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Abstract 

Neisseria meningitidis is a gram-negative bacterium which causes invasive meningococcal 

disease (IMD). IMD is notifiable to the National Notifiable Diseases Surveillance System 

(NNDSS) which reports on national data via the National Neisseria Network annually since 

1994. IMD is predominantly caused by encapsulated N. meningitidis expressing a capsule 

serogroup A, B, C, W, X or Y. In Australia, N. meningitidis serogroup B (MenB) and serogroup 

C (MenC) have been the predominant cause of disease from 1992 to 2003. Following the 

introduction of the polysaccharide-conjugate MenC vaccine on the national immunisation 

schedule in 2003, the number and proportion of MenC cases dropped and only MenB 

predominated. No vaccine was available against MenB disease until the Bexsero® recombinant 

vaccine was licenced in Australia in 2013. This vaccine was designed to protect against MenB 

isolates sufficiently expressing one or more  closely related variants of four surface antigens – 

fHbp, NHBA, NadA and PorA. The coverage of the Bexsero® vaccine is estimated to be 76% 

for Australia but this value may differ for each jurisdiction. 

In Chapter 2 of this thesis, the potential coverage of the Bexsero® vaccine in Western Australia 

(WA) is estimated using bioinformatics analyses of whole genome sequences to detect 

presence of antigenic variants predicted to be covered by the Bexsero® vaccine. A total of 278 

N. meningitidis strains isolated from patients in WA over a 15-year period (2000 to 2014) were 

sequenced and analysed for genetic lineage (sequence type [ST], clonal complex [cc]) and for 

antigenic diversity. A Bexsero® antigen sequence type (BAST) was assigned to each strain 

which was used to estimate coverage of the vaccine. The mean estimated vaccine coverage, 

using BAST profiling, was 60% over the 15-year period but ranged from 40% to 82% annually 

due to temporal changes in the fHbp variants. 

In Chapter 3 of this thesis, the genetic lineages and the BAST profiles of meningococcal 

isolates circulating in WA are compared to those circulating in Victoria (VIC) which is located 

in the south-eastern part of the country. This study compared 70 isolates from WA to 131 

isolates from VIC, all of which were isolated from patients during 2008-2012. No significant 

differences were identified in the distribution of serogroups and clonal complexes between the 

two jurisdictions. The cc41/44 lineage was the predominant lineage in both areas but the 

predominant ST from this lineage was locally different – ST-146 in WA and ST-6058 in VIC. 

A total of 108 BAST profiles were identified in the collection and only 9 were simultaneously 
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observed in both states. Using BAST profiles, the estimated vaccine coverage was significantly 

lower in WA (47.1% [95% CI: 41.1-53.1%]) than in VIC (66.4% [95% CI: 62.3-70.5%]). 

In 2016, meningococcal serogroup W (MenW) became the predominant serogroup in WA and 

all isolates from this serogroup belonged to the cc11 lineage. In Chapter 4 of this thesis, the 

core genomes of these MenW:cc11 isolates are analysed and two genetically distinct clusters 

were observed – cluster A and cluster B. All isolates in cluster B were isolated in 2016 only. 

Furthermore, all cluster A isolates were susceptible to penicillin and Cluster B isolates were 

insensitive or resistant to penicillin. Penicillin resistance in cluster B was shown to occur due 

to the presence of a specific penA allele, penA_253. 

In Chapter 5 of this thesis, a meningococcal MenW strain, ExNm672, which showed reduced 

susceptibility to penicillin and ceftriaxone is characterised. The ExNm672 strain possessed a 

novel penA allele, penA_1281, which was responsible for the reduced susceptibility to both 

antibiotics. Furthermore, the genomic analysis of ExNm672 indicated that this strain was 

unrelated to the penicillin-resistant isolates circulating in WA in 2016 and did not cluster with 

any known MenW:cc11 strains isolated globally. 

