with 

meningitis; Haemophilus influenzae, Neisseria meningitidis and Streptococcus 

pneumoniae. The second aim, was to design and fabricate a clinical diagnostic 

instrumentation platform to detect meningitis specific target molecular markers from 

whole blood samples.  

The main research focus of this thesis has been on the development of isothermal 

internally controlled real-time nucleic acid sequence based amplification (NASBA) 

diagnostic assays for the detection of Haemophilus influenzae, Neisseria 

meningitidis and Streptococcus pneumoniae. A number of steps were involved in the 

development of these diagnostic assays. Initially, publicly available and in-house 

nucleotide sequence information was interrogated using online bioinformatics tools, 

such as BLAST and ClustalW to determine the suitability of various gene targets for 

the identification of the micro-organisms of interest. Subsequently, a monoplex real-

time NASBA diagnostic assay was developed for each of these three micro-

organisms. The real-time NASBA diagnostic assays were then optimized e.g. primer 

pair combinations, salt concentration titration and subsequently each real-time 

NASBA diagnostic assay was tested against an extensive inclusivity panel including 

culture collection strains and clinical isolates as well as an exclusivity panel of the 

most closely related species.  

In Chapter 2, RNA transcripts encoded for by the ssrA (tmRNA) and lepA (lepA 

mRNA) genes were evaluated as potential molecular targets for the species specific 

identification of H. influenzae, N. meningitidis and S. pneumoniae using in-silico 

approaches. Potential diagnostics targets were then further validated in real-time 

NASBA diagnostic assays. This study established both tmRNA and lepA mRNA as 

potential diagnostic targets for the species specific identification of N. meningitidis 

and S. pneumoniae, respectively. However, it was established that neither tmRNA or 

lepA mRNA can differentiate H. influenzae from its most closely related species and 

that further study is required to identify a novel diagnostic target for accurate 

identification of H. influenzae.  
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Chapter 3 describes the study performed during this research to utilise comparative 

genomic approaches to identify novel diagnostics markers for H. influenzae. From 

this analysis 2 H. influenzae putative diagnostic targets, phoB and pstA were 

identified which are unique to this microorganism. Subsequently, two real-time PCR 

diagnostic assays using these gene targets were developed and their performance was 

determined. Both diagnostic assays were determined to be 100% specific for the 

detection of H. influenzae and did not cross react with H. haemolyticus or other 

closely related species. Furthermore, real-time PCR diagnostic assays developed 

were established as more superior in terms of specificity than a previously published 

fucK real-time PCR diagnostic assay and 7.1% of H. influenzae clinical isolates, 

identified using MALDI-TOF MS and the novel real-time PCR assays developed in 

this study, were not detected by the fucK assay.   

 Chapter 4 describes the development of three internally controlled duplex real-time 

NASBA assays for the species specific identification of H. influenzae, N. 

meningitidis and S. pneumoniae targeting RNA transcripts encoded for by the phoB, 

ssrA and lepA genes respectively. Each real-time NASBA diagnostics assay includes 

an endogenous non-competitive Internal Amplification Control (IAC) to amplify 

the splice variant 1 mRNA of the Homo sapiens TBP (TATA-box binding protein) 

gene from human total RNA. The developed assays were determined to be 100% 

specific for the target species tested for while Limits of Detection (LOD) for the 

H. influenzae, N. meningitidis and S. pneumoniae duplex real-time NASBA assays 

were 50, 10, and 100 Cell Equivalents (CE) respectively. 
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Abstract 

RNA transcripts encoded for by the ssrA (tmRNA) and lepA (lepA mRNA) genes 

were evaluated as potential molecular targets for the species specific identification of 

H. influenzae, N. meningitidis and S. pneumoniae. Real-time NASBA diagnostic 

assays were designed targeting both ssrA and lepA RNA transcripts and tested 

against an inclusivity panel of culture collection and clinical isolate strains and an 

exclusivity panel of non-target closely related species. Real-time NASBA diagnostic 

assays developed for the detection of N. meningitidis and S. pneumoniae were 100% 

specific for the target species, demonstrating the potential use of tmRNA and lepA 

mRNA as diagnostic targets for the species specific identification of N. meningitidis 

and S. pneumoniae, respectively. The real-time NASBA diagnostic assays designed 

targeting both tmRNA and lepA mRNA were not 100% specific for the detection of 

H. influenzae and cross reacted with closely related Haemophilus species. Additional 

in-silico analysis of the ssrA and lepA gene sequences established insufficient 

heterogeneity to distinguish H. influenzae from its most closely related species, H. 

haemolyticus. Furthermore, the real-time NASBA assays developed and tested in 

this study, targeting lepA mRNA, are not 100% inclusive and amplification 

efficiency is poor especially at lower RNA concentrations. Comparison of real-time 

NASBA assays targeting the RNA encoded for by both the ssrA and lepA genes 

revealed the ssrA gene, and its tmRNA transcript, to be a more suitable diagnostic 

target for the species specific identification of H. influenzae.  

2.1. Introduction 

Bacterial meningitis is a life threatening disease associated with high mortality and 

long term disabilities in survivors [1]. Although the epidemiology of bacterial 

meningitis has evolved since the introduction of conjugate vaccines, Haemophilus 

influenzae, Neisseria meningitidis and Streptococcus pneumoniae remain the 

predominant microorganisms associated with the disease, accounting for 80% of 

cases worldwide [2]. Presently, CSF culture is gold standard for the diagnosis of 

bacterial meningitis; however positive CSF culture identification can take up to 3 

days and negative results are frequently obtained particularly following pre-

treatment with antibiotics [3-5]. As a consequence, there is a requirement for a more 
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rapid, sensitive and specific nucleic acid based in-vitro amplification diagnostics 

method to accurately identify H. influenzae, N. meningitidis and S. pneumoniae.  

2.1.1. Nucleic acid diagnostic technologies 

Nucleic acid diagnostic (NAD) technologies identify the presence of microorganisms 

by either direct detection of in-vitro amplification of a specific nucleic acid 

sequence. The nucleic acid sequence (DNA or RNA) of all microorganisms contains 

regions that are unique to that strain, species or genus. One of the most commonly 

used molecular diagnostic targets is 16s ribosomal RNA, which has been proven as a 

useful target for the species specific identification of a number of microorganisms, 

including H. influenzae, N. meningitidis and S. pneumoniae [6-8]. However, 

sequence variation is limited or even absent between closely related species. As a 

consequence it cannot be used as a molecular target and other genes must be 

analysed.  

2.1.2. Nucleic acid diagnostic research laboratory (NADRL) 

NADRL has over 25 years research experience in the discovery of microbial 

biomarkers and the development of these biomarkers for use in NAD technologies. 

All designed nucleic acid diagnostic assays are developed to industry standards using 

a definitive diagnostics assay development strategy and in accordance with MIQE 

guidelines [9] (Fig 2.1). 

Briefly, NADRL assay design strategy involves: 

 Target Bio-discovery: Novel NAD targets are identified 

 Bioinformatics: Assembly of nucleotide sequence data from a large panel of 

relevant species / strains 

 Assay Design: Specific NAD assays are designed to detect each 

microorganism of interest 

 Species Specificity panel assembly: A panel of well characterised species / 

strains are collected from a wide geographically relevant area 
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 Assay performance optimisation and validation: Evaluation of the assays 

performance including optimisation and validation. Assays are also multiplex 

when required. 

 

Figure 2.1: NADRL NAD assay development strategy in accordance with MIQE guidelines 

 

2.1.3. NAD targets 

An ideal diagnostics target should be both conserved in all species / strains of 

interest and unique to the microorganism(s) [10]. The diagnostic target should also 

facilitate the design of specific yet sensitive oligonucleotide sequencing primers and 

hybridization probes which do not anneal to other regions within the template [11]. 

In this study, two potential diagnostic targets, the tmRNA transcript (encoded for by 

the ssrA gene) and the leader peptidase A (LepA) mRNA transcript were evaluated 

for the specific detection of H. influenzae, N. meningitidis and S. pneumoniae using 

real-time Nucleic Acid Sequence Based Amplification (NASBA). Both the ssrA 

gene and the lepA gene have previously been demonstrated as suitable and versatile 

targets for nucleic acid based microbial identification [12-15]. In particular,  tmRNA 

has been established as a useful target in a real-time NASBA assay [13]. 
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2.1.3.1. tmRNA 

The ssrA gene, found in >99% of bacteria, codes for transfer messenger RNA 

(tmRNA)[16]. tmRNA, found in all eubacteria and in some eukaryotic organelles, is 

a bifunctional RNA that has properties of tRNA and mRNA [17]. It is involved in 

trans-translation, together with smpB, to rescue stalled ribosomes that are unable to 

finish protein synthesis and clear the cell of unwanted polypeptides and mRNAs 

[16].  This may occur when a ribosome reads to the 3’ end of an mRNA as a result of 

a missing stop codon or due to mRNA cleavage if translation pauses at an internal 

codon. tmRNA recognises these stalled ribosomes and acts as tRNA and mRNA to 

provide an alternative mechanism to complete translation, release the ribosome and 

mark the nascent polypeptide for degradation [17] (Fig 2.2).  tmRNA trans-

translation has been shown to be an essential mechanism of H. influenzae and 

saturating mutagenesis experiments established no mutations in the ssrA gene of H. 

influenzae [16]. 

 

Figure 2.2: Schematic of the mechanism for tmRNA-mediated tagging and ribosome rescue 

(Source: http://jur.byu.edu/?p=1103) 

http://jur.byu.edu/?p=1103
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2.1.3.2. lepA mRNA 

The Leader Peptidase A (LepA) gene codes for a translational elongation factor 

protein, LepA, found in all bacteria and mitochondria to date [18]. The ribosomal 

elongation cycle involves a series of reactions to assemble a new polypeptide by the 

addition of various amino acids corresponding to the mRNA codons [19]. These 

steps in the protein synthesis process are regulated by multiple elongation factors, of 

which, lepA is one of them. LepA is involved in recognizing a defective 

translocation reaction and subsequently initiating back translocation of the 

mistranslocated tRNAs, resulting in the elongation mechanism moving one codon 

backwards along the mRNA [20]. This allows the other elongation factors another 

chance to translocate the tRNA correctly (Figure 2.3). LepA is one of the most 

highly conserved bacterial proteins (with an amino acid identification of 55% - 68%) 

and has a homologue, Guf1, in higher organisms [18].  

 

Figure 2.3: Schematic of the elongation cycle of bacterial protein synthesis and the role of 

EF4 (lepA). (Source: Biochemical Journal 2013 Volume 452, 173-181[20]) 
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2.1.4. Nucleic Acid Sequence Based Amplification 

NASBA, first described in detail by Compton et al in 1991, is an isothermal, 

enzymatic, transcription based amplification system involving specific amplification 

of RNA sequences [21]. A variety of approaches can be taken for the end-point 

detection of the NASBA RNA amplicon, such as; electrochemiluminescence  (ECL) 

[22], enzyme-linked gel assay (ELGA) [23] and fluorescence correlation  

spectroscopy [24]. More recently, combining NASBA with molecular beacon 

detection has enabled the simultaneous in-vitro amplification and real time detection 

of various RNA targets in a single closed tube reaction [25]. Real-time NASBA has 

a number of advantages over other nucleic acid based diagnostics methods such as 

real-time PCR. In particular, real-time NASBA can be used to detect viable 

infectious agents as it will preferentially amplify RNA even in the presence of 

background DNA [26-28].  Furthermore, as real-time NASBA does not require 

continuous thermal cycling, it can also be incorporated on to a low cost lab-on-a-chip 

(LOC) which facilitates its application as a point of care (POC) device to give a 

rapid diagnostic outcome for the detection of microbial pathogens [28]. A number of 

real-time NASBA assays have been published for the species specific identification 

of bacteria such as; Staphylococcus aureus, Escherichia coli, mycoplasma 

pneumonia, Chlamydophila pneumonia, Legionella spp., Campylobacter jejuni, 

Campylobacter coli, Vibrio cholera and Listeria monocytogenes [13, 29-35]. 

However, to date, a real-time NASBA assay has not been developed for the specific 

identification of the three predominant microorganisms associated with bacterial 

meningitis, H. influenzae, N. meningitidis and S. pneumoniae.  

In this study, in-silico analysis of both the ssrA and lepA genes was performed to 

determine their suitability as diagnostic targets for the accurate identification of H. 

influenzae, N. meningitidis and S. pneumoniae. Subsequently, real-time NASBA 

diagnostic assays were developed targeting the RNA transcribed by each gene and 

their performance was evaluated. 
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2.2. Materials and Methods 

2.2.1. Diagnostic Target Identification 

The ssrA gene associated RNA transcript, tmRNA, was analysed as a potential 

diagnostic target for the species specific identification of H. influenzae and N. 

meningitidis by in-silico analysis of nucleotide sequence information retrieved from 

the tmRNA website (http://bioinformatics.sandia.gov/tmrna/), the tmRNA database 

(http://www.ag.auburn.edu/mirror/tmRDB/) and the National Center for 

Biotechnology Information (NCBI) website (http://www.ncbi.nlm.nih.gov/). The 

lepA gene associated mRNA transcript was analysed as a potential diagnostic target 

for the species specific identification of H. influenzae and S. pneumoniae by in-silico 

analysis of nucleotide sequence information retrieved from the NCBI and the 

Functional Gene Pipeline (FunGene) (http://fungene.cme.msu.edu/).  

For each of the diagnostic targets identified, alignments were carried out using 

ClustalW multiple sequence alignment programme 

(http://www.ebi.ac.uk/Tools/msa/clustalw2/), from which conventional PCR and 

real-time NASBA primers and molecular beacon probes were designed (Table 2.1).  

Table 2.1: Nucleotide sequences of primers and molecular beacon probes. 

Probe/ 

Primer 

Gene 

Target 

Function DNA sequence (5’ – 3’) Nucleotide 

position 

Genbank 

accession 

no. 

Final 

Concentra

tion (µM) 

ssrA F1 ssrA Haemophilus ssrA 
Sequencing forward 

primer 

GGGGCTGATTCTGGATTCGA
CGG 

1-23 CP00227
7.1 

0.4 µM 

ssrA  R1 ssrA Haemophilus ssrA 

Sequencing reverse 

primer 

TGGTGGAGCTGGGGGGAGT

TGAA 

343-365 CP00227

7.1 

0.4 µM 

lepA F1 lepA Haemophilus lepA 

Sequencing forward 
primer 

ATGAAGAATATTCGCAAC 1-18 CP00227

7.1 

0.4 µM 

lepA R1 lepA Haemophilus lepA 

Sequencing reverse 

primer 

CACTTTAATTTTATCGCCT 657-675 CP00227

7.1 

0.4 µM 

lepA F2 lepA Haemophilus lepA 

Sequencing forward 

primer 

CGTGGTATCTTTAGTGCGTA

TTA 

615-637 CP00227

7.1 

0.4 µM 

lepA R2 lepA Haemophilus lepA 
Sequencing reverse 

primer 

ACCTAAATATTCTTGCGGCA
C 

1228-1248 CP00227
7.1 

0.4 µM 

http://bioinformatics.sandia.gov/tmrna/
http://www.ag.auburn.edu/mirror/tmRDB/
http://www.ncbi.nlm.nih.gov/
http://fungene.cme.msu.edu/
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lepA F3 lepA Haemophilus lepA 

Sequencing forward 
primer 

ATGGAAATCATTCAAGAGC

GT 

1042-1062 CP00227

7.1 

0.4 µM 

lepA R3 lepA Haemophilus lepA 

Sequencing reverse 
primer 

TCTTTTCCTACGTGTAAAAT

TGC 

1768-1790 CP00227

7.1 

0.4 µM 

Neisseria
F 

ssrA 

Neisseria ssrA 

Sequencing forward 

primer 

GGCGACCTTGGTTTCGACG 4-22 
AE00209

8.2 
0.3 µM 

Neisseria

R 
ssrA 

Neisseria ssrA 
Sequencing reverse 

primer 

TCGAACCCCCGTCCGAAAG 327-345 
AE00209

8.2 
0.3 µM 

ssrA P1 ssrA H. influenzae ssrA 

forward primer 

AATTCTAATACGACTCACTA

TAGGG - AGAAGG - 

CTTCGATCCTCAAACGGT 

213-230 CP00227

7.1 

0.2 µM 

ssrA P2 ssrA H. influenzae ssrA 

reverse primer 

GCAGCTTAATAACCT 116-130 CP00227

7.1 

0.2 µM 

LepA 

MB 

lepA H. influenzae lepA  

specific 
hybridization probe 

FAM-CCGAGT –

TGCAAAATTGCCTCCACT- 
ACTCGG-DAB 

1161-1178 CP00227

7.1 

0.1 µM 

lepA P1 lepA H. influenzae lepA 
forward primer 

AATTCTAATACGACTCACTA
TAGGG – AGAAGG – 

GCTCGCGAATTTCAGCAATA 

1185-1204 CP00227
7.1 

0.2 µM 

lepA P2 lepA H. influenzae lepA 
reverse primer 

GGAAATCATTCAAGAGCGT
CTA 

1044-1065 CP00227
7.1 

0.2 µM 

Spn P1 lepA 
S. pneumoniae 

forward primer 

AATTCTAATACGACTCACTA

TAGGGAGAAGGCATACTCA
AGACGCTGAGGAA 

1792-1812 
AE00731

7.1 
0.2 µM 

Spn P2 lepA 
S. pneumoniae 

reverse primer 

GACACAAGATTGTCGCTCGT

ACTGATA 
1628-1654 

AE00731

7.1 
0.2 µM 

Spn MB lepA 

S. pneumoniae lepA 

specific 
hybridization probe 

ROX- 
CGATCGACGCATGAAATCC

ATCGGATCAGTTCGATCG -

BHQ2 

 

1749-1773 
AE00731

7.1 
0.1 µM 

Nmen P1 ssrA 
N. meningitidis 
forward primer 

AATTCTAATACGACTCACTA

TAGGGAGAAGGTCCTCTAC

AAAGCGTTCTACA 

 

305-325 
AE00209
8.2 

0.2 µM 

Nmen P2 ssrA 
N. meningitidis 
reverse primer 

CCCGTAAAACACTGAATTCA
AAT 

 

63-85 
AE00209
8.2 

0.2 µM 

Nmen 

MB 
ssrA 

N. meningitidis ssrA 
specific 

hybridization probe 

HEX-
CGATCGAACTGGTTTCCAAA

AGGCCTCGATCG-DAB 

 

236-255 
AE00209

8.2 
0.1 µM 

 

2.2.2. Bacterial strains, Culture media and Growth conditions  

A panel of culture collection strains of H. influenzae (n=8), non-H. influenzae 

Haemophilus species (n=31), N. meningitidis (n=9), non-N. meningitidis Neisseria 

http://www.ncbi.nlm.nih.gov/nuccore/66731897
http://www.ncbi.nlm.nih.gov/nuccore/66731897
http://www.ncbi.nlm.nih.gov/nuccore/66731897
http://www.ncbi.nlm.nih.gov/nuccore/66731897
http://www.ncbi.nlm.nih.gov/nuccore/66731897
http://www.ncbi.nlm.nih.gov/nuccore/66731897
http://www.ncbi.nlm.nih.gov/nuccore/66731897
http://www.ncbi.nlm.nih.gov/nuccore/66731897
http://www.ncbi.nlm.nih.gov/nuccore/66731897
http://www.ncbi.nlm.nih.gov/nuccore/66731897
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species (n=19), S. pneumoniae (n=1) and non-S. pneumoniae Streptococcus species 

(n=37) were obtained from various culture collections (Table 2.2). A collection of 

recent H. influenzae clinical isolates (n=38) and S. pneumoniae clinical isolates 

(n=13) were also obtained from University Hospital Galway to further evaluate the 

assays. Haemophilus strains were cultured in haemophilus test media broth (Oxoid), 

chocolate broth (Fannin Scientific) or on Columbia chocolate agar plates (Fannin 

Scientific). Neisseria and Streptococcus species were cultured in brain heart infusion 

(BHI) broth (Oxoid), or on Columbia blood agar plates (Fannin Scientific). All 

bacterial species were cultured under microaerophilic conditions at 37oC overnight 

or until sufficient growth was observed, as determined by the degree of turbidity 

compared to culture negative controls. 

 

Table 2.2: Haemophilus species and strains included in this study 

Organism Strain a 
Specificitye 

 

ssrA 

 

LepA 

(P1.1) 

LepA 

(P1.2) 
H. influenzae reference strains 

H. influenzae type b DSMZ 23393b,c + + + 

H. influenzae type b DSMZ 4690b,c + + + 

H. influenzae type b DSMZ 11969b,c + + + 

H. influenzae type b DSMZ 11970b,c + - - 

H. influenzae type b DSMZ 10001b,c + + + 

H. influenzae type d DSMZ 11121b,c + + + 

H. influenzae type f DSMZ 10000b,c + + + 

H. influenzae NTHi DSMZ 24049b,c + + + 

H. influenzae biogroup aegyptius DSMZ 21187b,c + - - 

H. influenzae clinical isolates     

H. influenzae NT (Source: Blood) 

 

6 clinical isolates + / / 

H. influenzae untyped (Source: Sputum) 24 clinical 

isolates 

+ / / 

H. influenzae untyped (Source: Eye/Ear swab) 8 clinical isolates + / / 

Non- H. influenzae strains     

H. ducreyi NCTC 11479 - / - 

H. ducreyi NCTC 10945b / / / 

H. felis DSMZ 21192b - / / 

H. haemoglobinophilus DSMZ 21241 - / / 

H. haemolyticus NCTC 10839c + / + 

H. haemolyticus NCTC 10659b / / / 

H. haemolyticus CCUG 24149c / / / 
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H. haemolyticus CCUG 15312c / / / 

H. haemolyticus CCUG 12834c / / / 

H. haemolyticus CCUG 36015c / / / 

H. haemolyticus CCUG 36016c / / / 

H. haemolyticus CCUG 15642c / / / 

H. paracuniculus DSMZ 21452b - / / 

H. parahaemolyticus DSMZ 21417b - / / 

H. parainfluenzae DSMZ 8978b - / - 

H. paraphrohaemolyticus DSMZ 21451 - / / 

H. parasuis DSMZ 21448b - / / 

H. pittmaniae DSMZ 17420b - / - 

H. pittmaniae DSMZ 21203b - / - 

Haemophilus sp. CCUG 34110c + / - 

Actinobacillus pleuropneumoniae DSMZ 13472b - / / 

Actinobacillus suis NCTC 6359b  / / / 

Aggregatibacter actinomycetecomitans DSMZ 8324 - / / 

Aggregatibacter aphrophilus NCTC 10558 - / / 

Aggregatibacter aphrophilus NCTC 11096b - / / 

Aggregatibacter segnis NCTC 10977 - / / 

Avibacterium avium DSMZ 18557b - / / 

Avibacterium paragallinarum DSMZ 18554 - / / 

Gardnerella vaginalis DSMZ 4944 - / / 

Histophilus somni CCUG 36157 - / +  

Organism Strain a Specificitye 

 

ssrA 

LepA 

(P1.1) 

LepA 

(P1.2) 
N. meningitidis reference strains 

N. meningitidis  NCTC 9392 + / 

N. meningitidis serogroup a NCTC 10025 + / 

N. meningitidis serogroup a NCTC 3375 + / 

N. meningitidis serogroup a NCTC 3372 + / 

N. meningitidis serogroup a NCTC 15465d + / 

N. meningitidis serogroup c ATCC 13102 + / 

N. meningitidis serogroup c DSMZ 15464d + / 

N. meningitidis serogroup x NCTC 10790 + / 

N. meningitidis strain reference 73/M6 NCTC 11423 + / 

Non- N. meningitidis strains    

     N. animalis DSMZ 23392d - / 

N. animaloris DSMZ 21642d - / 

N. canis DSMZ  18000d - / 

N. caviae DSMZ 23336 - / 

N. dentiae DSMZ 19151 - / 
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N. elongata subsp. elongata DSMZ 17712d - / 

N. elongata subsp. glycolytica DSMZ 23337 - / 

N. elongata subsp. nitroreducens DSMZ 17632d - / 

N. flavescens DSMZ 17633d - / 

N. gonorrhoeae DSMZ 9189d - / 

N. macae DSMZ 19175d - / 

N. mucosa DSMZ 17611d - / 

N. ovis DSMZ 218075 - / 

N. perflava DSMZ 18009d - / 

N. sicca DSMZ 17713d - / 

N. subflava DSMZ 17610d - / 

N. wadsworthii DSMZ 22247d - / 

N. weaveri DSMZ 17688d - / 

N. zoodegmatis DSMZ 21643 - / 

S. pneumoniae reference strains 

S. pneumoniae serotype 1 DSMZ 20566 / + 

S. pneumoniae clinical isolates    

S. pneumoniae untyped (Source: Blood) 3 isolates / + 

S. pneumoniae untyped (Source: Sputum) 7 isolate / + 

S. pneumoniae untyped (Source: Eye/Ear 

swab) 

3 isolates / + 

Non- S. pneumoniae  strains 

S. agalactiae BCCM 15081 / - 

S. agalactiae BCCM 15082 / - 

S. agalactiae BCCM 15083 / - 

S. agalactiae BCCM 15084 / - 

S. agalactiae BCCM 15085 / - 

S. agalactiae BCCM 15086 / - 

S. agalactiae BCCM 15087 / - 

S. agalactiae BCCM 15094 / - 

S. agalactiae BCCM 15095 / - 

S. anginosus DSMZ 20563 / - 

S. australis DSMZ 15627 / - 

S. canis DSMZ 20715 / - 

S. constellatus DSMZ 20575 / - 

S. cristatus DSMZ 8249 / - 

S. dysgalactiae subsp. equimilis DSMZ 6176 / - 

S. equi subsp. Equi DSMZ 20561 / - 

S. equinis DSMZ 20554 / - 

S. gordonii DSMZ 6777 / - 

S. infantis DSMZ 12492 / - 

S. intermedius DSMZ 20573 / - 
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S. mitis DSMZ 12643 / - 

S. mutans DSMZ 20523 / - 

S. oralis  DSMZ 20066 / - 

S. oralis  DSMZ 20395 / - 

S. parasanguinis DSMZ 6778 / - 

S. perosis DSMZ 12493 / - 

S. porcinus DSMZ 20725 / - 

S. pseudopneumoniae DSMZ 18670 / - 

S. pyogenes DSMZ 20565 / - 

S. pyogenes DSMZ 2072 / - 

S. salivarius DSMZ 20560 / - 

S. salivarius DSMZ 20617 / - 

S. sanguinis DSMZ 20567 / - 

S. sinensis DSMZ 14990 / - 

S. suis DSMZ 9682 / - 

S. uberis DSMZ 20569 / - 

S. vestibularis DSMZ 5636 / - 

a NCTC = National Collection of Type Cultures; * DSMZ = The German Collection of 

Microorganisms; *CCUG = Culture Collection, University of Göteborg, Sweden; *CDC = 

Centre for Disease Control; *BCCM = Belgian Co-ordinated Collections of Microorganisms  

b ssrA gene sequence data was generated for each of these H. influenzae strains using 

primers outlined in Table 2.1 

c lepA gene sequence data was generated for each of these H. influenzae strains using 

primers outlined in Table 2.1 

d ssrA gene sequence data was generated for each of these N. meningitidis strains using 

primers outlined in Table 2.1 

e + ve= Positive; - ve= negative; / = not tested for 

 

2.2.3. DNA isolation and quantification 

Genomic DNA from a collection of Haemophilus and Neisseria species was isolated 

from 1.5 ml of culture using a DNeasy Blood and Tissue Kit as per manufacturers’ 

instructions (Protocol: Gram-Negative Bacteria; Qiagen, Hilden, Germany). DNA 

integrity was assessed on a 1 % agarose gel and concentrations were determined 

using the Qubit dsDNA HS Assay and the Qubit 1.0 fluorometer (Life Technologies, 

Carlsbad, CA). Purified DNA samples were stored at -20°C prior to use.  
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2.2.4. Total RNA isolation and quantification 

Total RNA from all species was isolated from 1.5 ml of culture using a RiboPure 

Yeast Kit as per manufacturers’ instructions (Ambion, Austin, TX, USA). RNA 

integrity was assessed using an Agilent 2100 Bioanalyzer (Agilent Technologies, 

Inc.). RNA with a RNA Integrity Number (RIN) above 7.0 was used for real-time 

NASBA. RNA concentrations were determined using the Qubit RNA BR Assay kit 

and the Qubit 1.0 fluorometer (Life Technologies, Carlsbad, CA). Purified RNA 

samples were stored at -80°C prior to use.  

2.2.5. Conventional PCR primer design 

Publically available nucleotide sequences of the diagnostics targets identified in this 

study were aligned using ClustalW multiple sequence alignment programme 

(http://www.ebi.ac.uk/Tools/clustalw2/index.html). Oligonucleotide sequencing 

primers were manually designed in accordance with general recommendations and 

guidelines [36, 37] to target conserved regions within the genes. All primers (Table 

2.1) used in this study were obtained from Eurofins MWG-Operon (Ebersberg, 

Germany). 

2.2.6. Conventional PCR and Nucleic Acid Sequencing 

Sequencing oligonucleotide primers were designed to amplify 365 bp of the ssrA 

gene of H. influenzae, and 342 bp of the ssrA gene of N. meningitidis, to identify 

optimal diagnostics target regions for NASBA primer and molecular beacon probe 

design. Due to the extent of publically available S. pneumoniae lepA sequence data, 

sequencing of in-house S. pneumoniae culture collection strains was not carried out. 

PCR was carried out using the sequencing primers (Table 2.1) on an iCycler iQ 

thermal cycler (Bio-Rad Laboratories Inc., CA). All reactions were performed using 

the FastStart PCR Master Kit (Roche Diagnostics, Basel, Switzerland) according to 

manufacturer’s instructions in a final volume of 25 µl. The thermal cycling 

parameters used for the H. influenzae specific primers consisted of a denaturation 

cycle at 95oC for 4 min, followed by 35 cycles at 95oC (30 s), 50oC (30 s) and 72oC 

(30 s), and a final elongation cycle at 72oC for 7 min. Thermal cycling parameters 

used for the Neisseria specific primers were the same as outlined above with the 

exception of an annealing temperature of 55oC instead of 50oC. The PCR products 

http://www.ebi.ac.uk/Tools/clustalw2/index.html
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were purified using the HighPure PCR product purification kit (Roche Diagnostics) 

and sequenced externally (Sequiserve, Vaterstetten, Germany). 

2.2.7. Real-time NASBA primer and molecular beacon probe design 

Species specific oligonucleotide primers and molecular beacon probes were 

manually designed in accordance with recommended guidelines [26]. The molecular 

beacon probes were labelled with FAM and Dabcyl (DAB). Primers and molecular 

beacon probes (Table 2.1) were obtained from Eurofins MWG-Operon (Ebersberg, 

Germany). 

2.2.8. Real-time NASBA 

All real-time NASBA diagnostics assays were performed on a LightCycler 2.0 

(Roche Diagnostics) using the NucliSENS EasyQ Basic Kit V2 (Biomerieux, Marcy 

l'Etoile, France), in accordance with manufacturer’s instructions. Real-time NASBA 

reactions were performed in a total volume of 20 µl. 5 µl of target RNA was added 

to 10 µl reagent/KCL (70 mM final concentration)/primers and molecular beacon 

probes (0.2 µM and 0.1 µM concentration respectively) mixture. The reaction was 

incubated for 65oC for 5 min to denature the RNA secondary structure followed by 

41oC for 5 min to allow primer and probe annealing. Subsequently, 5 µl of the 

enzyme mixture containing avian myeloblastosis virus reverse transcriptase, RNAse 

H and T7 RNA polymerase was added to the reaction. A no template control (NTC) 

consisting of water instead of RNA was included in each experiment. The reaction 

was then incubated at 41oC for 60 min with a fluorescent measurement recorded 

every minute. 

2.2.9. Real-time NASBA specificity 

In order to evaluate the specificity of the three real-time NASBA diagnostics assays 

developed, total RNA from H. influenzae and closely related Haemophilus species, 

N. meningitidis and closely related Neisseria species, and S. pneumoniae and closely 

related Streptococcus species (Table 2.2) at various RNA concentrations, were tested 

in the H. influenzae, N. meningitidis and S. pneumoniae real-time NASBA 

diagnostics assays respectively.  
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2.2.10. Real-time NASBA with DMSO  

In order to evaluate the effect of DMSO on the performance of the real-time NASBA 

assay targeting lepA mRNA for the species specific identification of H. influenzae, 

the most optimum DMSO concentration was determined by titration (0%, 2%, 4%, 

6% and 8% DMSO/reaction). Subsequently the real-time NASBA diagnostic assay 

with optimized DMSO concentration was tested against a panel of H. influenzae 

culture collection strains. The real-time NASBA assay with added DMSO was 

performed in a total volume of 22 µl and set up as follows: 5 µl of target RNA was 

added to 10 µl reagent/KCL (70 mM final concentration)/primers and molecular 

beacon probes (0.2 µM and 0.1 µM concentration respectively) mixture. The 

reaction was incubated for 65oC for 5 min followed by 41oC for 5 min. 

Subsequently, 5 µl of the enzyme mixture and 2 µl DMSO (at a final concentration 

of 2%, 4%, 6% and 8%) was added to the reaction. A no template control (NTC) 

consisting of water instead of RNA was included in each experiment. The reaction 

was then incubated at 41oC for 60 min with a fluorescent measurement recorded 

every minute. 

2.3. Results and Discussion 

2.3.1. tmRNA diagnsotic target 

In-silico analysis established sufficient heterogeneity (at minimum of 1 base 

difference) between the H. influenzae ssrA gene sequence and the ssrA gene 

sequences of its most closely related species. Subsequently, two specific 

oligonucleotide primers and a molecular beacon were designed for the amplification 

of the ssrA tmRNA transcript in real-time NASBA (Table 2.1.).  

The real-time NASBA assay targeting H. influenzae tmRNA was 100% inclusive 

when tested against 8 culture collection strains of H. influenzae and 38 clinical 

isolates of H. influenzae (Supplementary S2.1 and Supplementary S2.2). Similar to 

other published assays, this assay detects Haemophilus aegyptius (Figure 2.4), 

however designation of H. aegyptius as a separate species or a biogroup of H. 

influenzae remains uncertain [38-41]. To our knowledge, a nucleic acid based 

diagnostics method has not been developed that enables the discrimination of H 

influenzae from H aegyptius. The real-time NASBA assay was also tested against a 
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panel of non-H. influenzae closely related species (n=21) (Table 2.2). Assay cross 

reactions were observed with 2 closely related species tested (H. haemolyticus; 

NCTC10839 and an unknown Haemophilus sp., CCUG34110 - previously 

designated H. haemolyticus) (Figure 2.5A and 2.5B respectively). 

 

Figure 2.4: Amplification curves for real-time NASBA diagnostics assay. Real-time 

amplification curves for H. influenzae (DSM23393) and H. influenzae biogroup aegyptius 

(DSM 21187) targeting the tmRNA in the FAM channel (470 -530 nm). No other non-H. 

influenzae species were detected by the assay. 

 

 

A 
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Figure 2.5: Amplification curves for real-time NASBA diagnostics assay. Real-time 

amplification curves for 1 strain of H. influenzae (DSM23393) targeting tmRNA, in the 

FAM channel (470-530nm). All H. influenzae samples detected. H. haemolyticus (NCTC 

10839) and unknown Haemophilus sp. (CCUG34110) cross react (Fig. 2.5A and 2.5B 

respectively). No other non-H. influenzae species detected. 

 

 During the course of this study, whole genome sequence data became publically 

available for 6 H. haemolyticus strains (M19501, M19107, M21127, M21621, 

M21639, and HK386) allowing further in-silico analysis to be carried out. This 

established insufficient heterogeneity within the ssrA gene to discriminate H. 

influenzae from H. haemolyticus and 5/7 H. haemolyticus strains evaluated are 

identical to the real-time NASBA molecular beacon probe used in this study 

(Supplementary S2.3). 