In summary, this thesis investigates the molecular epidemiology of meningococcal isolates 

circulating in WA and also investigates changes in the antibiotic susceptibility profiles of 

MenW:cc11 strains isolated in WA. 
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Chapter 1 

Literature Review 

1.1. History and Microbiology of N. meningitidis 

N. meningitidis was first isolated from human cerebral spinal fluid (CSF) in 1887 by Anton 

Weichselbaum and described as the causative agent of cerebrospinal meningitis – the organism 

was then named Diplococcus intracellularis meningitidis [1]. It is now known that the 

bacterium not only causes meningitis but also a variety of clinical syndromes termed invasive 

meningococcal disease (IMD). Characteristics of infections similar to IMD had been recorded 

since the 16th century but its clinical description was only provided by Gaspard Vieusseux in 

1805 during an outbreak in Switzerland [2]. Although it has been more than a century since its 

discovery, N. meningitidis is still a leading cause of bacterial meningitis and fulminant sepsis, 

and its evolution remains a fascinating area of study. 

N. meningitidis (meningococcus) is a gram-negative diplococcus bacterium which resides 

exclusively in humans. It is classified within the class b-Proteobacteria and forms part of the 

family Neisseriaceae. As a member of the genus Neisseria, these bacteria are non-motile, 

aerobic, have catalase and oxidase activities, usually lack a flagellum and their growth is 

stimulated by carbon dioxide and humidity. They are best isolated on chocolate agar [3]. 

The genus Neisseria comprises closely-related gram-negative oxidase-positive bacteria 

isolated from human and animal mucosal and dental surfaces. The two pathogenic members of 

this genus are N. gonorrhoeae (gonococcus) and N. meningitidis (meningococcus), both of 

which are diplococcus in shape and are known to colonise humans only. Gonococci colonise 

the urogenital tract [4] whilst meningococci mainly colonise the nasopharyngeal tract [5], 

although exchange of colonisation sites between these two organisms has been documented [6, 

7]. 
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1.2. Model of meningococcal pathogenesis 

Like all other gram-negative bacteria, N. meningitidis has a cell wall consisting of the 

cytoplasmic membrane and the outer membrane, encompassing the periplasmic space. The 

cytoplasmic membrane is a typical phospholipid bilayer whilst the outer membrane consists of 

an assymetrical bilayer of phospholipids and lipooligosaccharides (LOS). LOS is analogous to 

lipopolysaccharides found in other gram-negative bacteria. The LOS face the external 

environment and contribute an overall negative charge to the cell envelope. The outer 

membrane also contains several classes of proteins and is furnished with pili (class I and/or 

class II). Some of the surface proteins embedded in the outer membrane act as virulence factors 

and are crucial for attachment of the meningococcus to human mucosal surfaces to allow 

colonisation in the nasopharynx – these proteins include the outer membrane class 5 proteins 

Opa and Opc, Neisseria adhesion A (NadA), and the two major outer-membrane porin proteins 

PorA and PorB (Figure 1). 

Figure 1.1. Cross sectional view of the cell wall of N. meningitidis. Taken from Sadarangani 

and Pollard [8]. 

Additionally, N. meningitidis strains can be encapsulated. All meningococci causing invasive 

disease express a capsule [9]. It has been shown that the capsule is important for intracellular 

survival in human cells [10]. Composition of the polysaccharide capsule facilitates 

classification and nomenclature of N. meningitidis (Section 1.6.1). 
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Figure 1.2 shows the interaction of N. meningitidis with the host – colonization of the 

nasopharynx followed by entry in the bloodstream and crossing of the blood-brain barrier into 

the cerebrospinal fluid. Briefly, attachment of the bacterium to the epithelial cells is aided by 

the pili which act as major adhesins. Binding of Opa and Opc to the CD66 receptor stimulates 

engulfment of the bacterial cell which crosses the epithelium through phagocytic vacuoles. 

Survival in the bloodstream is promoted by capsule expression which protects against 

complement mediated bacteriolysis and phagocytosis. In the bloodstream, the bacterium 

releases endotoxin in the form of blebs which stimulate cytokine production and alternative 

complement pathway, resulting in an uncontrolled hyper-inflammation state known as 

meningococcemia. 
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Figure 1.2. Stages in the pathogenesis of N. meningitidis. The stages involve colonization of 

the nasopharynx followed by entry into the bloodstream as the bacterium crosses the 

nasopharyngeal epithelial cells. Survival in the bloodstream is promoted by expression of the 

capsule and results in the clinical syndrome of sepsis. Some bacterial cells may also cross the 

blood-brain barrier and enter the cerebrospinal fluid, infecting the meninges, which results in 

the clinical syndrome meningitis. Taken from Rosenstein [3].  