Initial in-silico analysis established sufficient heterogeneity within the ssrA gene 

sequence of N. meningitidis and the ssrA gene sequence of closely related species to 

accurately identify N. meningitidis. Consequently, a real-time NASBA diagnostic 

assay was developed targeting the tmRNA transcript encoded for by ssrA. The real-

time NASBA diagnostic assay developed successfully identified N. meningitidis 

(n=9) and differentiated it from closely related species, N. gonorrhoeae and 18 other 

closely related Neisseria species (Figure 2.6, Supplementary S2.4 and S2.5). Further 

B 
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evaluation of tmRNA as a diagnostic target for the species specific identification of 

N. meningitidis is discussed in Chapter 4.  

Figure 2.6: Representative Amplification curves for real-time NASBA diagnostics 

assay.  Real-time amplification curves for N. meningitidis strains, targeting tmRNA, in the 

FAM channel (470-530nm). NTC highlighted with triangles. All N. meningitidis samples 

detected. 

 

2.3.2. lepA mRNA diagnostic target 

lepA mRNA was evaluated as a potential diagnostic target for use in real-time 

NASBA diagnostic assays for the species specific identification of H. influenzae and 

S. pneumoniae.  

The lepA gene was sequenced for 7 H. haemolyticus strains and 1 unknown 

Haemophilus strain, previously designated H. haemolyticus, for comparison 

alongside the 6 publically available H. haemolyticus lepA gene sequences.  In-silico 

analysis established significant H. influenzae inter-strain lepA sequence variation 

which limits real-time NASBA assay design.  As a result, there is insufficient 

heterogeneity to accurately identify all H. influenzae and differentiate it from H. 

haemolyticus. Nevertheless, a real-time NASBA assay targeting lepA mRNA was 

designed for the in-vitro amplification of H. influenzae, for comparison against real-

time NASBA in-vitro amplification of H. influenzae tmRNA (Table 2.1). The 

molecular beacon probe was chosen where maximum sequence variation exists 
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between H. influenzae and H. haemolyticus, without losing specificity for H. 

influenzae. As a result, 1/14 H. haemolyticus species analysed is identical to H. 

influenzae in the lepA molecular beacon probe region (Supplementary S2.6). 

Initially inclusivity testing was carried out using the forward primer lepA P1.1 

(Table 2.1) Similar to the real-time NASBA assay targeting tmRNA, specificity 

testing was carried out at a concentration of 5ng RNA per reaction, which equates to 

approximately 50,000 cell equivalents (CE) (based on a typical bacterial cell 

containing 0.1 pg RNA[42]) . At this concentration, only 2/7 H. influenzae strains 

(DSM23393, DSM10000) were detected with certainty (Ct value obtained) 

(Supplementary S2.7A). At a higher RNA concentration (250ng/reaction [2.5 x 106 

CE]), all 7 strains were detected in the real-time NASBA assay targeting the lepA 

gene (Supplementary S2.7B). However, further inclusivity testing revealed that the 

assay does not detect 2 other in-house H. influenzae strains, DSM 11970 and the H. 

influenzae biogroup aegyptius strain, DSM21187 (Supplementary S2.7C).   

Subsequently the real-time NASBA assay P1 forward primer was redesigned to try 

improve sensitivity and specificity (P1.2; Table 2.1). Inclusivity testing was repeated 

at the lowest neat stock RNA concentration of 64.5 ng/reaction (6.45 x 105 CE). 

Similar to the previous assay, this assay only detected 7/9 H. influenzae culture 

collection strains and did not detect DSM11970 or DSM21187 (Supplementary 

S2.7D).  

The significant level of inter-strain lepA sequence variation lends itself to different 

NASBA RNA amplicon secondary structures for each H. influenzae strain (analysed 

using mfold RNA folding software; http://unafold.rna.albany.edu/?q=mfold/RNA-

Folding-Form2.3). It was hypothesized that the secondary structure of the single 

stranded RNA amplicons may be impacting assay efficiency and that due to the 

assays isothermal quality, primers and molecular beacons may not be able to 

hybridize to the RNA amplicon. Consequently, dimethyl sulfoxide (DMSO) was 

added to the real-time NASBA reaction to attempt to improve amplification 

efficiency. DMSO is often added to PCR to increase specificity and efficiency of 

PCR amplification [43]. Furthermore, it has been shown that DMSO reduces RNA 

secondary structure,  possibly improving reaction efficiency [44]. 4% DMSO 

concentration was determined empirically as the most optimum concentration to 

http://unafold.rna.albany.edu/?q=mfold/RNA-Folding-Form2.3)
http://unafold.rna.albany.edu/?q=mfold/RNA-Folding-Form2.3)
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potentially improve NASBA amplification performance (Supplementary S2.8). 

Subsequently, in-house H. influenzae strains were tested in a real-time NASBA 

assay with the addition of 4% DMSO (Figure 2.8). However, this did not improve 

the overall specificity of the assay and DSM 11970 and DSM 21187 are undetected.  

The real-time NASBA assay (without the addition of DMSO) was then tested against 

a panel of most closely related non-H. influenzae species as a further comparison to 

the real-time NASBA assay targeting tmRNA and this revealed the assay cross reacts 

with Histophilus somnus (CCUG36157) and H. haemolyticus (NC10839) (Figure 

2.9).  

 

Figure 2.8: Amplification curves for real-time NASBA diagnostics assay. Effects of 4% 

DMSO on real-time amplification curves for H. influenzae culture collection strains, 

targeting lepA mRNA, in the FAM channel (470nm-530nm). 2/8 H. influenzae strains not 

detected (DSM 11970 and DSM 21187; highlighted with diamonds) 
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Fig 2.9: Amplification curves for real-time NASBA diagnostics assay. Real-time 

amplification curves for non- H. influenzae closely related species, targeting H. influenzae 

lepA mRNA, in the FAM channel (470nm-530nm). 2 closely related species H. haemolyticus 

(NCTC 10839) and Histophilus somnus (CCUG36257) cross react. 

 

In-silico analysis established sufficient heterogeneity within the lepA gene sequence 

of S. pneumoniae and the lepA gene sequences of closely related species to 

accurately identify S. pneumoniae. Subsequently, a real-time NASBA diagnostic 

assay was developed targeting the lepA mRNA transcript of S. pneumoniae. The 

real-time NASBA diagnostic assay developed was tested against an inclusivity panel 

of S. pneumoniae strains (n=14) and exclusivity panel non-S. pneumoniae closely 

related species (n=37) (Table 2.2) and determined to be 100% specific for the 

identification of S. pneumoniae (Figure 2.10, Supplementary S2.9 and S2.10). 

Further evaluation of lepA mRNA as a diagnostic target for the species specific 

identification of S. pneumoniae is discussed in Chapter 4. 
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Fig 2.10: Amplification curves for real-time NASBA diagnostics assay. Real-time 

amplification curves for S. pneumoniae (DSMZ 20566) targeting lepA mRNA in the FAM 

channel (470 -530 nm). No non-S. pneumoniae species were detected by the assay.  

 

2.4. Conclusion 

In this study, both tmRNA and lepA mRNA have been established as potential 

diagnostic targets for the species specific identification of N. meningitidis and S. 

pneumoniae in a real-time NASBA assay, respectively. Both real-time NASBA 

diagnostic assays developed have been determined to be 100% specific for their 

target species, however, further validation of these real-time NASBA assays is 

required to conclusively establish the use of these RNA transcripts for the accurate 

and sensitive identification of N. meningitidis and S. pneumoniae.  

In-silico analysis and testing in real-time NASBA assays established that neither the 

tmRNA transcript nor the lepA mRNA transcript can be used as diagnostic targets to 

accurately identify H. influenzae and differentiate it from its most closely related 

species. In summary, the real-time NASBA assay targeting lepA mRNA is not 100% 

inclusive and amplification efficiency is poor especially at lower RNA 

concentrations. This may be due to the significant H. influenzae inter-strain variation 

impacting the NASBA RNA amplicon secondary structure and consequently the 

ability of the primers and molecular beacons to hybridize. However, the addition of 
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DMSO does not improve assay inclusivity and further investigation is required to 

validate this theory. Furthermore, the assay is not 100% exclusive and cross reacts 

with two closely related non-H. influenzae species, H. haemolyticus and H. somnus. 

The real-time NASBA assay targeting tmRNA, is 100% inclusive however similar to 

other published molecular targets, it is unable to differentiate H. influenzae from H. 

haemolyticus. As a result, further study is required to establish a target which can 

unambiguously identify H. influenzae. However, based on the comparison of real-

time NASBA assays developed in this study, the ssrA tmRNA transcript is the more 

suitable diagnostic target for the detection of H. influenzae.  

This study highlighted the need to establish a diagnostic target which can 

unambiguously identify H. influenzae. Chapter 3 describes how whole genome 

comparative analysis using online bioinformatics tools was carried out to identify 

novel diagnostic targets unique to H. influenzae, which were subsequently 

experimentally validated using real-time PCR. Following on from this, in Chapter 4, 

a novel diagnostic target identified and experimentally validated in real-time PCR 

format was transferred to a real-time NASBA assay platform. In addition, real-time 

NASBA assays developed in this study for the species specific identification of N. 

meningitidis and S. pneumoniae, targeting tmRNA and lepA mRNA were further 

validated. In summary, each of the three monoplex NASBA assays for the species 

specific identification of H. influenzae, N. meningitidis and S. pneumoniae were 

combined in a duplex format to include a non-competitive internal amplification 

control and limit of detection (LOD) and specificity established for each of these 

assays. 
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Figure S2.1: Amplification curves for real-time NASBA diagnostics assay. Figure S2.1A 

and S2.1B: Real-time amplification curves for H. influenzae culture collection strains, 

targeting tmRNA, in the FAM channel (470-530nm). NTC highlighted with triangles. All H. 

influenzae samples detected. Figure S2.1C -E: Real-time amplification curves for H. 

influenzae clinical isolate strains, targeting tmRNA, in the FAM channel (470-530nm). NTC 

highlighted with triangles. All H. influenzae samples detected. 
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Figure S2.2: Amplification curves for real-time NASBA diagnostics assay. Fig. S2.2A 

and Fig. S2.2B, Real-time amplification curves for 1 strain of H. influenzae (DSM23393) 

targeting tmRNA, in the FAM channel (470-530nm). All H. influenzae samples detected. No 

non-H. influenzae species detected.  
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H.influenzae_DSM23393               CGCGCTCCAGCTTCCGCTCGTAAGACGGGGATAACGCGGAGTCAAACCAA 169 

H.haemolyticusNCTC10659             CGCTCCCCAGCTTCCGCTCGTAAGACGGGGATAAAGCGGAGTCAAACCAA 169 

H.haemolyticusHK386                 CGCTCCCCAGCTTCCGCTCGTAAGACGGGGATAAAGCGGAGTCAAACCAA 192 

H.haemolyticusM19107                CGCGCCCCAGCTTCCGCTCGTAAGACGGGGATAACGCGGAGTCAAACCAA 192 

H.haemolyticusM19501                CGCGCCCCAGCTTCCGCTCGTAAGACGGGGATAACGCGGAGTCAAACCAA 192 

H.haemolyticusM21639                CGCGCCCTAGCTTCCGCTCGTAAGACGGGGATAACGCGGAGTCAAACCAA 192 

H.haemolyticusM21127                CGCGCCCTAGCTTCCGCTCGTAAGACGGGGATAACGCGGAGTCAAACCAA 192 

H.haemolyticusM21621                CGCGCCCTAGCTTCCGCTCGTAAGACGGGGATAACGCGGAGTCAACCCAA 192 

A.pleuropneumoniaeAP76              ATCGCCTCAGCTTCCGCTCGTAAGACGAGGGCAACGATAAGTCACC-CAA 191 

A.pleuropneumoniaeJL03              ATCGCCTCAGCTTCCGCTCGTAAGACGAGGGCAACGATAAGTCACC-CAA 191 

A.pleuropneumoniaeL20_5b            ATCGCCTCAGCTTCCGCTCGTAAGACGAGGGCAACGATAAGTCACC-CAA 191 

A.pleuropneumoniaeDSM13472          ATCGCCTCAGCTTCCGCTCGTAAGACGAGGGCAACGATAAGTCACC-CAA 168 

A.pleuropneumoniaeCVJ13261          ATCGCCTCAGCTTCCGCTCGTAAGACGAGGGCAACGATAAGTCAC-CCAA 191 

A.pleuropneumoniae_n273             ATCGCCTCAGCTTCCGCTCGTAAGACGAGGGCAACGATAAGTCAC-CCAA 191 

A.pleuropneumoniae4226              ATCGCCTCAGCTTCCGCTCGTAAGACGAGGGCAACGATAAGTCAC-CCAA 191 

A.pleuropneumoniae4074              ATCGCCTCAGCTTCCGCTCGTAAGACGAGGGCAACGATAAGTCAC-CCAA 191 

A.pleuropneumoniae56153             ATCGCCTCAGCTTCCGCTCGTAAGACGAGGGCAACGATAAGTCAC-CCAA 191 

A.pleuropneumoniae_s1536            ATCGCCTCAGCTTCCGCTCGTAAGACGAGGGCAACGATAAGTCAC-CCAA 191 

A.pleuropneumoniae_d13039           ATCGCCTCAGCTTCCGCTCGTAAGACGAGGGCAACGATAAGTCAC-CCAA 191 

A.pleuropneumoniae_m62              ATCGCCTCAGCTTCCGCTCGTAAGACGAGGGCAACGATAAGTCAC-CCAA 191 

A.pleuropneumoniae_femo_asm178      ATCGCCTCAGCTTCCGCTCGTAAGACGAGGGCAACGATAAGTCAC-CCAA 191 

A.suis_ATCC                         ATCGCCTCAGCTTCCGCTCGTAAGACGAGGGCAACGATAAGTCAC-CCAA 191 

A.suis_H91-0380                     ATCGCCTCAGCTTCCGCTCGTAAGACGAGGGCAACGATAAGTCAC-CCAA 191 

H.parasuis_SH0165                   ATCGCCTCAGCTTCCGCTCGTAAGACGAGGAGTTCGATAAGTCAC-CCAA 190 

H.parasuis29755                     ATCGCCTCAGCTTCCGCTCGTAAGACGAGGAGTTCGATAAGTCAC-CCAA 190 

H.parasuisZJ0906                    ATCGCCTCAGCTTCCGCTCGTAAGACGAGGAGTTCGATAAGTCAC-CCAA 190 

H.parasuis_KL0318                   ATCGCCTCAGCTTCCGCTCGTAAGACGAGGAGTTCGATAAGTCAC-CCAA 190 

H.parasuis_SH03                     ATCGCCTCAGCTTCCGCTCGTAAGACGAGGAGTTCGATAAGTCAC-CCAA 190 

H.parasuisDSM21448                  ATCGCCTCAGCTTCCGCTCGTAAGACGAGGAGTTCGATAAGTCAC-CCAA 167 

H.paraphrohaemolyticusHK411         ATCGCCTCAGCTTCCGCTCGTAAGACGAGGAGTTCGATAAGTCAC-CCAA 192 

H.sputorum_hk2154                   ATCGCCTCAGCTTCCGCTCGTAAGACGAGGAGTTCGATAAGTCAC-CCAA 192 

H.sputorum_CCUG13788                ATCGCCTCAGCTTCCGCTCGTAAGACGAGGAGTTCGATAAGTCAC-CCAA 192 

H.influenzaemuriamNCTC11135         ATCGCCTCAGCTTCCACTCGTAAGACGAGGAGTTCGATAAGTCAC-CCAA 169 

H.parahaemolyticusDSM21417          ATCGCCTCAGCTTCCGCTCGTAAGACGAGGATAACGATAAGTCAC-CCAA 169 

H.parahaemolyticusHK385             ATCGCCTCAGCTTCCGCTCGTAAGACGAGGATAACGATAAGTCAC-CCAA 192 

H.parahaemolyticus_G321             ATCGCCTCAGCTTCCGCTCGTAAGACGAGGATAACGATAAGTCAC-CCAA 192 

H.ducreyi35000HP                    CGCGCCCTAGCTTTCGCTCGTAAGACGGGGAGCACGCGGAGTCAAACCAA 192 

H.ducreyiNCTC10945                  CGCGCCCTAGCTTTCGCTCGTAAGACGGGGAGCACGCGGAGTCAAACCAA 172 

H.parainfluenzaeDSM8978             CGCTCCCCAGCTTCCGCTCGTAAGACGGGGATAAAGCGGAGTCAAATCAA 169 

H.parainfluenzae_ATCC33392          CGCTCCCCAGCTTCCGCTCGTAAGACGGGGATAAAGCGGAGTCAAATCAA 192 

H.parainfluenzaeT3T1                CGCTCCCCAGCTTCCGCTCGTAAGACGGGGATAAAGCGGAGTCAAATCAA 192 

H.parainfluenzaeHK262               CGCTCCCCAGCTTCCGCTCGTAAGACGGGGATAAAGCGGAGTCAAACCAA 192 

H.parainfluenzaeHK2019              CGCTCCCCAGCTTCCGCTCGTAAGACGGGGATAAAGCGGAGTCAAACCAA 192 

H.pittmaniaeHK_85                   CGCTCCCTAGCTTCCGCTCGTAAGACGGGGATAAAGCGGAGTCAAACCAA 192 

H.pittmaniaeDSM21203                CGCTCCCTAGCTTCCGCTCGTAAGACGGGGATAAAGCGGAGTCAAACCAA 169 

H.pittmaniaeDSM17420                CGCTCCCTAGCTTCCGCTCGTAAGACGGGGATAAAGCGGAGTCAAACCAA 169 

H.paracuniculusDSM21452             CGCTCCCTAGCTTCCGCTCGTAAGACGGGGATAAAGCGGAGTCAAACCAA 169 

A.actinomycececomitans_scc1398      CGCTCCCCAGCTTCCGCTCGTAAGACGGGGATAAAGCGGAGTCAAACCAA 191 

A.actinomycececomitans_s23a         CGCTCCCCAGCTTCCGCTCGTAAGACGGGGATAAAGCGGAGTCAAACCAA 191 

A.actinomycececomitans_123c         CGCTCCCCAGCTTCCGCTCGTAAGACGGGGATAAAGCGGAGTCAAACCAA 191 