1.3. Invasive Meningococcal Disease 

Unlike N. gonorrhoeae which is strictly pathogenic, N. meningitidis is a commensal organism 

of the upper respiratory tract in 8-25% of the adult population in non-epidemic settings [11, 

12]. Occasionally, however, N. meningitidis crosses the epithelial barrier and invades the host 

resulting in systemic infection termed invasive meningococcal disease (IMD). 

IMD is typically characterised by septicaemia and/or meningitis. Septicaemia occurs when the 

pathogen replicates in the blood whilst meningitis occurs only when the meningococcus crosses 

the blood brain barrier and replicates successfully in the CSF [13]. The progress of IMD is 

rapid and if not intervened in time by antibiotic administration, the outcomes can be 

devastating, leading to neurological disorders (11-19%) and death (9-12%) [3]. 

IMD can be hard to diagnose as the initial clinical manifestations during the first 24 hours are 

very similar to more common and less serious illnesses such as a common cold. However, this 

phase rapidly evolves to include stiffness of the neck and sometimes together with vomiting 

and photophobia in cases of meningitis [3]. Meningococcal sepsis or meningococcemia is 

characterised by a rapid onset of fever and a pupuric rash, which may advance to purpura 

fulminans [14]. The pathogen can be cultured from approximately 60% of IMD patients but 

only 5 to 20% suffer from septicaemia [15]. Of those who survive IMD, similar proportions 

suffer long-term sequelae such as hearing loss, vision loss, chronic pain, skin scarring and limb 

loss [15]. 
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1.3.1. Risk Factors of IMD 

The prevalence of IMD varies among different age groups, with a bimodal distribution in 

incidence [16]. A large prevalence peak occurs in infancy associated with the absence of 

bactericidal antibodies, and in developed countries a smaller prevalence peak occurs in 

adolescents and young adults, most probably due to the high rate of transmission within their 

social networks [17, 18]. Besides age, people who are in close contact with patients infected 

by IMD are at higher risk of acquiring the disease. As a result, the risk to health care workers 

is 25 times more than that of the general population [19]. Furthermore, smoking increases the 

carriage and the spread of N. meningitidis – children of smokers are at a significantly higher 

risk of contracting the disease by 500-800 fold [20-22]. 

Overcrowding increases both the carriage and transmission of the disease [23]. Evidence for 

this is the high occurrence of IMD that was recorded among U.S military troops during the first 

and second world wars [24]. IMD was also very common among Hajj pilgrims, in Saudi Arabia 

[25]. People who have immune defects such as functional or anatomical asplenia, lack of 

properdin, and a deficiency of terminal complement components are also at higher risk of 

contracting the disease [3], including those infected with the human immunodeficiency virus 

[26]. There is also supporting evidence that smoking and concurrent viral infection of the upper 

respiratory tract confer a predisposition to the disease, as those infections are responsible for 

weakening the integrity of the nasopharyngeal mucosa, aiding in bacterial invasion [27]. 

Additionally, some people may also have genetic immune defects causing them to be more 

susceptible to the disease. This would comprise polymorphisms in the genes for mannose-

binding lectin and tumor necrosis factor α [28-30]. 

To control and prevent the acquisition and spread of meningococcal disease, chemoprophylaxis 

or vaccination (Section 1.7) can be used. Vaccination is recommended for people who work 

routinely with N. meningitidis as part of laboratory safety protocols [31]. Prevention of the 

disease can be achieved through vaccination (Section 1.7). Vaccines against serogroups A, B, 

C, W and Y are available. 
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1.3.2. Diagnostic Tests for IMD 

There are various ways of diagnosing IMD including bacterial culture from blood or CSF, 

Gram staining of CSF and immunologic reactions of polysaccharide antigen in CSF [32, 33]. 

The sensitivity of the first two methods depend on the number of bacteria present in the sample 

and the latter method can frequently produce false negative results, especially in cases of 

serogroup B disease [3]. The modern approach for diagnosis is polymerase-chain-reaction 

(PCR) analysis which is rapid, does not necessitate any live organism for a positive result and 

can also detect the serogroup without the need of any immunologic reaction [34, 35]. This 

molecular diagnostic tool has a higher sensitivity and can even be used after antibiotic therapy 

has started, after which blood and CSF cultures sterilize rapidly [35]. The sodC gene is the 

target gene for detecting N. meningitidis and the ctrA gene is targeted for determining presence 

of encapsulated N. meningitidis [36, 37], in species-specific PCR assays. PCR tests are 

becoming more available in industrialised countries but are yet to be implemented in remote 

areas as well as in developing countries due to the relatively higher cost.  

1.3.3. Treatment of IMD 

Mortality rates due to the rapid proliferation of bacteria and endotoxin production (Section 1.2) 

have decreased considerably with the use of antibiotics. Penicillin, ceftriaxone and cefotaxime 

are the common antibiotics used for treatment. However, due to its low cost and narrow 

spectrum, penicillin remains the treatment of choice against the disease and is to be quickly 

administered intravenously to patients suspected of having the disease [38]. The recommended 

treatment period is 7 days but shorter courses of therapy are still effective [39]. IMD is regarded 

as a medical emergency because of the threat it poses to the health and life of the public. 

Management of the disease requires early recognition, prompt antibiotic therapy and the patient 

should be placed under observation for at least 24 hours. 

Unlike N. gonorrhoeae, N. meningitidis has in general remained susceptible to antibiotics 

although resistance to penicillin has been reported at a low frequency (<1%) in Africa, Spain, 

the United States and the United Kingdom [40-42]. To prevent the development and the spread 

6



of resistance against penicillin, the use of other antibiotics such as ceftriaxone is preferred in 

children – one month of age or older [3]. 

 

1.4. Epidemiology and Burden of IMD 
 

Meningococcal infection occurs globally as endemic disease with sporadic cases or as 

outbreaks of varying size and period. Its occurrence ranges from very rare to more than 1,000 

cases per 100,000 population annually [43, 44]. Although the disease manifests itself all year-

round, cases are more frequently recorded during the dry season in Africa [45], in May to 

October in Brazil, December to March in the USA, France and UK, and July to September in 

New Zealand [46]. 

 

1.4.1. Global Distribution 
 

IMD is most commonly caused by meningococcal serogroup A (MenA), MenB, MenC, MenW, 

MenX and MenY. Outbreaks of IMD occur worldwide with some serogroups being more 

prevalent in specific geographic locations [47, 48].  

 

Since the 1950s, MenA outbreaks have disappeared from America and other industrialised 

countries – this is likely because of the stabilising social and economic situations associated 

with the end of the Second World War. In 1999, the United Kingdom was the first country to 

introduce a vaccine against MenC to cope with the huge increase in cases of MenC disease 

which then represented 38% of IMD cases [49]. This program was successful in considerably 

reducing the occurrence of MenC disease in the vaccinated group, and the vaccines were 

introduced into routine immunisation agendas in other European countries. The largest burden 

of IMD occurs in an area of sub-Saharan Africa known as the ‘meningitis belt’ which 

encompasses 26 countries between Ethiopia in the east to Senegal in the west [50]. This area 

is defined by its periodic widespread epidemics of meningococcal meningitis. The reason 

behind the persistence of the disease is thought to be linked to environmental issues including 

humidity and dust [51, 52]. In contrast to developed countries, IMD in Africa occurs in the dry 
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and arid time of the year, with MenC and MenX disease being most prevalent. The largest 

outbreak of IMD ever reported took place in the ‘meningitis belt’ in 1996, where 152,813 cases 

occurred and 15,783 died [53]. This incident led to the foundation, in January 1997, of the 

International Coordinating Group (ICG) on Vaccine Provision for Endemic Meningitis 

Control. The main aims of the ICG are to provide equity in the distribution of vaccines and 

ensure the availability of vaccines at short notice during an outbreak. At the start of the second 

millennium, MenW emerged with an outbreak amongst Hajj pilgrims in Saudi Arabia [25], and 

also caused a large epidemic in Burkina Faso [54].  

 

During the 2000-2010 period, MenA, MenW and MenX were the predominant cause of disease 

in Africa whilst MenA and MenC predominated in Asia [48, 55, 56]. In Europe and Australia, 

MenB and MenC were more prevalent, whilst MenB and MenY, and to a lesser MenC, 

predominated in the United States [48, 57]. However, recent surveillance has indicated a near-

eradication of MenA disease in Africa [58] which has been replaced by an increase in MenC 

outbreaks [59], whilst a rise in MenW and MenY incidence has been reported in many parts of 

Europe [60-62], North America [63], South America [64] and Australia [65-67].  