A.actinomycececomitans_scc4092      CGCTCCCCAGCTTCCGCTCGTAAGACGGGGATAAAGCGGAGTCAAACCAA 191 

A.actinomycececomitans_d17p_2       CGCTCCCCAGCTTCCGCTCGTAAGACGGGGATAAAGCGGAGTCAAACCAA 192 

A.actinomycececomitans_aas4a        CGCTCCCCAGCTTCCGCTCGTAAGACGGGGATAAAGCGGAGTCAAACCAA 192 

A.actinomycececomitans_anh9381      CGCTCCCCAGCTTCCGCTCGTAAGACGGGGATAAAGCGGAGTCAAACCAA 192 

A.actinomycetemcomitans_D7S-1       CGCTCCCCAGCTTCCGCTCGTAAGACGGGGATAAAGCGGAGTCAAACCAA 192 

A.actinomycececomitans_a160         CGCTCCCCAGCTTCCGCTCGTAAGACGGGGATAAAGCGGAGTCAAACCAA 192 

A.actinomycececomitans_y4_kB29      CGCTCCCCAGCTTCCGCTCGTAAGACGGGGATAAAGCGGAGTCAAACCAA 192 

A.actinomycececomitans_i63b         CGCTCCCCAGCTTCCGCTCGTAAGACGGGGATAAAGCGGAGTCAAACCAA 192 

A.actinomycececomitans_h5p1         CGCTCCCCAGCTTCCGCTCGTAAGACGGGGATAAAGCGGAGTCAAACCAA 192 

A.actinomycececomitans_d18p1        CGCTCCCCAGCTTCCGCTCGTAAGACGGGGATAAAGCGGAGTCAAACCAA 192 

A.actinomycececomitans_scc393       CGCTCCCCAGCTTCCGCTCGTAAGACGGGGATAAAGCGGAGTCAAACCAA 191 

A.actinomycececomitans_d11s_1       CGCTCCCCAGCTTCCGCTCGTAAGACGGGGATAAAGCGGAGTCAAACCAA 192 

A.actinomycetemcomitans_ANH938      CGCTCCCCAGCTTCCGCTCGTAAGACGGGGATAAAGCGGAGTCAAACCAA 192 

A.actinomycetemcomitans_HK1651      CGCTCCCCAGCTTCCGCTCGTAAGACGGGGATAAAGCGGAGTCAAACCAA 192 

A.actinomycececomitans_sc1083       CGCTCCCCAGCTTCCGCTCGTAAGACGGGGGTAAAGCGGAGTCAAAC-AA 191 

H.aphrophilusNCTC11096              CGCTCCCCAGCTTCCGCTCGTAAGACGGGGATAAAGCGGAGTCAAACCCA 169 

H.aphrophilus_atcc33389             CGCTCCCCAGCTTCCGCTCGTAAGACGGGGATAAAGCGGAGTCAAACCCA 192 

H.aphrophilus_nj8700                CGCTCCCCAGCTTCCGCTCGTAAGACGGGGATCAAGCGGAGTCAAACCCA 192 

H.aphrophilus_fo387                 CGCTCCCCAGCTTCCGCTCGTAAGACGGGGATCAAGCGGAGTCAAACCCA 192 

H.segnisNC10977                     CGCTCCCCAGCTTCCGCTCGTAAGACGGGGATAAAGCGGAGTCAAACCCA 169 

A.paragallinarum_AVPG2015           CTCTCCCCAGCTTCCGCTCGTAAGACGGGGATAAAGAGGAGTCAAACCCA 192 

A.paragallinarum_Cepa72             CTCTCCCCAGCTTCCGCTCGTAAGACGGGGATAAAGAGGAGTCAAACCCA 192 

A.paragallinarum_JF4211             CTCTCCCCAGCTTCCGCTCGTAAGACGGGGATAAAGAGGAGTCAAACCCA 191 

A.paragallinarum_AvpgCL             CTCTCCCCAGCTTCCGCTCGTAAGACGGGGATAAAGAGGAGTCAAACCCA 191 

A.paragallinarum_221                CTCTCCCCAGCTTCCGCTCGTAAGACGGGGATAAAGAGGAGTCAAACCCA 191 

H.somnus2336                        CACTCCCTAGCTTTCGCTCGTAAGACGGGGATAAAGTGGAGTCAAATCCA 192 

H.somnus129T                        CACTCCCTAGCTTTCGCTCGTAAGACGGGGATAAAGTGGAGTCAAATCCA 192 

H.felisDSM21192                     CGCTCCCCAGCTTCCGCTCGTAAGACGGGGATCCAGCGGAGTCAAACCCA 168 

A.aviumDSM18557                     TACCCTCCA----TCGCCCATGTGGCGGG----ATAGGGGCTCAA-CCTT 165 

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

Figure S2.3. ClustalW multiple sequence alignment of the ssrA gene of the Haemophilus 

genus highlighting the H. influenzae specific real-time NASBA molecular beacon probe 

(green) and respective base pair mismatches in closely related Haemophilus species (red). 
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Figure S2.4: Amplification curves for real-time NASBA diagnostics assay. Real-time 

amplification curves for N. meningitidis strains, targeting tmRNA, in the FAM channel (470-

530nm). NTC highlighted with triangles. All N. meningitidis samples detected.  
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Figure S2.5: Amplification curves for real-time NASBA diagnostics assay. Real-time 

amplification curves for N. meningitidis (NCTC 9392) targeting tmRNA in the FAM 

channel (470 -530 nm). No non-N. meningitidis species were detected by the assay.  
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H.influenzae_DSM23393             TGGGGAGGTTGTTTATGTGGATAGTCCTGCAAAATTGCCTCCACTTAATA 1165 

H.haemolyticus_M19501             TGGGGAGGTTGTTTATGTGGATAGTCCTGCAAAATTGCCTCCACTTAATA 1183 

H.haemolyticus_CCUG34110          TGGTGATGTTGTTTACGTCGATAGTCCATCGAAATTGCCTCCGCTTAATA 1183 

H.haemolyticus_CCUG15642          TGGCGAGGTTGTTTATGTGGATAGTCCTGCAAAATTACCTCCGCTTAATA 1183 

H.haemolyticus_M21127             TGGCGAGGTTGTTTATGTGGATAGTCCTGCAAAATTACCTCCGCTTAATA 1183 

H.haemolyticus_CCUG36016          TGGCGAGGTTGTTTATGTGGATAGTCCTGCAAAATTACCTCCGCTTAATA 1183 

H.haemolyticus_CCUG36015          TGGTGATGTTGTTTACGTCGATAGTCCATCGAAATTGCCTCCGCTTAATA 1183 

H.haemolyticus_M21621             TGGTGATGTTGTTTACGTCGATAGTCCATCGAAATTGCCTCCGCTTAATA 1183 

H.haemolyticus_CCUG15312          TGGTGATGTTGTTTACGTCGATAGTCCATCGAAATTGCCTCCGCTTAATA 1183 

H.haemolyticus_CCUG12834T         TGGTGATGTTGTTTACGTCGATAGCCCATCGAAATTGCCTCCGCTTAATA 1183 

H.haemolyticus_HK386              TGGTGATGTTGTTTACGTCGATAGCCCATCGAAATTGCCTCCGCTTAATA 1183 

H.haemolyticus_NCTC10839          TGGTGATGTTGTTTACGTTGATAGTCCATCTAAATTGCCTCCACTTAATA 1165 

H.haemolyticus_CCUG24149          TGGTGATGTGGTTTACGTCGATAGTCCATCGAAATTGCCTCCACTTAATA 1183 

H.haemolyticus_M21639             TGGTGATGTGGTTTACGTCGATAGTCCATCGAAATTGCCTCCGCTTAATA 1183 

H.haemolyticus_M19107             TGGTGATGTTGTTTACGTCGATAGTCCATCGAAATTGCCTCCGCTTAATA 1183 

H.parainfluenzae_ATCC33392        TGGTGAAGTGGTTTATGTGGATAGTCCATCAAAACTGCCACCATTAAATA 1210 

H.parainfluenzae_HK262            TGGTGAAGTCGTTTATGTTGATAGCCCATCGAAACTGCCACCGTTAAATA 1210 

H.parainfluenzae_HK2019           TGGTGAAGTAGTTTATGTGGACAGTCCATCAAAACTGCCACCGTTAAATA 1210 

H.parainfluenzae_T3T1             TGGTGAAGTGGTTTATGTGGACAGTCCAGCGAAATTACCGCCATTGAATA 1210 

H.pittmaniae_HK85                 TGGTGAAGTGATTTATGTGGATAGCCCGGCAAAATTGCCACCATTGAATA 1183 

H.somnus_129PT                    TGGCGAAGTGATTTATGTAGATAGTCCAGCAAAATTACCCCCACTAAACA 1183 

H.somnus_2336                     TGGCGAAGTGATTTATGTAGATAGTCCAGCAAAATTACCCCCACTAAACA 1183 

A.aphrophilus_F0387               TGGTGAGGTTGTCTATGTAGATAGCCCATCGAAACTACCACCGTTAAACA 1204 

A.aphrophilus_NJ8700              TGGTGAGGTTGTCTATGTAGATAGCCCATCGAAACTACCACCGTTAAACA 1204 

A.aphrophilus_ATCC33389           TGGTGAGGTTGTCTATGTAGATAGCCCATCGAAACTACCACCGTTAAACA 1204 

A.segnis_ATCC33393                TGGTGAGGTAGTCTATGTGGACAGTCCGTCAAAACTGCCGCCGTTAAACA 1183 

H.parahaemolyticus_HK385          TGGTGAAACTGTCTATGTGGATAGCCCATCGAAATTACCACCGATTAGTA 1189 

H.paraphrohaemolyticus_HK411      TGGGGAAACCGTTTATGTGGATAGTCCATCGAAATTGCCACCGATTAGTA 1189 

H.parasuis_29755                  TGGCGAAATTGTCTATGTAGATAGCCCGTCGAAGTTGCCTGCGATTAACA 1189 

H.parasuis_SH0165                 TGGCGAAATTGTCTATGTAGATAGCCCGTCGAAGTTGCCTGCGATTAACA 1189 

A.pleuropneumoniae_AP76           CGGCGAAACCATTTATGTGGACAGTCCGTCAAAATTACCTCCGATCAGTA 1189 

A.pleuropneumoniae_JL03           CGGCGAAACCATTTATGTGGACAGCCCGTCAAAATTACCTCCGATCAGTA 1189 

A.pleuropneumoniae_L20            CGGCGAAACCATTTATGTGGACAGCCCGTCAAAATTACCGCCGATCAGTA 1189 

H.ducreyi_35000HP                 TGGCGAAACGATTTACGTAGATAGCCCGTCAAAATTACCGCCGATTAGTA 1189 

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

 

Figure S2.6. ClustalW multiple sequence alignment of the lepA gene of the Haemophilus 

genus highlighting the H. influenzae specific real-time NASBA molecular beacon probe 

(green) and respective base pair mismatches in closely related Haemophilus species (red). 
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Figure S2.7: Amplification curves for real-time NASBA diagnostics assay. Real-time 

amplification curves for H. influenzae culture collection strains, targeting lepA mRNA, in 

the FAM channel (470-530nm). NTC highlighted with triangles. Fig. S2.6A. 2/7 H. 

influenzae strains detected (DSM23393 and DSM1000). Fig S2.6B- D, 7/9 H. influenzae 

detected. DSM11970 and DSM21187 not detected.  
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Figure S2.8: Amplification curves for real-time NASBA diagnostics assay. Effects of 

varying concentrations of DMSO (0-8%) on real-time amplification curves for H. influenzae 

(DSM23393), targeting lepA mRNA, in the FAM channel (470nm-530nm). 
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Fig S2.9: Amplification curves for real-time NASBA diagnostics assay. Real-time 

amplification curves for S. pneumoniae strains, targeting lepA mRNA, in the FAM channel 

(470-530nm). NTC highlighted with triangles. All S. pneumoniae samples detected. 
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Fig S2.10: Amplification curves for real-time NASBA diagnostics assay. Real-time 

amplification curves for S. pneumoniae (DSMZ 20566) targeting lepA mRNA in the FAM 

channel (470 -530 nm). No non-S. pneumoniae species were detected by the assay.  
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Abstract  

Haemophilus influenzae is recognized as an important human pathogen associated 

with invasive infections, including blood stream infection and meningitis.  Currently 

used molecular based diagnostics assays lack specificity in correctly detecting and 

identifying H. influenzae. As such, there is a need to develop novel diagnostics 

assays for the specific identification of H. influenzae.  

Whole genome comparative analysis was performed to identify putative diagnostics 

targets which are unique in nucleotide sequence to H. influenzae. From this analysis 

we identified two H. influenzae putative diagnostics targets, phoB and pstA, for use 

in real-time PCR diagnostics assays. Real-time PCR diagnostics assays using these 

targets were designed and optimised to specifically detect and identify all 55 H. 

influenzae strains tested. These novel rapid assays can be applied to the specific 

detection and identification of H. influenzae, for use in epidemiological studies and 

could also enable improved monitoring of invasive disease caused by these bacteria.  

3.1. Introduction 

Haemophilus influenzae is the most pathogenic of the 8 Haemophilus species which 

reside as commensals in the human respiratory tract [1]. H. influenzae strains are 

categorised based on the presence (encapsulated) or absence (unencapsulated) of a 

polysaccharide capsule. Encapsulated strains can be further categorised based on 

their distinct capsular antigens (typeable; serotypes a - f) whilst unencapsulated 

strains are referred to as Non-Typeable H. influenzae (NTHi) [2]. In the pre-vaccine 

era, the encapsulated H. influenzae serotype b (Hib), was the primary cause of 

invasive disease such as meningitis, bacteraemia and pneumonia [3]. Upwards of 

95% reduction in the number of H. influenzae meningitis cases have been recorded 

since the implementation of the Hib conjugate vaccine [4]. Whilst H. influenzae 

invasive infection in developed countries has declined, NTHi are now the most 

common cause of H. influenzae invasive infections [3, 5-7]. In addition, 

NTHi have replaced type b strains as the most common blood stream 

isolates [8]. 
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Haemophilus haemolyticus is also a human commensal bacterium that colonizes 

the respiratory tract and is closely related to H. influenzae. Both H. influenzae and H. 

haemolyticus require hemin (X factor) and NAD (V factor) for growth. Phenotypic 

methods of differentiating H. haemolyticus from NTHi rely on the ability of H. 

haemolyticus to lyse horse red blood cells [9]. However, this haemolysis may be lost 

after subculture [10, 11] and as a consequence, non-hemolytic H. haemolyticus have 

been misidentified as H. influenzae [12]. H. haemolyticus was considered a rare 

pathogen [8],  however, more recently, a number of cases of invasive disease 

originally attributed to NTHi have been confirmed as non-haemolytic H. 

haemolyticus [13-15]. Phenotypic techniques cannot conclusively differentiate H. 

influenzae from H. haemolyticus and other Haemophilus species and therefore, 

alternative molecular techniques must be used to do so [16]. 

Real-time PCR diagnostics assays for the identification of H. influenzae have been 

developed targeting various genes including bexA [17, 18], ompP2 [19-22], ompP6 

[17, 23, 24], 16S rDNA  [12], licA [20], rnpB [23], frdB [25], iga [26] hpd [21, 27, 

28] and fucK [20, 29, 30]. Diagnostics assays targeting the fucK and hpd genes have 

been established as superior for the specific detection of H. influenzae over other 

routinely used gene targets [16, 20, 31]. However, some NTHi strains have been 

reported as lacking the fucK [32-35] or hpd genes [36]. As such published literature 

indicates that no one molecular marker can unequivocally differentiate NTHi from 

H. haemolyticus [16, 31]. 

In this study, we used comparative genome analysis to identify novel diagnostics 

targets, which could then be used to develop H. influenzae specific real-time PCR. 

Two real-time PCR assays targeting these novel diagnostics targets were developed 

and their performance determined. To further validate the real-time PCR diagnostics 

assays developed, a panel of culture positive clinical isolates, that were identified as 

H. influenzae using MALDI-TOF MS, were blindly tested. The results of MALDI 

TOF MS and the real-time PCR diagnostics assays were 100% concordant. 
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3.2. Materials and Methods 

3.2.1. Diagnostics Target Identification  

Publicly available whole genome sequences for H. influenzae and H. haemolyticus 

strains were analysed to identify novel diagnostics targets unique to H. influenzae 

and absent from H. haemolyticus and other Haemophilus species. H. influenzae 

whole genome sequences are publicly available however, H. haemolyticus genome 

sequences (n = 6) are only available as contiguous sequences (contigs) from the 

National Center for Biotechnology Information (NCBI) website 

(http://www.ncbi.nlm.nih.gov ). For each of the H. haemolyticus strains (M19501, 

M19107, M21127, M21621, M21639 and HK386), contigs were ordered and 

assembled using the Mauve contig mover tool in the Mauve genome alignment 

software (http://gel.ahabs.wisc.edu/mauve/). The European Molecular Biology Open 

Software Suite tool Emboss union (http://emboss.us.es/cgi-bin/emboss/union ) was 

used to concatenate the multifasta Mauve output to create a single FASTA formatted 

file. Whole genome annotation was then carried out using the online genome 

annotation service RAST (Rapid Annotation using Subsystem Technology; 

http://rast.nmpdr.org/) and the resulting data downloaded in EMBL format. Potential 

diagnostics targets within H. influenzae were then identified using WebACT 

(http://www.webact.org/WebACT/home) by aligning the whole genome sequence of 

three H. haemolyticus strains (M19501, M19107 and HK386) and the whole genome 

sequence of their most closely related H. influenzae strain (R2866: Accession 

number NC_017451). Potential diagnostic targets were further analysed using 

microbial nucleotide BLAST 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE=BlastSearch&BLAST_SPEC

=MicrobialGenomes) to search for similarities in closely related species. 

3.2.2. Bacterial strains, Culture media and Growth conditions 

A panel of H. influenzae (n=13), and closely related species (n=33) were obtained 

from various culture collections (Table 3.1). All strains were cultured under 

microaerophilic conditions in haemophilus test media broth (Oxoid), chocolate broth 

(Fannin Scientific) or on Columbia chocolate agar plates (Fannin Scientific) at 37oC 

until sufficient growth was observed. 

http://www.ncbi.nlm.nih.gov/
http://gel.ahabs.wisc.edu/mauve/
http://emboss.us.es/cgi-bin/emboss/union
http://www.webact.org/WebACT/home
http://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE=BlastSearch&BLAST_SPEC=MicrobialGenomes
http://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE=BlastSearch&BLAST_SPEC=MicrobialGenomes
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3.2.3. DNA isolation and Quantification 

Genomic DNA from all species was isolated from 1.5 ml of culture using a DNeasy 

Blood and Tissue Kit as per manufacturers’ instructions (Qiagen, Hilden, Germany). 

DNA concentrations were determined using the Qubit dsDNA HS Assay and the 

Qubit 1.0 fluorometer (Life Technologies, Carlsbad, CA). Purified DNA samples 

were stored at -20°C prior to use. 

3.2.4. Conventional PCR and Nucleic Acid Sequencing 

Nucleotide sequence data used for real-time PCR diagnostics assay design was 

recovered from the National Centre for Biotechnology Information (NCBI-

http://www.ncbi.nlm.nih.gov/) or was generated in this study. Sequencing primers 

were designed to amplify 832 bp of the pstA gene and 681 bp of the phoB gene of H. 

influenzae to identify optimal diagnostics target regions for primer and probe design.  

PCR was carried out using the sequencing primers (Table 3.2) on an iCycler iQ 

thermal cycler (Bio-Rad Laboratories Inc., CA) to amplify the pstA and phoB targets 

in representative culture collection strains of H. influenzae. All reactions were 

performed using the FastStart PCR Master Kit (Roche Diagnostics, Basel, 

Switzerland) according to manufacturer’s instructions. The thermal cycling 

parameters used consisted of a denaturation cycle at 95oC for 4 min, followed by 35 

cycles at 95 oC (30 s), 50oC (30 s) and 72oC (30 s), and a final elongation cycle at 72 

oC for 7 min. PCR products were purified using the HighPure PCR product 

purification kit (Roche Diagnostics) and were sequenced externally (Sequiserve, 

Vaterstetten, Germany). 

3.2.5. PCR primer and probe design 

Nucleotide sequences of the diagnostics targets identified in this study were aligned 

using ClustalW multiple sequence alignment programme 

(http://www.ebi.ac.uk/Tools/clustalw2/index.html). Oligonucleotide primers and 

hydrolysis probes were manually designed in accordance with general 

recommendations and guidelines [37, 38]. Species specific oligonucleotide primers 

and probe were designed for real-time PCR diagnostics assays. All primers and 

http://www.ncbi.nlm.nih.gov/
http://www.ebi.ac.uk/Tools/clustalw2/index.html
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probe (Table 3.2) used in this study were obtained from Eurofins MWG-Operon 

(Ebersberg, Germany). IAC Development 

A non-competitive internal amplification control (IAC) targeting the ssrA gene of 

Bacillus subtillis subsp. spizizenii previously developed in-house was incorporated 

into the real-time PCR diagnostics assays (Table 3.2).  

3.2.6. Real-Time PCR 

Duplex real-time PCR diagnostics assays were optimised and the analytical 

specificity and LOD determined. All real-time PCR diagnostics assays were 

performed on a LightCycler 480 (Roche Diagnostics) using the LightCycler 480 

probes master kit (Roche Diagnostics). Real-time PCR reactions were performed in a 

total volume of 20 µl consisting of 2 x probes master, forward and reverse primers 

(0.5 µM final concentration), probes (0.2 µM final concentration), template DNA (2 

µl, 104 genome equivalents GE) and IAC DNA (2 µl, 103 GE). Nuclease free H2O 

was added to make up final volume. A no template control was included in each 

experiment. The cycling parameters consisted of a 10 min denaturation step followed 

by 50 cycles of 95oC for 10 s, 60oC for 30 s and a final cooling step at 40oC for 10 s. 

The LightCycler 480 ramp rate was 4.4oC/s while heating and 2.2oC/s on cooling. To 

prevent fluorescence signal leakage between detection channels on the LightCycler 

480, a colour compensation was generated [39].  

3.2.7. Multiplex PCR assay specificity and LOD 

To evaluate the specificity of the diagnostics assays developed, genomic DNA from 

55 H. influenzae and 33 closely related Haemophilus species (Table 3.1) were tested 

in triplicate. The LOD of each assay in multiplex format was determined using 

Probit regression analysis in MiniTab (MiniTab Inc., State College, PA) [40]. 

Purified H. influenzae genomic DNA (DSM4690) was diluted in nuclease free dH2O. 

Twelve replicates of each dilution 15, 10, 8, 6, 4, 2, 1 and 0.1 GE were evaluated. 

To determine the efficiency of each assay in both monoplex and multiplex format, 

serial dilutions of purified H. influenzae genomic DNA (DSM4690) at 1 x 106, 5 x 

105, 1 x 105, 5 x 104, 1 x 104, 5 x 103, 1 x 103, 5 x 102, 1 x 102 and 5 x101 were tested 

in triplicate. Standard curves of CT versus GE were then constructed. Efficiency (%) 
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was calculated based on the slope of the line using an online qPCR efficiency 

calculator (http://www.thermoscientificbio.com/webtools/qpcrefficiency/).  

3.2.8. Clinical Isolate Evaluation 

H. influenzae clinical isolates (n= 42) were cultured on Columbia chocolate agar 

plates and were subjected to MALDI-TOF MS analysis (MALDI biotyper, Bruker 

Daltonics) and the spectra were compared to the software Version 3.4.  A number of 

clinical isolates were typed using conventional PCR [41](n = 6, isolated from blood; 

Table 3.1) and real-time PCR [18] (n = 3, isolated from sputum; Table 3.1). 

3.2.9. fucK Real-Time PCR 

H. influenzae culture confirmed clinical isolates (n = 42), H. influenzae culture 

collection isolates (n = 13), H. haemolyticus (n = 10) and 1 Haemophilus sp. 

(previously designated H. haemolyticus) were also tested in triplicate using a 

published fucK real-time PCR diagnostics assay [20].  

3.3. Results 

3.3.1. Diagnostics Target Identification 

Whole genome sequence comparison of H. influenzae R2866 and three H. 

haemolyticus strains (M19502, M19107 and HK386) was carried out using 

WebACT. H. influenzae R2866 was used as a reference genome as it was recognized 

as being the most closely related strain to H. haemolyticus based on the RAST 

comparison analysis. 325 unique regions, comprising of both genes and intergenic 

nucleotide sequence, were identified that were present in H. influenzae and absent in 

H. haemolyticus. Each of these regions was BLAST analysed and further evaluated 

using three criteria to determine their suitability as diagnostics targets. Firstly, 

regions were refined by ruling out putative diagnostics targets that had significant 

BLAST hits with H. haemolyticus. Secondly, based on in silico evaluation, any 

putative diagnostics targets identified must be present in all 22 publicly available 

whole and draft genome sequences of H. influenzae. Finally, diagnostics targets 

identified with significant inter-strain sequence variation were then also excluded. 

http://www.thermoscientificbio.com/webtools/qpcrefficiency/
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Based on the above criteria, 6 diagnostic targets (pstS, pstC, pstA, pstB, phoR and 

phoB) were identified as having the greatest potential for the development of a H. 

influenzae specific real-time PCR diagnostics assays. Nucleotide sequence data for 

each of the potential diagnostics targets was retrieved from NCBI and in silico 

analysis was performed to further assess their suitability for H. influenzae specific 

detection. Of these, pstA and phoB were found to contain the most sequence 

variation when compared with other non- H. influenzae bacterial species and contain 

the least H. influenzae inter-strain variation, and were therefore selected for further 

analysis.  

3.3.2. Real-Time PCR assay Specificity 

The specificity of each real-time PCR diagnostics assay was confirmed in duplex 

format using the panel of bacteria listed in Table 3.1.  All culture collection strains 

and clinical isolates of H. influenzae were detected by both assays. None of the non-

H. influenzae microorganisms tested were detected by the assays (Figure 3.1A-D).  

3.3.3. Real-Time PCR assay Efficiency and LOD 

The efficiencies of each assay were evaluated in both monoplex and multiplex real-

time PCR format. H. influenzae genomic DNA (DSMZ 4690) was quantified and 

serial dilutions were prepared based on H. influenzae genome size (1,830,137 bp) 

[42] which equates to 1.9 fg DNA per cell 

(http://www.changbioscience.com/genetics/mw.html). Both assays were highly 

efficient in monoplex (phoB 94.66%, pstA 94.51%). In multiplex, efficiency is 

comparable in the pstA assay (93.47%) and is slightly reduced in the phoB assay 

(88.87%). Plots of Cp versus GE were linear over a range of 1 x 106, 5 x 105, 1 x 105, 

5 x 104, 1 x 104, 5 x 103, 1 x 103, 5 x 103, 1 x 103, 5 x 102, 1 x 102, and 5 x 101 GEs 

for the phoB and pstA monoplex and pstA multiplex assays. (Figure 3.2A-C). 

Linearity is decreased at lower concentrations of H. influenzae DNA in the phoB 

multiplex assay (Figure 3.2D). 

In multiplex format, the LOD was determined using Probit regression analysis [40]. 

With 95% confidence, the LOD of the phoB and pstA assays was 6.49 and 10.49 GE 

respectively. 
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3.3.4. fucK real-time PCR assay 

A fucK real-time PCR diagnostics assay was also used to identify all H. influenzae 

culture collection strains and clinical isolates (Table 3.1) used in this study. From 

this analysis, 51/55 of the tested H. influenzae strains were detected by the fucK 

assay.  

3.3.5. Clinical Isolate Evaluation 

All 42 clinical isolates were screened using MALDI-TOF MS. The MALDI-TOF 

software identified all strains to species level and confirmed that all clinical isolates 

are H. influenzae, all with scores greater than 2.0. All clinical isolates typed (n=9) 

using published capsular typing methods were confirmed as NTHi. 

3.4. Discussion 

H. influenzae is known to cause a wide spectrum of disease, ranging from non-

invasive infections including bronchitis and conjunctivitis to more serious infections 

including meningitis, pneumonia and sepsis. Bacterial culture is the preferred 

method for the diagnosis of invasive H. influenzae [20]. However, culture based 

methods are time-consuming, often taking up to 36 hr or more [43-45]. Also, in 

many cases, pre-treatment of the infection with broad spectrum antibiotics m a y 

p r o d u ce  f a l s e  n e ga t i v e s  [46]. Evaluation of a number of biomarker genes for 

differentiating H. influenzae from H. haemolyticus and other non- H. influenzae 

species suggests that there is no one diagnostic target identified to date that can 

unambiguously differentiate the two microorganisms [31].  

Recently, draft whole genome sequences of six H. haemolyticus strains have been 

published [15]. In the study presented here, comparative analysis between these 

strains and H. influenzae highlighted a number of variable regions between the 

genomes of the two species. BLAST and ClustalW analysis identified 6 genes, phoB, 

phoR, pstS, pstC, pstA, and pstB, as potential diagnostics targets for the 

discrimination of the two microorganisms. In silico nucleotide sequence analysis 

revealed that these genes are present in H. influenzae but are absent in all other 

recognised Haemophilus species. These genes, which have been studied extensively 
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in E. coli , are members of the bacterial pho (phosphate) regulon and are involved in 

the transport and assimilation of inorganic phosphate (Pi) [47, 48].  

Two of the putative diagnostic targets identified namely phoB and pstA were further 

evaluated for their ability to accurately identify H. influenzae and distinguish it from 

other closely related Haemophilus species. phoB was chosen as a  diagnostics target 

as it is only present in Gram negative bacteria (with a homolog phoP in Gram 

positive bacteria) [47]. The pstA gene was also chosen as a diagnostics target for 

further evaluation as it was found to have the least inter-strain gene nucleotide 

sequence heterogeneity and the greatest level of gene nucleotide sequence variation 

compared with other bacteria (data not shown). Internally controlled real-time 

duplex PCR assays were developed for each of these selected diagnostics targets. 

Both assays were determined to be 100% specific for the detection of H. influenzae. 

The established LOD of 6.49 GE and 10.49 GE (95% confidence), for both assays 

respectively, is comparable to other studies targeting fucK, which have LODs of 10 

genome copies (95% confidence) [20] and between 5 (5/8 reactions) and 50 (8/8 

reactions) genomes copies [29]. We also compared our assays to a previously 

developed fucK real-time PCR assay as this is one of the diagnostics target most 

commonly used in the literature for the specific detection of H. influenzae.  This 

comparative analysis demonstrated that both the phoB and pstA assays are more 

specific for the detection of H. influenzae compared to the fucK assay. Of the 42 

clinical isolates identified as H. influenzae using MALDI-TOF MS and the novel 

real-time PCR diagnostics assays developed in this study, 3 (7.1%) were not detected 

by the fucK assay. One of the culture collection strains (CCUG 58365) was also not 

detected using the fucK assay due to a deletion of the fucose operon as previously 

reported in this strain [34].  

When evaluating the two real-time PCR diagnostics assays developed in this study, 

their performance in terms of specificity and LOD are comparable. However, the 

pstA multiplex real-time PCR assay is more efficient than the phoB multiplex real-

time PCR assay. In addition, IAC amplification is inhibited at a H. influenzae DNA 

concentration of greater than 105 GE in the phoB multiplex PCR assay, revealing the 

pstA assay is more robust in terms of overall real-time PCR assay performance.  
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In this study we set out to identify novel diagnostics targets that could be used in 

real-time PCR assays to rapidly detect and specifically identify H. influenzae. The 

novel real-time PCR diagnostics assays developed could enable improved 

monitoring of invasive disease caused by this bacteria while also providing the 

clinician with valuable information about the optimal therapeutic regimen to initiate 

patient treatment. We propose that the developed assays now merit extensive 

multicentre evaluation in clinical settings. 

Table 3.1: Bacterial species and strains included in this study 

Organism Strain c/ Source Assayd 

 

phoB 

 

pstA fucK 

H. influenzae reference strains 

H. influenzae type a NCTC 8465 + +  + 

H. influenzae type b DSMZ 23393c + +  + 

H. influenzae type b DSMZ 11969c + + + 

H. influenzae type b DSMZ 11970c + + + 

H. influenzae type b DSMZ 10001c + + + 

H. influenzae type b DSMZ 4690c + + + 

H. influenzae type c NCTC 8469 + + + 

H. influenzae type d DSMZ 11121c + + + 

H. influenzae type e NCTC 8472 + + + 

H. influenzae type f DSMZ 10000c + + + 

H. influenzae  NTHi DSMZ 9999c + + + 

H. influenzae  NTHi CCUG 58365 + + 

 

- 

H. influenzae biogroup aegyptius DSMZ 21187c + + + 

Clinical isolates (n=6)a Blood +  + + 

Clinical isolates (n=12)a Ear/Eye swab + + + 

Clinical isolates (n=24)a Sputum + + + (21)e  

Non- H. influenzae strains     

H. haemolyticus CDC-M19501 - - - 

H. haemolyticus CDC-M21127 - - - 

H. haemolyticus CDC--M21621 - - - 

H. haemolyticus CCUG 24149 - - - 

H. haemolyticus CCUG 36015 - - - 

H. haemolyticus CCUG 36016 - - - 

H. haemolyticus CCUG 15642 - - - 

H. haemolyticus CCUG 15312 - - - 

H. haemolyticus NCTC 10839 - - - 



Chapter 3 

 

120 
 

H. haemolyticus NCTC 10659 - - - 

H. ducreyi DSMZ 8925 - - / 

H. felis DSMZ 21192 - - / 

H. haemoglobinophilus DSMZ 21241 - - / 

H. paracuniculus DSMZ 21452 - - / 

H. parahaemolyticus DSMZ 21417 - - / 

H. parainfluenzae DSMZ 8978 - - / 

H. paraphrohaemolyticus DSMZ 21451 - - / 

H. parasuis DSM 21448 - - / 

H. pittmaniae DSMZ 21203 - - / 

H. pittmaniae DSMZ 17420 - - / 

Haemophilus sp. CCUG 34110 - - - 

Actinobacillus suis DSMZ 22433 - - / 

Actinobacillus pleuropneumoniae DSMZ 13472 - - / 

Aggregatibacter aphrophilus NCTC 11096 - - / 

Aggregatibacter aphrophilus NCTC 10558 - - / 

Aggregatibacter actinomycetecomitans DSMZ 11121 - - / 

Aggregatibacter actinomycetecomitans DSMZ 8324 - - / 

Aggregatibacter segnis NCTC 10977 - - / 

Avibacterium avium DSMZ 18557 - - / 

Avibacterium paragallinarum DSMZ 18554 - - / 

Gardnerella vaginalis DSMZ 4944 - - / 

Histophilus somni CCUG 36157 - - / 

Taylorella equigenitalis DSMZ 10668 - - / 

a All Clinical isolates were identified as H. influenzae using MALDI-TOF MS 

b NCTC = National Collection of Type Cultures; * DSMZ = The German Collection of 

Microorganisms; *CCUG = Culture Collection, University of Göteborg, Sweden; *CDC = 

Centre for Disease Control;  

c pstA and phoB gene sequence data was generated for each of these H. influenzae strains 

using primers outlined in Table 3.2 

d + ve= Positive; - ve= negative; / = not tested for 

e 3/42 H. influenzae clinical isolates not detected by the fucK assay 
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Table 3.2: Nucleotide sequences of primers and probes. 

Probe/ 

Primer 

Function DNA sequence (5’ – 3’) Nucleotide 

position  

Genbank 

accession 

no. 