 

1.4.2. IMD in Australia 
 

In Australia, IMD is a notifiable disease and since 1994, the National Neisseria Network has 

been reporting the national annual prevalence of the serogroup, serotype (PorB typing), 

serosubtype (PorA typing) and antibiotic susceptibility of pathogenic meningococci isolated 

from the eight Australian states and territories as part of the Australian Meningococcal 

Surveillance Programme [68]. The annual reports are freely accessible on The Australian 

Government Department of Health website (www.health.gov.au).  

 

The epidemiology of IMD in Australia has previously been summarised by Patel (period: 1917 

to 1997) [69], Lawrence et al. (period: 1994 to 2012) [70] and Archer et al. (period: 1999 to 

2015) [71]. In brief, the national notification rate of the disease has fluctuated for the past 

century, peaking in 1917 (11.0 per 100,000), 1942 (33.1 per 100,000), 1952 (5.5 per 100,000), 

and 2001 (3.5 per 100,000). The peaks in 1917, the early 1940s and 1950s reflect epidemics 
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caused by MenA disease as part of the pandemic during the two world wars. The peak in 2001 

was caused by MenB and MenC. The introduction of the MenC conjugate vaccine on the 

National Immunisation Program in 2003 resulted in a decrease in IMD caused by MenC. 

However, there was also a general decline in all IMD notifications in Australia and most 

developed nations which may be linked to an increase in the general use of antibiotics and a 

reduction in smoking due to increasing awareness of smoking-related illnesses and the ban on 

smoking in all enclosed public spaces in Australia. From 2013 onwards, an increase in 

notification rate has been observed which has been caused by an increase in MenW cases. 

 

The national notification rate is an average of the notification rates for all eight Australian states 

and territories. Since transmission of N. meningitidis occurs via respiratory droplets, chains of 

transmission are highly localised as are outbreaks. Thus, the notification rate of IMD is 

different for each state and territory. Western Australia (WA) is the largest state with a total 

land area of 2.5 million square kilometres and the majority of the ~2 million inhabitants reside 

within the capital city of Perth, isolating this population from the ~10 million inhabitants 

located on the eastern seaboard of the continent. Since WA is a geographically restricted area, 

the rate of disease in this jurisdiction does not necessarily reflect the national rate although 

trends are similar (Figure 3). 

 

 

Figure 1.3. Annual notification rates of IMD in Australia and Western Australia, 1991–

2017. The records represent the National Notifiable Diseases Surveillance System (NNDSS) 

data for Australia and Western Australia obtained from 

http://www9.health.gov.au/cda/source/cda-index.cfm   
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1.5. Genetics of N. meningitidis 
 

The genome of N. meningitidis, approximately 2.2 Mb in size, shares ~96% identity with the 

other human pathogen of its genus, N. gonorrhoeae [72]. The first meningococcal genome to 

be sequenced was from the MenB strain MC58 [73]. This was followed by the MenA strain 

Z2491 [74] and the MenC strain FAM18 (unpublished, but freely available on the PubMLST 

database). Since then, more than 10,703 meningococcal draft genomes have been sequenced 

(sequence bin size ≥ 2 Mbp) and can be accessed through the PubMLST repository 

(http://pubmlst.org/neisseria/) (Accessed on 15 March 2018). Each locus in the meningococcal 

genome has been assigned a unique identifier in the form NEIS0001. Some of these loci have 

known functions and are also assigned gene names whilst others are open-reading frames that 

remain to be investigated. Of note, the NEIS nomenclature is universal to the Neisseria genus 

which allows easy detection of unique and common genes among the Neisseria isolates. The 

meningococcal core genome, defined as loci present in >95% of meningococcal isolates, 

consists of 1605 loci [75]. 

 

The genomes of invasive meningococci encode capsule synthesis (syn) genes, capsule 

transporter (ctr) genes, genes for other proteins such as enzymes involved in biochemical 

pathways and cell growth, as well as virulence genes found on genetic islands [13]. The 

genomes of N. meningitidis strains are genetically flexible as they undergo high-frequency 

recombination events via natural transformation [76]. Strains are naturally transformable being 

able to take up naked DNA from the environment by Type IV pili [77]. Permanent heritable 

changes result from recombination mediated by RecA and will result in antigen variability. 