Concentration 

(µM) 

pstA F1 H. influenzae 

pstA 

Sequencing 

forward 

primer 

CTAATCAAAACTTG

CGT 

8-24 CP002277.1 0.4 µM 

pstA R1 H. influenzae 

pstA 

Sequencing 

reverse primer 

TGTTGAAAGAAGAG

TCG 

823-839 CP002277.1 0.4 µM 

phoB 

F1 

H. influenzae 

phoB 

Sequencing 

forward 

primer 

CTGATAGTTGAAGA

TG 

16-31 CP002277.1 0.4 µM 

phoB 

R1 

H. influenzae 

phoB 

Sequencing 

reverse primer 

TCATTGTTTATCTCG

T 

681-696 CP002277.1 0.4 µM 

pstA P1 H. influenzae 

pstA forward 

primer 

CGTTTCGCACAAATT

ACC 

310-327 CP002277.1 0.5 µM 

pstA P2 H. influenzae 

pstA reverse 

primer 

GTGCGTACCACGAT

AGG 

460-476 CP002277.1 0.5 µM 

pstA 

probe 

H. influenzae 

pstA 

hydrolysis 

probe 

FAM-

CTGGAGCATTCGCA

TTAGCTT-BHQ1 

428-448 CP002277.1 0.2 µM 

phoB 

P1 

H. influenzae 

phoB forward 

primer 

TTGGATTGGATGCTA

CC 

151-167 CP002277.1 0.5 µM 

phoB 

P2 

H. influenzae 

phoB reverse 

primer 

AGTGATGTAGTCAT

CAGC 

292-309 CP002277.1 0.5 µM 

phoB 

probe 

H. influenzae 

phoB 

hydrolysis 

probe 

FAM-

AGAAAGCTATGCTG

CGATTCC-BHQ1 

210-230 CP002277.1 0.2 µM 

BSS-1F IAC forward 

primer 

AACGTAGCATTAGC

TGC 

111-127 HG519928.1 0.5 µM 

BSS-1R IAC reverse 

primer 

CTCATCTTCTTGCCT

GC 

260-276 HG519928.1 0.5 µM 

BSS-P IAC – specific 

hydrolysis 

probe 

Cy5-

CACATCCAAGTAGG

CTACGCT-BHQ2 

179-199 HG519928.1 0.2 µM 
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Figure 3.1: Representative amplification curves for multiplex real-time PCR 

diagnostics assay. Figure 1A: Real-time amplification curves for 1 strain of H. influenzae 

(DSM4690) (Diamonds) targeting the phoB gene in the FAM channel (465 -510 nm). No 

non-H. influenzae species were detected by the assay; Figure 1B: Amplification curves for 

IAC in Cy5 channel (618-660nm) with NTC highlighted with triangles. All samples detected 

except the no template control (NTC). Figure 1C: Real-time amplification curves for 1 strain 

of H. influenzae (DSM4690) (Diamonds) targeting the pstA gene in the FAM channel (483 -

533 nm). No amplification occurred in non-H. influenzae species; Figure 1D: Real-time 

amplification curves for IAC in Cy5 channel (615-670nm) with NTC highlighted with 

triangles. All samples detected except the no template control (NTC). 
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Figure 3.2: Standard curve of Log10 GE H. influenzae DSM4690 DNA versus crossing 

point (Cp) values obtained for monoplex pstA (A) and phoB (B) assays and multiplex pstA 

(C) and phoB (D) assays.  
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Abstract  

Three duplex molecular beacon based real-time Nucleic Acid Sequence Based 

Amplification (NASBA) assays have been designed and experimentally validated 

targeting RNA transcripts for the detection and identification of Haemophilus 

influenzae, Neisseria meningitidis and Streptococcus pneumoniae respectively. Each 

real-time NASBA diagnostics assay includes an endogenous non-competitive 

Internal Amplification Control (IAC) to amplify the splice variant 1 mRNA of the 

Homo sapiens TBP gene from human total RNA. All three duplex real-time 

NASBA diagnostics assays were determined to be 100% specific for the target 

species tested for. Also the Limits of Detection (LOD) for the H. influenzae, N. 

meningitidis and S. pneumoniae duplex real-time NASBA assays were 55.36, 

0.99, and 57.24 Cell Equivalents (CE) respectively. These robust duplex real-time 

NASBA diagnostics assays have the potential to be used in a clinical setting for 

the rapid (<60 min) specific detection and identification of the most prominent 

microorganisms associated with bacterial meningitis in humans. 

4.1. Introduction 

Bacterial meningitis is defined as an inflammation of the meninges surrounding the 

central nervous system. It is a serious and often fatal infection with high 

morbid i ty and  mortality rates worldwide (5-40% in children, 20-50% in adults) 

[1]. Haemophilus influenzae, Neisseria meningitidis and Streptococcus pneumoniae 

are the most predominant etiological agents of bacterial meningitis, accounting for 

75-80% of cases [2-4]. Since the introduction of the H. influenzae type b (Hib) 

conjugate vaccine in the 1990s, N. meningitidis and S. pneumoniae, have replaced H. 

influenzae as the leading causes of bacterial meningitis in industrialised countries 

[4]. However, in developing countries, the World Health Organization estimates 

vaccine coverage to be as little as 21% 

(http://www.who.int/mediacentre/factsheets/fs378/en/), H. influenzae type b invasive 

disease still remains a significant concern to human health. Several vaccines have 

also been developed for the prevention of disease from the most common causes of 

pneumococcal and meningococcal meningitis (e.g. 4CMenB, MenB-FHbp, MCV4, 

MPSV4, PCV13 and PPV23) [5-7]. While an overall decrease in the incidence of 

bacterial meningitis cases has been observed as a result of the implementation of 
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these vaccines, an estimated 1·2 million cases of bacterial meningitis still occur 

worldwide every year which resulted in 180 000 deaths in children aged 1–59 

months in 2010 [8].  These vaccines are not effective against all strains of these 

bacteria associated with infection as is  illustrated by several cases of pneumococcal 

and meningococcal meningitis attributed to infection caused by non-vaccine 

serotypes [9-11]. Finally, while vaccination continues to have a protective effect in 

humans and is critically important in combating meningococcal disease, vaccine 

failures are also well described [12]. 

As such, when a patient presents with suspected bacterial meningitis or with features 

consistent with meningococcal blood stream infection there is a clinical need to 

detect all strains of Haemophilus influenzae, Neisseria meningitidis and 

Streptococcus pneumoniae. At present, culture of Cerebrospinal Fluid (CSF) and 

blood remains the gold standard for the diagnosis of bacterial meningitis. However, 

this is time consuming, often taking 36 hours or more to confirm a specific a 

diagnosis [13], has limited sensitivity with slow growing, fastidious or non-

culturable microorganisms [14, 15] and is problematic in resource poor settings [16]. 

Administration of antibiotics prior to sample collection further complicates the 

situation as it diminishes the likelihood of culture confirmation [4, 13-15]. 

Consequently there is a need for the development of more rapid, sensitive and 

specific non-culture based diagnostics methods such as nucleic acid in vitro 

amplification technologies. This would enable improved monitoring, allow for the 

more rapid administration of the appropriate pathogen specific antibiotic treatment 

regime in a patient with suspected meningitis and improve the overall prognosis of 

the disease.   

Nucleic Acid Sequence Based Amplification (NASBA) represents a suitable 

technology that could be applied in this setting. NASBA is an isothermal 

transcription based nucleic acid in vitro amplification technique which exploits three 

enzymes: avian myeloblastosis virus reverse transcriptase, Escherichia coli 

ribonuclease H  and T7 DNA dependant RNA polymerase to specifically amplify 

RNA targets [17]. A number of  hybridization  based  end-point detection 

methods, such as electrochemiluminescence [18], enzyme-linked gel assay [19], 

a n d  fluorescence correlation spectroscopy  can be used to detect the NASBA in 

vitro amplified RNA amplicons [20, 21]. More recently, molecular beacon probe 
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technology has enabled the real-time detection of NASBA amplicons [22, 23]. 

Labelling molecular beacon probes with fluorophores that emit light at different 

wavelengths enables the simultaneous in vitro amplification and real -time 

detection of different RNA targets in one reaction [24]. An advantage of this 

technology is the ability to discriminate between specific microbial species in a 

single closed tube reaction. The ability to detect multiple analytes in one reaction 

highlights a clear advantage of real-time NASBA over other isothermal 

amplification methods developed to date. For example this allows for the inclusion 

of an Internal Amplification Control (IAC) which is deemed an important 

analytical control in molecular in vitro amplification techniques to verify the 

accuracy of the results obtained and provide a more robust diagnostics assay [25]. 

Furthermore NASBA is specific for RNA and as such only identifies viable 

infectious agents [26]. It is also theoretically more sensitive than other in vitro 

amplification technologies that target DNA since target RNA transcript copy 

number can be greater than DNA copy number in biological cells [27]. Finally, 

like other isothermal in vitro amplification methods, the use of real-time NASBA 

has the potential to eliminate the need for thermal cycling and ramping 

instrumentation requirements which facilitates its potential application on a low 

cost lab on a chip (LOC) and/or point of care (POC) diagnostic devices [28, 29]. 

To our knowledge there are currently no reported internally controlled NASBA or 

real-time NASBA diagnostics assays described in the literature for use in the specific 

detection of H. influenzae, N. meningitidis and S. pneumoniae.  In this study we 

outline the design, development, optimisation of three novel duplex real-time 

NASBA diagnostics assays incorporating an endogenous IAC, for use in the 

detection of the predominant microorganisms associated with bacterial meningitis  

4.2. Materials and Methods 

4.2.1. Diagnostics Target Identification  

The novel diagnostic RNA targets used in this study were identified 

bioinformatically using nucleotide sequences retrieved from a number of publicly 

available databases including the tmRNA website 

(http://bioinformatics.sandia.gov/tmrna/), the tmRNA database 

(http://www.ag.auburn.edu/mirror/tmRDB/), the National Center for Biotechnology 

http://bioinformatics.sandia.gov/tmrna/
http://www.ag.auburn.edu/mirror/tmRDB/
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Information (NCBI) website (http://www.ncbi.nlm.nih.gov/) and the Functional 

Gene Pipeline (FunGene) website (http://fungene.cme.msu.edu/).   

4.2.2. Bacterial strains, Culture media and Growth conditions 

A panel of culture collection strains of H. influenzae (n=8), non-H. influenzae 

Haemophilus species (n=21), N. meningitidis (n=9), non-N. meningitidis Neisseria 

species (n=18), S. pneumoniae (n=3) and non-S. pneumoniae Streptococcus species 

(n=26) were obtained from various culture collections (Table 4.2). A collection of 

recent H. influenzae clinical isolates (n=16), N. meningitidis clinical isolates (n= 8) 

and S. pneumoniae clinical isolates (n=9) were also obtained from University 

Hospital Galway to further evaluate the assays. Haemophilus strains were cultured in 

haemophilus test media broth (Oxoid), chocolate broth (Fannin Scientific) or on 

Columbia chocolate agar plates (Fannin Scientific). Neisseria and Streptococcus 

species were cultured in brain heart infusion (BHI) broth (Oxoid), or on Columbia 

blood agar plates (Fannin Scientific). All bacterial species were cultured under 

microaerophilic conditions at 37oC overnight or until sufficient growth was 

observed, as determined by the degree of turbidity compared to culture negative 

controls. 

4.2.3. DNA isolation and Quantification 

Genomic DNA from a collection of Haemophilus and Neisseria species was isolated 

from 1.5 ml of culture using a DNeasy Blood and Tissue Kit as per manufacturers’ 

instructions (Protocol: Gram-Negative Bacteria; Qiagen, Hilden, Germany). DNA 

integrity was assessed on a 1 % agarose gel and concentrations were determined 

using the Qubit dsDNA HS Assay and the Qubit 1.0 fluorometer (Life Technologies, 

Carlsbad, CA). Purified DNA samples were stored at -20°C prior to use.  

4.2.4. Total RNA isolation and Quantification 

Total RNA from all bacterial species was isolated and purified from 1.5 ml of culture 

using a RiboPure Yeast Kit as per manufacturers’ instructions (Ambion, Austin, TX, 

USA). For human RNA, whole blood was purchased from a commercial provider 

(Seralab, UK). Subsequently total RNA was isolated and purified from 2.5 ml of 

these blood samples using the PAXgene blood RNA kit (Qiagen, Hilden, Germany) 

according to the manufacturer’s instructions. To determine the integrity of the RNA 

http://www.ncbi.nlm.nih.gov/
http://fungene.cme.msu.edu/
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purified from both the bacterial cultures and human whole blood samples, total RNA 

was analysed with the Agilent 2100 Bioanalyzer (Agilent Technologies). 

Concentrations of total RNA were determined using the Qubit RNA BR Assay kit 

and the Qubit 1.0 fluorometer (Life Technologies, Carlsbad, CA). All purified total 

RNA samples were diluted and stored at -80°C prior to use. 

4.2.5. Conventional PCR Primer Design 

Publically available nucleotide sequences of the diagnostics targets identified in this 

study were aligned using ClustalW multiple sequence alignment programme 

(http://www.ebi.ac.uk/Tools/clustalw2/index.html). Oligonucleotide sequencing 

primers were manually designed in accordance with general recommendations and 

guidelines [21, 30] to target conserved regions within the genes. All oligonucleotide 

primers (Table 4.1) used in this study were obtained from Eurofins MWG-Operon 

(Ebersberg, Germany). 

4.2.6. Conventional PCR and Nucleic Acid Sequencing 

Sequencing oligonucleotide primers were designed to amplify 681 bp of the phoB 

gene of H. influenzae, and 342 bp of the ssrA gene of N. meningitidis, to identify 

optimal diagnostics target regions for NASBA primer and molecular beacon probe 

design. Due to the extent of publicly available S. pneumoniae lepA sequence data, 

sequencing of in-house S. pneumoniae culture collection strains was not carried out. 

PCR was carried out using the sequencing primers (Table 4.1) on an iCycler iQ 

thermal cycler (Bio-Rad Laboratories Inc., CA). All reactions were performed using 

the FastStart PCR Master Kit (Roche Diagnostics, Basel, Switzerland) according to 

manufacturer’s instructions in a final volume of 25 µl. The thermal cycling 

parameters used for the H. influenzae specific primers consisted of a denaturation 

cycle at 95oC for 4 min, followed by 35 cycles at 95oC (30 s), 50oC (30 s) and 72oC 

(30 s), and a final elongation cycle at 72oC for 7 min. Thermal cycling parameters 

used for the Neisseria specific primers were the same as outlined above with the 

exception of an annealing temperature of 55oC instead of 50oC. The PCR products 

were purified using the HighPure PCR product purification kit (Roche Diagnostics) 

and sequenced externally (Sequiserve, Vaterstetten, Germany). 

http://www.ebi.ac.uk/Tools/clustalw2/index.html
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4.2.7. Real-Time NASBA primer and molecular beacon probe design 

Nucleotide sequence data used for real-time NASBA diagnostics assay design was 

either recovered from publically available sequence databases or were generated in 

this study. Species specific oligonucleotide primers and molecular beacon probes 

were manually designed in accordance with recommended guidelines [31]. Primer, 

molecular beacon, and NASBA amplicon structure were checked for secondary 

structures by using an RNA folding program (MFold: 

http://unafold.rna.albany.edu/?q=mfold/RNA-Folding-Form2.3) with the folding 

temperature parameter adjusted to 41oC. The molecular beacon probe for the H. 

influenzae specific assay was labelled with FAM and Black Hole Quencher (BHQ) 

1. The molecular beacon probe for the N. meningitidis specific assay was labelled 

with HEX and Dabcyl (DAB). The molecular beacon probe for the S. pneumoniae 

specific assay was labelled with ROX and BHQ2. All primers and molecular beacon 

probes (Table 4.1) were obtained from Eurofins MWG-Operon (Ebersberg, 

Germany).  

4.2.8. IAC Development for real-time NASBA 

A non-competitive IAC was developed for the real-time NASBA assays targeting 

splice variant 1 of the Homo sapiens TBP (TATA-box binding protein) mRNA 

transcript. IAC oligonucleotide primers and molecular beacon probes were designed 

and obtained the same as outlined for species specific oligonucleotides. The IAC 

assay molecular beacon probe was labelled with Cy5 and Black Hole Quencher 2 

(BHQ2) to facilitate multiplexing of the diagnostic assays.  

4.2.9. Duplex real-time NASBA Development 

Duplex real-time NASBA diagnostics assays were optimised and the analytical 

specificity and sensitivity determined. All real-time NASBA diagnostics assays were 

performed on a LightCycler 480 (Roche Diagnostics) using the NucliSENS EasyQ 

Basic Kit V2 (Biomerieux, Marcy l'Etoile, France), in accordance with 

manufacturer’s instructions. H influenzae and N. meningitidis duplex real-time 

NASBA reactions were performed in a total volume of 20 µl. Target RNA and IAC 

RNA (2.5 µl each) were added to 10 µl reagent/KCL (70 mM final concentration), 

oligonucleotide primers and molecular beacon probes (0.2 µM and 0.1 µM final 

http://unafold.rna.albany.edu/?q=mfold/RNA-Folding-Form2.3
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concentration respectively) mixture. The reaction was incubated for 65oC for 5 min 

to denature the RNA secondary structure followed by 41oC for 5 min to allow primer 

annealing. Subsequently, 5 µl of the enzyme mixture was added to the reaction. A no 

template control (NTC) reaction consisting of water instead of RNA was included in 

each experiment. The reaction was then incubated at 41oC for 60 min in a 

LightCycler 480 thermocycler (Roche Diagnostics) with a fluorescent measurement 

recorded every minute. The S. pneumoniae duplex real-time NASBA assay was 

performed as above with the exception that this assay was supplemented with betaine 

(0.1M final concentration) and that the final concentration of oligonucleotide primers 

and molecular beacon was 1 and 0.5μM respectively.  

4.2.10.   Duplex real-time NASBA specificity and LOD 

In order to evaluate the specificity of the three real-time NASBA diagnostics assays 

developed, total RNA from H. influenzae and closely related Haemophilus species, 

N. meningitidis and closely related Neisseria species, and S. pneumoniae and closely 

related Streptococcus species (Table 4.2), at concentration of 1 x 104 CE per 

reaction, were tested in duplicate in the H. influenzae, N. meningitidis and S. 

pneumoniae real-time NASBA diagnostics assays respectively.  

To determine the LOD of each duplex assay, purified total RNA (DSMZ 4690, 

NCTC 10025 and DSMZ 20566) was two-fold serially diluted from 250 to 1.95 CE 

(H. influenzae and S. pneumoniae) and from 50 to 0.39 CE (N. meningitidis) and 

tested in replicates of ten. Dilutions were prepared, based on a calculation that a 

typical bacterial cell contains 0.1 pg RNA [32]. The LOD for each duplex real-time 

NASBA assay was subsequently determined using Probit regression analysis with 

95% probability (Minitab Version 17 ) [33]. 

4.3. Results 

4.3.1. Diagnostics Target Identification  

PhoB has recently been described in the literature as species specific target for H. 

influenzae using real-time PCR [34]. Based on our in silico evaluation, this 

diagnostics target demonstrated suitable characteristics for evaluation as a H. 

influenzae species specific mRNA diagnostics target for use in a real-time NASBA 

assay. Publicly available and in-house sequence information was also interrogated 
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using online bioinformatics tools to determine the suitability of ssrA and lepA RNA 

transcripts as molecular targets for the identification of N. meningitidis and S. 

pneumoniae respectively. This analysis established that the ssrA and lepA genes 

contain sufficient nucleic acid sequence heterogeneity to allow for the design of 

highly specific real-time NASBA assays for both N. meningitidis and S. pneumoniae. 

4.3.2. Total RNA isolation and quantification  

All total RNA isolated from bacterial cultures and human whole blood samples were 

found to have an RNA integrity number (RIN) of 7 or greater which demonstrated 

that the RNA was of sufficient quality for further evaluation. For specificity testing, 

total RNA isolated from bacterial cultures was diluted to contain approximately 1 x 

104 CE per reaction for specificity testing. Using the PAXgene method for isolation 

and purification of RNA from human whole blood, approximately 2.1 µg of total 

RNA was recovered from a 2.5ml sample. 

4.3.3. IAC Development  

In order for a result to be considered valid using the real-time NASBA assays 

developed in this study, a positive signal must also be obtained in the IAC detection 

channel (Cy5) on the LightCycler 480. If the IAC is not detected the result is 

considered invalid and must be repeated [25]. In this study, IAC primers and a 

molecular beacon probe were designed to detect the TBP mRNA splice 1 variant. 

Subsequently, duplex real-time NASBA assays incorporating the developed IAC 

were tested with human total RNA spiked in to each reaction. For the purpose of this 

study, the IAC was spiked into each NASBA reaction at a final concentration of 25 

ng to reflect the concentration of human RNA that would be recovered from a 30 µl 

sample based on the recovery of total RNA above. At this concentration, the IAC 

was detected in all samples tested (Figure 4.1B, 4.2B, and 4.3B). 

4.3.4. Real-time NASBA assay specificity 

The specificity of each real-time NASBA diagnostics assay was confirmed in duplex 

format using the specificity panel listed in Table 4.1. All three assays were specific, 

detecting only target species (Figure 4.1A, 4.2A and 4.3A). None of the non-H. 

influenzae, non-N. meningitidis and non-S. pneumoniae closely related 

microorganisms tested were detected by the assays. The LOD of each duplex assay 
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was determined using Probit regression analysis. With 95% confidence the LOD of 

the H. influenzae, N. meningitidis and S. pneumoniae duplex assays was determined 

to be 55.36, 0.99 and 57.24 CE, respectively.   

4.4. Discussion 

Despite advances in immunization approaches, H. influenzae, N. meningitidis and 

S. pneumoniae still account for the majority of bacterial meningitis cases 

worldwide, particularly in low income countries where vaccine availability is 

limited. Precise identification of these three microorganisms is essential given the 

significant mortality and morbidity rates associated with bacterial meningitis, the 

high risk of substantial long term sequelae in survivors [35], and the differences in 

therapeutic approach for the different pathogens [36].  Traditional CSF and blood 

culture methods, are  slow and often result in an inaccurate diagnosis [4]. 

Furthermore, the use of CSF as a sample type is invasive for patients [37].   

Molecular techniques have the ability to rapidly identify microorganisms 

associated with bacterial meningitis. Recent studies have shown that use of 

technologies which incorporate an in vitro amplification step demonstrate 

increased sensitivity when compared to routine blood culture [38]. The use of such 

molecular tests in a clinical setting have the ability to improve patient care by 

reducing time spent in hospitals, while also improving antimicrobial stewardship 

[39]. Several multiplex real-time PCR diagnostics assays have been described in 

the literature for the specific identification of H. influenzae, N. meningitidis and S. 

pneumoniae directly from patient samples [13, 40]. However, these assays fail to 

incorporate an IAC which is crucial when working with clinical samples to 

monitor for PCR inhibition and to reduce reporting of false negative reactions 

[25]. Furthermore, these real-time PCR assays require expensive instrumentation 

capable of precise thermal cycling and rapid ramping. Isothermal in vitro 

amplification methods have the potential to eliminate the need for thermal cycling 

and ramping instrumentation required for real-time PCR. As such these in vitro 

amplification technologies are more suitable for incorporation on to low cost LOC 

and/or POC diagnostic devices. There are a number of isothermal in vitro 

amplification technologies which could be used for the detection of bacterial 

pathogens associated with meningitis for example recombinase polymerase 
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amplification (RPA) or loop-mediated isothermal amplification (LAMP). 

However these in vitro amplification technologies are also limited; for example as 

RPA has previously been shown to be inhibited when used on nucleic acids 

purified from whole blood samples, or in the presence of background DNA [41, 

42]. Through incorporation of fluorescent fluorophores recent advances in LAMP 

methodologies facilitate monitoring of a reaction in real-time. However a 

significant disadvantage of LAMP is that it is difficult to multiplex due to the 

complicated amplicon structure [43] which often restricts the ability to incorporate 

an IAC into the diagnostics assay. As such, NASBA with molecular beacon 

technology enables real-time detection of target nucleic acid sequences and allows 

for the inclusion of an IAC in a single closed tube reaction offers a significant 

advantages over other isothermal technologies [44].  

In this manuscript, we present three novel duplex real-time NASBA assays, 

incorporating an IAC, for the detection of the predominant microorganisms 

associated with bacterial meningitis namely H. influenzae, N. meningitidis and S. 

pneumoniae. The phoB gene has been previously been described in the literature as a 

suitable diagnostics assay target for the species specific identification of H. 

influenzae using real-time PCR [34]. In this study we have further validated this 

target and have successfully demonstrated the suitability of the phoB mRNA 

transcript for use in a duplex real-time NASBA diagnostics assay for the specific 

detection of H. influenzae. The diagnostic target used in this study for the species 

specific identification of N. meningitidis is the tmRNA transcript encoded for by the 

ssrA gene [45]. This diagnostics gene target has previously been demonstrated as 

suitable for use in nucleic acid based diagnostics for bacterial detection and 

identification [46-48]. Furthermore, tmRNA, has also been established as a useful 

target in a real-time NASBA diagnostics assay [46].  Finally the diagnostic mRNA 

transcript target evaluated is the lepA mRNA and enables for the species specific 

identification of S. pneumoniae. The lepA gene, also present in all bacteria 

sequenced to date, encodes for a highly conserved  translational elongation factor 

protein LepA, and is homologous to the Guf1 gene found in higher organisms [49]. It 

has also previously been demonstrated to be a useful infectious disease diagnostics 

target [50, 51]. 
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An endogenous non-competitive IAC targeting transcript 1 mRNA of the Homo 

Sapiens TBP gene was incorporated into each assay. Incorporation of an IAC 

verifies the accuracy of the real-time NASBA results obtained, that the real-time 

NASBA reaction is functioning correctly and prevents reporting of false negative 

results which may occur as a result of problems with the assay reaction mixture, 

equipment malfunction, operator error, poor enzyme activity or inhibitory 

substances in the NASBA sample [52].In recent years, a number of real-time 

NASBA assays have been described for the simultaneous detection of a target 

microorganism incorporating an IAC [46, 52-62]. However, these internally 

controlled real-time NASBA assays use in vitro synthesized RNAs spiked into the 

real-time NASBA reaction and some share a common set of primers for both the 

target species and the IAC which can result in competition for the primary target. 

In this study, the TBP mRNA transcript was chosen as an IAC target as it is stably 

expressed at low mRNA transcript levels in humans [63]. The use of a 

constitutively expressed low copy number endogenous control should ensure that 

the IAC developed will not out-compete the primary targets being amplified in the 

real-time NASBA assays which will reduce the possibility of false negative 

reporting. Furthermore, TBP has previously been described as suitable and robust 

endogenous control for use with human blood [63]. By incorporating an IAC 

targeting an endogenous gene transcript present in human whole blood, the assays 

developed in this study have the potential to be applied directly to whole blood 

samples facilitating their use in a clinical setting. This would allow the end user to 

control for each component of the test including sample preparation, amplification, 

hybridisation and detection. Each duplex real-time NASBA reaction was spiked with 

25 ng of total human RNA which was the typical concentration of human RNA 

recovered from a 30 µl sample of whole blood in this study. Our methodology was 

optimised to a 30 µl equivalent volume of whole blood as a similar volume of blood 

has previously been demonstrated to be suitable for automated on-disc total RNA 

extraction for infectious disease based diagnostics [29]. Such on-disc devices have 

the potential to be integrated into LOC or POC platforms which will facilitate 

sample-to-answer diagnostic for RNA detection in whole blood. The rapid duplex 

real-time NASBA diagnostics assays developed in this study were experimentally 

validated against a large panel of culture collection isolates and clinical isolates and 

determined to be 100% specific for the target species. Subsequently, the LOD was 
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determined for each duplex real-time NASBA diagnostics assay. Multiplex 

nucleic acid in vitro amplification diagnostics assays can be less experimentally 

sensitive than equivalent monoplex diagnostics assays as a consequence of 

interactions between primer sets or in vitro amplification bias [64]. Reduced LOD 

in multiplex NASBA diagnostics assays compared to monoplex NASBA 

diagnostics assays have been reported [65-67]. However, in our study the LODs 

achieved were comparable in both monoplex and duplex format demonstrating the 

robustness of each of the real-time NASBA diagnostics assays developed.   

The study presented here focuses on the development of highly robust internally 

controlled real-time NASBA assays for the rapid detection of the predominant 

etiological agents of bacterial meningitis. To date these have been experimentally 

validated on a broad range of culture collection strains and blood culture positive 

clinical isolates with promising results in terms of specificity and LOD. Additional 

work is now required to demonstrate and evaluate the true clinical utility of the 

methodologies developed for use directly on human whole blood samples. This 

would demonstrate the potential advantage of these assays over existing diagnostic 

methodologies and also determine their applicability for incorporation on to low cost 

LOC devices for near patient testing in the future. 

Table 4.1: Nucleotide sequences of oligonucleotide primers and molecular beacon 

probes. 

Probe/ 

Primer 

Gene 

Target 
Function DNA sequence (5’ – 3’) 

Nucleotide 

position 

Genbank 

accession 

no. 

Final 

Concentrati

on (µM) 

phoB F1 phoB 

H. influenzae phoB 

Sequencing forward 

primer 

CTGATAGTTGAAGATG 16-31 
CP002277.

1 
0.4 µM 

phoB R1 phoB 

H. influenzae phoB 

Sequencing reverse 

primer 

TCATTGTTTATCTCGT 681-696 
CP002277.

1 
0.4 µM 

Neisseria

F 
ssrA 

Neisseria ssrA 

Sequencing forward 

primer 

GGCGACCTTGGTTTCGACG 4-22 
AE002098.

2 
0.3 µM 

Neisseria

R 
ssrA 

Neisseria ssrA 

Sequencing reverse 

primer 

TCGAACCCCCGTCCGAAAG 327-345 
AE002098.

2 
0.3 µM 

http://www.ncbi.nlm.nih.gov/nuccore/66731897
http://www.ncbi.nlm.nih.gov/nuccore/66731897
http://www.ncbi.nlm.nih.gov/nuccore/66731897
http://www.ncbi.nlm.nih.gov/nuccore/66731897
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phoB P1 phoB 
H. influenzae phoB 

forward primer 
AATTCTAATACGACTCACTAT

AGGGAGAAGGGTAGTCATCA

GCCCCTGCA 

285-303 
CP002277.

1 
0.2 µM 

phoB P2 phoB H. influenzae phoB 

reverse primer 
GGTCGTTCAGGTATACAA 

 

169-186 CP002277.

1 
0.2 µM 

phoB MB phoB 

H. influenzae phoB 

specific 

hybridization probe 

FAM – 
CCGAGTAAGCTATGCTGCGAT

TCCACTCGG – BHQ1 

 

213-230 
CP002277.

1 
0.1 µM 

Nmen P1 ssrA N. meningitidis 

forward primer 

AATTCTAATACGACTCACTAT

AGGGAGAAGGTCCTCTACAA
AGCGTTCTACA 

 

305-325 AE002098.

2 
0.2 µM 

Nmen P2 ssrA 
N. meningitidis 

reverse primer 

CCCGTAAAACACTGAATTCAA

AT 

 

63-85 
AE002098.

2 
0.2 µM 

Nmen 

MB 
ssrA 

N. meningitidis ssrA 

specific 

hybridization probe 

HEX-

CGATCGAACTGGTTTCCAAAA
GGCCTCGATCG-DAB 

 

236-255 
AE002098.

2 
0.1 µM 

Spn P1 lepA 
S. pneumoniae 

forward primer 

 

AATTCTAATACGACTCACTAT

AGGGAGAAGGCATACTCAAG

ACGCTGAGGAA 

1792-1812 
AE007317.

1 
1 µM 

Spn P2 lepA 
S. pneumoniae 

reverse primer 
GACACAAGATTGTCGCTCGTA

CTGATA 

1628-1654 
AE007317.

1 
1 µM 

Spn MB lepA 

S. pneumoniae lepA 

specific 

hybridization probe 

ROX- 

CGATCGACGCATGAAATCCAT
CGGATCAGTTCGATCG -BHQ2 

 

1749-1773 
AE007317.

1 
0.5 µM 

TBP P1 TBP 
IAC - NASBA 

forward primer 

AATTCTAATACGACTCACTAT

AGGGAGAAGGTGAGCACAAG

GCCTTCTA 

 

1088-1105 
NC000006.

12 

 

0.2 µM 

TBP P2 TBP 
IAC - NASBA 

reverse primer 

AACAGTCCAGACTGGC 

 
962-977 

NC000006.

12 
0.2 µM 

TBP MB TBP 
IAC – specific 

hybridization probe 

CY5-

CTCGAGAGCTGTGATGTGAAG

TTTCCCTCGAG-BHQ2 

1060-1079 
NC000006.

12 
0.1 µM 

 

Table 4.2: Bacterial species and strains included in this study 

Organism Strain a Specificityd 

 

H. influenzae 

 

N. meningitidis S. pneumoniae 

H. influenzae reference strains 

H. influenzae type a NCTC 8465 + / / 

http://www.ncbi.nlm.nih.gov/nuccore/66731897
http://www.ncbi.nlm.nih.gov/nuccore/66731897
http://www.ncbi.nlm.nih.gov/nuccore/66731897
http://www.ncbi.nlm.nih.gov/nuccore/66731897
http://www.ncbi.nlm.nih.gov/nuccore/66731897
http://www.ncbi.nlm.nih.gov/nuccore/66731897
http://www.ncbi.nlm.nih.gov/nuccore/568815592
http://www.ncbi.nlm.nih.gov/nuccore/568815592
http://www.ncbi.nlm.nih.gov/nuccore/568815592
http://www.ncbi.nlm.nih.gov/nuccore/568815592
http://www.ncbi.nlm.nih.gov/nuccore/568815592
http://www.ncbi.nlm.nih.gov/nuccore/568815592
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H. influenzae type b DSMZ 4690b + / / 

H. influenzae type c NCTC 8469 + / / 

H. influenzae type d DSMZ 11121b + / / 

H. influenzae type e NCTC 8472 + / / 

H. influenzae type f DSMZ 10000b + / / 

H. influenzae  NTHi CCUG 58365 + / / 

H. influenzae clinical isolates     

H. influenzae NT (Source: 

Blood) 

 

6 isolates + / / 

H. influenzae untyped 

(Source: Sputum) 

6 isolates + / / 

H. influenzae untyped 

(Source: Eye/Ear swab) 

4 isolates + / / 

Non- H. influenzae strains     

H. haemolyticus CCUG 24149 - / / 

H. haemolyticus CCUG 36015 - / / 

H. haemolyticus CCUG 36016 - / / 

H. haemolyticus CCUG 15642 - / / 

H. haemolyticus CCUG 15312 - / / 

H. haemolyticus NCTC 10839 - / / 

H. haemolyticus CCUG 12834 - / / 

H. haemolyticus CDC-M21127 - / / 

H. ducreyi NCTC11479 - / / 

H. parahaemolyticus DSMZ 21417 - / / 

H. parainfluenzae DSMZ 8978 - / / 

H. paraphrohaemolyticus DSMZ 21451 - / / 

H. pittmaniae DSMZ 21203 - / / 

Haemophilus sp. CCUG 34110 - / / 

Actinobacillus suis DSMZ 22433 - / / 

Actinobacillus 

pleuropneumoniae 

DSMZ 13472 - / / 

Aggregatibacter aphrophilus NCTC 11096 - / / 

A. aphrophilus NCTC 10558 - / / 

Aggregatibacter segnis NCTC 10977 - / / 

N. meningitidis reference strains 

N. meningitidis serogroup a NCTC 10025c / + / 

N. meningitidis serogroup a NCTC 3375 / + / 

N. meningitidis serogroup a NCTC 3372 / + / 

N. meningitidis serogroup b ATCC13090 / + / 

N. meningitidis serogroup c ATCC 13102 / + / 

N. meningitidis serogroup c DSMZ 15464c / + / 

N. meningitidis serogroup 

W135 

NCTC 11203 / + / 

N. meningitidis clinical isolates     
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N. meningitidis serogroup b 

(Source: Blood) 

5 isolates / + / 

N. meningitidis untyped 

(Source: Sputum) 

1 isolates / + / 

N. meningitidis untyped 

(Source: Eye/Ear swab) 