Antigenic variation can also be the result of phase variation which occurs mainly through 

slipped strand mispairing which involves DNA slippage caused by nucleotide repeats within 

or upstream of a gene and results in expansion and contraction of the length of DNA at these 

position [78]. Ultimately this results in stochastic expression of an antigen at either the 

transcriptional or the translational level [72, 79]. Overall, antigenic and phase variation results 

in a heterogeneous population of bacterial cells some of which can escape the immune response 

and therefore cause invasive disease. 
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1.6. Nomenclature of N. meningitidis 
 

The nomenclature of meningococcal isolates is not only important from an evolutionary point 

of view but is also crucial for epidemiological studies. Prior to the sequencing era, 

meningococcal isolates were classified through serological typing, immunotyping and multi-

locus enzyme electrophoresis. With the advent of PCR and genome sequencing, N. meningitidis 

strains are now classified using antigenic profiling (PorA and FetA profiling) and multi-locus 

sequence typing (MLST). 

 

1.6.1. Serogroup Classification 
 

Serogroup classification is based on the composition of the bacterial capsular polysaccharides 

which cause different immunologic reactions. The capsule is a virulence factor required for the 

bacterium to survive in the bloodstream [10]. Strains of N. meningitidis are categorised into 12 

serogroups: A, B, C, E, G, I, K, L, W, X, Y and Z [9].  Serogroups E and W have been renamed 

from 29E and W135, respectively, since 2013. Infections are mostly caused by MenA, MenB, 

MenC, MenW, MenX, and MenY [3, 9]. Except for MenA and MenX, the capsules expressed 

by each of the other four main invasive serogroups are made up of sialic acid derivatives [80, 

81]. Sialic acid (N-acetylneuraminic acid; Neu5Ac) has a 9-carbon monosaccharide backbone. 

Table 1 shows the sugar content of the capsule expressed by the major invasive meningococcal 

serogroups. MenB and MenC capsules are composed entirely of sialic acid in an (α2→8) and 

(α2→9) linkage respectively. MenW and MenY capsules are composed of alternating 

disaccharide repeat units of sialic acid with D-galactose or D-glucose, respectively[82]. The 

capsule expressed by MenA is composed of (α1→6)-linked N-acetylmannosamine-1-

phosphate, whilst that of MenX is made up of (α1→4)-linked N-acetyl-D-glucosamine-1-

phosphate [83].  
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Table 1. Medically important capsules of Neisseria meningitidis. 

SEROGROUP CAPSULE POLYSACCHARIDE 

A (α1→6)-linked N-acetylmannosamine-1-phosphate 

B (α2→8)-linked N-acetylneuraminic acid 

C (α2→9)-linked N-acetylneuraminic acid 

W 6-D-Gal(α1→4)-linked N-acetylneuraminic acid 

X (α1→4)-linked N-acetyl-D-glucosamine-1-phosphate 

Y 6-D-Glc(α1→4)-linked N-acetylneuraminic acid 

 

 

The capsule polysaccharide synthesis (cps) island is the genetic determinant of the 

meningococcal serogroup.  This island has a lower GC content than the meningococcal core 

genome which suggests its acquisition via horizontal gene transfer followed by recombination. 

As a result, this island is not present in all N. meningitidis strains. The cps island comprises six 

regions – A, B, C, D, D’ and E (Figure 4). Region A is responsible for the synthesis of the 

capsule polymer; Region B (ctrEF) and Region C (ctrABCD) contain genes responsible for 

transporting the capsule polymer to the bacterial surface while Region D and Region D’ contain 

an intact and truncated remnant copy of a gene encoding UDP-galactose epimerase, known as 

galE1 (NEIS0048) and galE2 (NEIS0062), respectively. Region E contains a gene of unknown 

function termed tex (NEIS0069) which is a homologue of a transcription factor. The genes 

present in Region A dictate the meningococcal serogroup expressed. Meningococcal isolates 

classified as non-groupable (NG) occur because of mutations in the cps island or because of 

the absence of the genes involved in capsule synthesis and transport. In the latter case, the 

meningococcal strains possess a capsule-null locus (cnl).  
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Figure 1.4. Genetic organisation of the cnl locus and cps island in N. meningitidis. [84]  

Each arrow represents a gene and the genes are colour-coded for easy identification in all 

serogroups. NEIS0044 (pink) is followed by the region D (red), galE1 (black), capsule 

biosynthesis genes (light blue), capsule transport genes (green), tex (blue), galE2 (grey), region 

D’ (red) and region B (yellow). 

 

1.6.2. Multi-locus Sequence Typing 
 

A modern approach of classifying meningococcal strains is through the use of multi-locus 

sequence typing (MLST). In MLST, internal fragments of seven housekeeping genes are 

sequenced and any difference seen is recognised as a distinct allele, which is then assigned an 

arbitrary value [85]. Hence, each strain is given an allelic profile, known as sequence type (ST), 

characterised by seven integers which correspond to the alleles at the seven housekeeping loci. 

These designations are made by the curator of the PubMLST database 

(http://pubmlst.org/neisseria/). The seven genes used are summarised in Table 2. 
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Table 2. Housekeeping loci used for MLST in Neisseria meningitidis. 

 

 

The different STs can further be clustered into clonal complexes based on their similarity to a 

central genotype – STs that are identical at four or more of the seven loci are grouped into the 

same clonal complex (cc). This grouping has provided a deeper insight in the evolutionary 

studies of N. meningitidis by providing data to resolve the phylogenetic relationships among 

distantly related strains which was difficult to achieve using previous typing techniques [86]. 

The cc classification correlates with differences in the core genome and hence the cc of a 

meningococcal isolate provides a measure of its genetic relatedness (Figure 5) [75]. 
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Figure 1.5. Core genome phylogeny of N. meningitidis showing clonality of MLST clonal 

complexes. The tree was generated using the 1605 core meningococcal loci using genomes 

from 108 meningococcal isolates. A neighbour-joining algorithm was applied. The 

hypervirulent lineages have been highlighted and colour-coded. The two distinct clusters 

within cc11 (yellow) differentiate isolates expressing a serogroup B capsule (cps B) or a 

serogroup C capsule (cps C). Edited from Bratcher et al. [74] 

 

Of note, however, clusters within clonal complexes may consist of different serogroups. For 

example the cc11 lineage contains MenB, MenC as well as MenW isolates [87]. This 

observation is consistent with the transfer of the cps island through natural transformation 

followed by recombination, a process which can occur within and between clonal complexes. 

Such events have been termed “capsule switching” and have been reported since 1997 [88-90]. 

Capsule switching usually involves exchange of the capsule biosynthesis and transport operons 

(Region A-C-E in Figure 4) through homologous recombination occurring at Region D and 

Region D’. Capsule switching is a virulence mechanism used by N. meningitidis, as well as 

other encapsulated bacterial pathogens, to evade the host immune system. It is believed to occur 

more frequently between isolates of the same clonal complex due to high level of similarity in 

their genome and also due to the presence of lineage-specific restriction modification systems 

which act as an exchange barrier, thus preventing DNA exchange between different lineages 

[86]. Capsule switching also explains the increase in the incidence of MenW infections since 

the start of the third millennium [62, 89]. 

 

1.6.2.1. The Hyperinvasive Genetic Lineages 
 

Of the 47 currently established clonal complexes, some are more frequently associated with 

invasive disease than with asymptomatic carriage and are termed “hyperinvasive lineages”. 

These lineages include cc1, cc5, cc8, cc11, cc18, cc32, cc41/44, cc103, cc269 and cc334, all 

of which have a disease to carriage ratio value greater than 1.0 [91]. The hyperinvasive lineages 

persist for decades locally, are responsible for large epidemics, are highly transmissible and are 

detected globally. For example, cc32 caused the MenB outbreak in the UK in the 1980s [92], 

cc41/44 was responsible for the MenB outbreak in New Zealand during 1990-2005 [93], and 
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cc11 was responsible for the Hajj outbreak in early 2000s [25] and is currently responsible for 

the MenW epidemic in Europe [61, 62]. The mechanism for the hyper-invasiveness of these 

specific lineages was long thought to be associated with a specific set of virulence genes but a 

recent study demonstrated that introgression events involving genes encoding metabolic 

functions from one hyperinvasive lineage to another contribute to an increase in transmission 

fitness and/or increased virulence [94]. Variations in metabolic genes could allow 

meningococci to survive better by exploiting alternative host resources, depending on their 

location – epithelial cells, blood or CSF. A recent study also reported meningococcal strains 

from hyperinvasive lineages have a significantly higher in vitro growth rate compared to strains 

from lineages with a low disease to carriage ratio [95]. 