2 isolates / + / 

Non- N. meningitidis strains     

N. animaloris DSMZ 21642c / - / 

N. bacilliformis DSMZ 23338c / - / 

N. elongata subsp. elongata DSMZ 17712c / - / 

N. elongata subsp. 

glycolytica 

DSMZ 23337c / - / 

N. elongata subsp. 

nitroreducens 

DSMZ 17632c / - / 

N. flavescens DSMZ 17633c / - / 

N. gonorrhoeae DSMZ 9189c / - / 

N. gonorrhoeae ATCC 19424c / - / 

N. lactamica DSMZ 4691c / - / 

N. mucosa DSMZ 17611c / - / 

N. perflava DSMZ 18009c / - / 

N. polysaccharea DSMZ 22809c / - / 

N. shayeganii DSMZ 22246c / - / 

N. sicca DSMZ 17713c / - / 

N. subflava DSMZ 17610c / - / 

N. wadsworthii DSMZ 22247c / - / 

N. weaveri DSMZ 17688c / - / 

N. zoodegmatis DSMZ 21643c / - / 

S. pneumoniae reference strains     

S. pneumoniae serotype 1 DSMZ 20566 / / + 

S. pneumoniae serotype 9V DSMZ 11865 / / + 

S. pneumoniae serotype 23F DSMZ 11866 / / + 

S. pneumoniae clinical isolates     

S. pneumoniae untyped 

(Source: Blood) 

2 isolates / / + 

S. pneumoniae untyped 

(Source: Sputum) 

5 isolate / / + 

S. pneumoniae untyped 

(Source: Eye/Ear swab) 

2 isolates / / + 

Non- S. pneumoniae strains     

S. agalactiae BCCM 15086 / / - 

S. anginosus DSMZ 20563 / / - 

S. australis DSMZ 15627 / / - 

S. bovis DSMZ 20480 / / - 

S. canis DSMZ 20715 / / - 
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S. constellatus DSMZ 20575 / / - 

S. cristatus DSMZ 8249 / / - 

S. downei DSMZ 5635 / / - 

S. dysgalactiae subsp. 

equimilis 

DSMZ 6176 / / - 

S. equi subsp. equi DSMZ 20561 / / - 

S. gordonii DSMZ 6777 / / - 

S. infantis DSMZ 12492 / / - 

S. intermedius DSMZ 20573 / / - 

S. mitis DSMZ 12643 / / - 

S. mutans DSMZ 20523 / / - 

S. oralis  DSMZ 20066 / / - 

S. perosis 

 

DSMZ 12493 / / - 

S. porcinus DSMZ 20725 / / - 

S. pseudopneumoniae DSMZ 18670 / / - 

S. pyogenes DSMZ 20565 / / - 

S. sanguinis DSMZ 20567 / / - 

S. sinensis DSMZ 14990 / / - 

S. vestibularis DSMZ 5636 / / - 

a NCTC = National Collection of Type Cultures; * DSMZ = The German Collection of 

Microorganisms; *CCUG = Culture Collection, University of Göteborg, Sweden; *CDC = 

Centre for Disease Control;  *BCCM = Belgian Coordinated Collections of Microorganisms 

b phoB gene sequence data was generated for each of these H. influenzae strains using 

primers outlined in Table 4.1 

c ssrA gene sequence data was generated for each of these N. meningitidis strains using 

primers outlined in Table 4.1 

d + = Positive; - = negative; / = not tested for 
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Figure 4.1: Amplification curves for duplex real-time NASBA diagnostics assays. 

Figure 4.1A: Real-time amplification curves for H. influenzae targeting the phoB gene in the 

FAM channel (465-510nm). No non-H. influenzae species were detected by the assay. 

Figure 4.1B: Real-time amplification curves for IAC in the Cy5 channel (618-660nm) with 

NTC highlighted with triangles. All samples detected except the no template control (NTC). 

 

A 
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Figure 4.2: Amplification curves for duplex real-time NASBA diagnostics assay. Figure 

4.2A: Real-time amplification curves for N. meningitidis (Diamonds) targeting the ssrA gene 

in the HEX channel (523-548nm). No non- N. meningitidis species were detected by the 

assay. Figure 4.2B: Real-time amplification curves for IAC in the Cy5 channel (615-670nm) 

with NTC highlighted with triangles. All samples detected except the no template control 

(NTC).  
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Figure 4.3: Amplification curves for duplex real-time NASBA diagnostics assay. Figure 

4.3A: Real-time amplification curves for S. pneumoniae (Diamonds) targeting the lepA gene 

in the ROX channel (523-548nm). No non- S. pneumoniae species were detected by the 

assay.  Figure 4.3B: Real-time amplification curves for IAC in the Cy5 channel (615-

670nm) with NTC highlighted with triangles. All samples detected except the no template 

control (NTC). 
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5.1. General Conclusions 

The overall aim of this thesis was to design, develop, optimize and experimentally 

validate an internally controlled isothermal real-time nucleic acid in-vitro 

amplification assays for the rapid and species specific detection and identification of 

predominant microorganisms associated with bacterial meningitis, Haemophilus 

influenzae, Neisseria meningitidis and Streptococcus pneumoniae. This was 

achieved using a sequential experimental approach consisting of 3 studies (Chapters 

2-4).  

In Chapter 2, the tmRNA transcript encoded for by the ssrA gene and the leader 

peptidase A (lepA) mRNA transcript were evaluated as potential targets for the 

species specific identification of H. influenzae, N. meningitidis and S. pneumoniae 

using real-time NASBA. Both the ssrA gene and the lepA gene have previously been 

demonstrated as suitable and versatile diagnostics targets for nucleic acid based 

identification of microbial pathogens and in particular, lepA has been established as a 

useful target in real-time a real-time NASBA assay.  

In summary, an assay targeting a nucleic acid region of the H. influenzae ssrA gene 

associated tmRNA transcript was designed and developed. In-silico analysis of 

publicly available nucleotide sequence data and sequence data generated in this 

study was carried out using ClustalW to determine regions of variability between the 

H. influenzae ssrA sequence and the ssrA sequences of its closely related species. 

This initial in-silico analysis established sufficient heterogeneity to distinguish H. 

influenzae from its most closely related species. Subsequently, a real-time NASBA 

assay was designed targeting the tmRNA transcript of H. influenzae. However, 

similar to other published assays for the species specific detection of H. influenzae, 

the real-time NASBA assay developed in this study cross reacted with the closely 

related species, Haemophilus haemolyticus. During the course of this study, whole 

genome sequence data became available for 6 H. haemolyticus strains which enabled 

further in-silico nucleotide sequence analysis. This analysis established insufficient 

heterogeneity within the ssrA gene to allow for the design of an oligonucleotide 

probe that would discriminate H. influenzae from H. haemolyticus. The lepA mRNA 

transcript was then evaluated as an alternative diagnostic target for this purpose. In-

silico analysis established insufficient nucleotide sequence heterogeneity within the 
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lepA gene to accurately identify all H. influenzae species and differentiate it from H. 

haemolyticus. Despite this, a real-time NASBA assay was developed targeting lepA 

mRNA for comparison against the real-time NASBA assay targeting H. influenzae 

tmRNA. Testing of the real-time NASBA assay targeting lepA mRNA against a 

panel of non-target closely related species revealed that the assay cross reacts with 

H. haemolyticus in addition to Histophilus somnus. Furthermore, this assay is not 

100% inclusive, as it is unable to detect 2/9 H. influenzae strains tested. We 

hypothesized that due to the significant inter-strain lepA sequence variation 

impacting NASBA RNA amplicon secondary structure and the isothermal nature of 

real-time NASBA, primers and molecular beacons may not be able to hybridize to 

the RNA amplicon, in turn impacting real-time NASBA assay efficiency.  

tmRNA and lepA mRNA were also evaluated as potential diagnostic nucleotide 

sequence targets for the species specific identification of N. meningitidis and S. 

pneumoniae, respectively. Initial in-silico analysis revealed sufficient nucleotide 

sequence heterogeneity within the ssrA and lepA gene sequences for both N. 

meningitidis and S. pneumoniae and their most closely related species to allow for 

accurate identification of these microorganisms of interest. Subsequently, real-time 

NASBA diagnostic assays were developed targeting N. meningitidis tmRNA and S. 

pneumoniae lepA mRNA. Both assays were determined to be 100% specific for the 

target species when tested against a panel of inclusivity strains and did not cross 

react with non-target closely related species. 

These experiments established that tmRNA and lepA mRNA have potential as 

diagnostic targets for the species specific identification of N. meningitidis and S. 

pneumoniae, respectively. Further experimental validation of these diagnostic targets 

is described in Chapter 4. However, in-silico analysis and testing in real-time 

NASBA assays established that neither the tmRNA transcript nor the lepA mRNA 

transcript can be used as diagnostic targets to accurately identify H. influenzae and 

differentiate it from its most closely related species. As a result, further study was 

carried out to identify and establish a suitable diagnostic nucleotide sequence target 

which can specifically detect and unambiguously identify H. influenzae (Chapter 3).  

In Chapter 3, optimised, internally controlled, duplex real-time PCR assays are 

described for the detection and accurate identification of H. influenzae targeting two 
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novel gene targets identified by whole genome comparative analysis of H. influenzae 

and H. haemolyticus.  

Publicly available whole genome sequence data for 22 H. influenzae and 6 H. 

haemolyticus was analysed to identify novel diagnostic targets unique to H. 

influenzae and which are absent in H. haemolyticus.  Using online bioinformatics 

tools such as Mauve, Emboss Union, RAST and WebAct, 6 gene targets (pstS, pstC, 

pstA, pstB, phoR and phoB) were identified as having potential to distinguish H. 

influenzae from H. haemolyticus. Further in-silico analysis using BLAST, 

established that pstA and phoB contain the greatest nucleotide sequence variation 

when compared with other non- H. influenzae bacterial species and contain the least 

observable H. influenzae inter-strain variation. Initially, real-time PCR assays were 

designed and developed targeting, pstA and phoB and a non-competitive IAC 

specific for the ssrA gene of Bacillus subtillis subsp. spizizenii was incorporated in to 

each of the assays designed in order to verify the accuracy of the results and avoid 

the possible reporting of negative results. This IAC was chosen as it was previously 

developed in-house and determined as a useful IAC for use with real-time PCR. 

Furthermore, BLAST analysis established no significant nucleotide sequence 

homology was present to any member of the Haemophilus species. 

The duplex real-time PCR assays designed were determined empirically to be 100% 

specific for H. influenzae with LODs of 10.49 and 6.49 GE for real-time PCR assays 

targeting pstA and phoB respectively with 95% probability. 

Furthermore, both these novel real-time PCR assays were compared to a previously 

published real-time PCR assay targeting the fucK gene of H. influenzae [1]. This 

demonstrated that all three gene targets can distinguish H. influenzae from H. 

haemolyticus. However, both the phoB and pstA assays are more specific for the 

detection of H. influenzae strains compared to the fucK assay. Three H. influenzae 

clinical isolates identified by MALDI-TOF MS and the two diagnostic assays 

developed in this study were undetected by the fucK assay. Furthermore, one culture 

collection H. influenzae strain (CCUG 58365) was also not detected by the fucK 

assay due to a deletion of the fucose operon as previously reported in this strain [2]. 

Chapter 4 describes three duplex real-time NASBA assays, incorporating an 

endogenous internal amplification control (IAC), for the detection of predominant 
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microorganisms associated with bacterial meningitis, H. influenzae, Neisseria 

meningitidis and Streptococcus pneumoniae.  

For all three duplex real-time NASBA assays developed in this study, an endogenous 

non-competitive IAC was incorporated targeting the stably expressed transcript 1 of 

the Homo Sapiens TBP gene present in whole blood. By targeting the TBP RNA 

transcript, the developed assays have the potential to be used directly on whole blood 

samples in a clinical setting thus allowing the user to monitor each component of the 

diagnostic test, to verify the accuracy of the results obtained and to prevent reporting 

of false negatives. 

The phoB, ssrA and lepA genes were further experimentally validated in this study 

and the suitability of their respective RNA transcripts for use in a duplex real-time 

NASBA diagnostics assay was successfully demonstrated for the specific detection 

of H. influenzae (phoB), N. meningitidis (ssrA) and S. pneumoniae (lepA). Each of 

these novel diagnostic targets were again experimentally validated against an 

extensive panel of H. influenzae, N. meningitis and S. pneumoniae isolates, non-

target closely related bacteria and were determined to be 100% specific for the 

detection of the target species in duplex real-time NASBA assay format. LOD of the 

H. influenzae, N. meningitidis and S. pneumoniae duplex real-time NASBA assays 

was determined using Probit regression analysis to be 55.36, 0.99 and 57.24 CE, 

respectively.   

In summary, the duplex real-time NASBA assays described in this study are the first 

description of a multiplex real-time NASBA assays for the rapid detection of H. 

influenzae, N. meningitidis and S. pneumoniae, incorporating an independent non-

competitive IAC assay amplifying a gene transcript from total RNA. 

In addition to the studies carried out in the main body of this thesis, the potential use 

of real-time NASBA in an on-chip Point-Of-Care (POC) device was demonstrated 

using the real-time NASBA diagnostics assay targeting H. influenzae tmRNA 

described in chapter 2 (Appendix A, Appendix B). The study carried out in 

Appendix A describes total RNA purification from H. influenzae cell lysates on a 

disc-based module for rotationally controlled solid-phase purification of RNA. The 

integrity of the total RNA purified was then validated using the real-time NASBA 

targeting H. influenzae tmRNA and total RNA purified on-disc and amplified was 
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established as comparable to bench-top purified RNA. Appendix B describes the 

NASBA amplification of H. influenzae tmRNA on a centrifugal microfluidic “Lab-

on-a-Disc” (LoaD) system using non-contact heating and fluorescence end-point 

detection. To verify the sensitivity of the system, LOD studies were carried out and a 

current LOD of between 500 and 100 CE on-disc was established.  

5.2. Future Directions 

Real-time nucleic acid based in-vitro amplification assays described in this thesis can 

accurately and unambiguously identify the predominant microorganisms associated 

with bacterial meningitis, namely, H. influenzae, N. meningitidis and S. pneumoniae. 

While real-time nucleic acid based in-vitro amplification assays developed in this 

study offer several advantages over other tests described in literature, further 

improvements or optimization of the assays can be made in the future. 

Each assay in its current state has been experimentally validated against an extensive 

panel of culture collection and culture confirmed clinical isolates, demonstrating the 

potential to be useful in a clinical setting. However, there is a need to evaluate the 

assays developed directly on whole blood clinical samples without the requirement 

for culture. If these assays can be used directly on blood samples it offers a number 

of significant advantages over current diagnostic methods which rely on culture. It 

would allow for the more rapid diagnosis and implementation of an optimal 

therapeutic regimen in a patient with suspected bacterial meningitis and potentially 

improve the overall outcome for that patient. Furthermore, it would allow for 

accurate epidemiology and vaccine efficacy studies to be performed and enable 

improved monitoring of invasive disease caused by these microorganisms. 

In the future, combining the three duplex real-time NASBA assays described in 

Chapter 4 in to a single multiplex real-time NASBA assay for the detection of all 

three microorganisms and an IAC would be advantageous. This would allow for 

only one test to be performed to detect all three pathogens simultaneously, thereby 

reducing time and costs associated with the test. This involves significant further 

optimization of the assays developed to ensure specificity and sensitivity are not 

diminished or reduced, particularly as a decrease in sensitivity in multiplex 

NASBA assays has been reported previously [3-5]. 
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As part of the overall aim of this study, on-chip NASBA amplification (Appendix 

A) and on-chip RNA purification (Appendix B) have been demonstrated and 

validated using a real-time NASBA assay developed in this study. This work 

demonstrates the potential application of real-time NASBA assays described in this 

thesis in a POC lab on chip device for rapid diagnosis of bacterial meningitis. 

However, further advances could also be made to improve on-chip NASBA 

detection, in order to perform real time heating and detection, in addition to 

incorporating biological sample preparation, with the aim to progress toward a fully 

integrated sample in – answer out diagnostics technology.  In theory, a rapid fully 

integrated POC diagnostic test that meets the  ASSURED  characteristics,  i.e. 

Affordable,  Sensitive,  Specific,    User-friendly,  Rapid, Equipment  free, and 

Delivered [ 6 ] , would  enable the determination and identification of a bacterial 

pathogen in a patient with suspected meningitis,  reducing the time spent in 

hospital and allowing for the more rapid administration of an appropriate pathogen 

specific antibiotic treatment regime. Furthermore, the application of NASBA on a 

fully integrated POC, that requires a low fluid volume sample, would potentially 

enable home or physician based use of a compact, portable, cost effective, rapid 

diagnostic test by non-specially trained individuals. However, the transition of POC 

diagnostics from a laboratory setting to a real product for use in the healthcare sector 

is often difficult, prolonged, and requires significant capital for development. Each 

year, only one paper is published describing clinical evaluation of POC devices for 

every 60 papers published describing laboratory testing of devices aimed toward 

POC diagnostics [7].  

In addition to funding requirements for the initial design and fabrication of these 

fully integrated on-chip diagnostic tests, development of POC technologies face 

many other challenges including: the requirement for lengthy clinical validation of 

the product through trials, the need to perform multi-centre studies that demonstrate 

robustness of the test under different user conditions and the need to change how 

clinical practice is performed, as well as train personnel on how to use the POC 

device and interpret the results. Furthermore there is a requirement to comply with 

complex country specific health authority regulations [8]. For example, in Europe, a 

diagnostics product can be commercialized with a CE mark, which is obtained 

through compliance to the Directive of In-Vitro Diagnostic Medical Devices, 
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98/79/EC, without any specific regulations for POC use. While in the U.S, a POC 

diagnostic device must obtain regulatory approval from the FDA and in some 

instances require a CLIA waiver for use locations without laboratory-trained 

personal and equipment [8].  

As a consequence, a cost effectiveness analysis needs to be carried out to determine 

the benefit of these tests to the healthcare sector before embarking on steps toward 

commercialization. This cost effectiveness analysis should compare costs in 

monetary terms and in non-monetary terms. In addition it needs to take into account 

both direct monetary costs e.g. actual cost to perform the test and indirect monetary 

costs e.g. a delay in the time taken to diagnose and treat a patient may lead to 

unnecessary hospital admissions and in turn, the need for additional staffing [9]. For 

example, a definitive POC test that significantly improves the clinical outcome for a 

patient with a life threatening disease, such as bacterial meningitis; reduces or 

prevents the need for the expensive, ineffective treatment; and eliminates expensive 

routine confirmatory testing, would be much more cost effective than a POC test that 

only marginally improves public health. 
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