 

1.7. Vaccination 
 

The control and prevention of IMD can be achieved through vaccination. Of the six serogroups 

causing the majority of disease, vaccines are available against serogroups A, B, C, W and Y. 

Vaccines against serogroups A, C, W and Y have been available since the dawn of the 21st 

century but vaccines against serogroup B disease has only recently been available for use. As 

for serogroup X disease, a vaccine is currently under development [96]. A review on 

vaccination against IMD and the guidelines used in different countries has recently been 

documented [97].  

 

1.7.1. Polysaccharide Vaccines 
 

The bacterial capsule has been the first target antigen for meningococcal vaccines. In the 1960s 

it was shown that purified capsular polysaccharides from organisms of serogroups A and C 

elicited an immune response by inducing bactericidal antibody production [98]. This 

observation was rapidly exploited for military recruits, leading to the development of an 

effective vaccine against MenC infection [99]. Subsequently there was the development of a 

monovalent polysaccharide vaccine against MenA, and a bivalent polysaccharide vaccine 

against MenA and MenC [100]. After the emergence of MenW, the quadrivalent 
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polysaccharide vaccine against MenACWY was developed, and is still used in many countries 

[47]. 

 

Despite their high efficacy, polysaccharide vaccines have limited duration of protection and do 

not provide immunological memory as their antigens stimulate mature B lymphocytes but not 

T lymphocytes [101]. Also, antibody responses elicited by polysaccharide antigens are poor in 

infants less than 2 years of age with serogroup A polysaccharide vaccines being more 

immunogenic for this age group [102]. Furthermore, meningococcal polysaccharide vaccines 

may induce immunologic hyporesponsiveness such that the antibody response decreases after 

each subsequent dose [101]. Besides, these vaccines show little or no reduction in 

nasopharyngeal carriage and consequently do not provide herd immunity to the general 

population [45]. All of these limitations have been overcome by the development of 

meningococcal protein-polysaccharide conjugate vaccines in the 1990s. Table 3 [103] 

summarises the differences in immunogenicity between polysaccharide and conjugated 

polysaccharide vaccines. 

 

Table 3. Comparison of polysaccharide and conjugated polysaccharide vaccines [102]. 
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1.7.2. Conjugated Polysaccharide Vaccines 
 

Conjugated polysaccharide vaccines, first developed for Haemophilus influenzae type b in the 

1980s [104], consist of the capsular polysaccharides covalently linked to a carrier protein which 

makes them far more immunogenic. Examples of carrier proteins include tetanus toxoid (TT), 

diphtheria toxoid and diphtheria cross-reactive material (CRM197) [47]. Conjugate vaccines 

have the ability of inducing T-cell dependent response, resulting in immunological memory 

[105]. In 1999, the UK was the first country to introduce licensed conjugate vaccines against 

MenC infections, causing a reduction of 86.7% in the incidence of the disease in the targeted 

age groups [49]. Thereafter, conjugate vaccines against other serogroups were developed, and 

a quadrivalent conjugate vaccine (A, C, W and Y) is now in use in all developed countries 

[106]. Recently the use of a monovalent polysaccharide-tetanus toxoid conjugate vaccine 

(MenAfriVacTM) against MenA infection in Africa has almost eradicated the high rate of 

epidemic meningitis caused by this serogroup which is virtually absent in western countries 

[107-110]. 

 

Unlike the capsular polysaccharides of MenACWY, the capsule of serogroup B meningococci 

could not be used in the formulation of a vaccine. This is because the serogroup B capsule 

mimics a carbohydrate commonly found on human cells – the capsule structure is identical to 

the polysialic acid in foetal neural tissue of humans, which is continually expressed at lower 

concentration, throughout life [111]. For this reason, vaccine development against MenB 

disease has been hampered, allowing this serogroup to prevail in developed countries for more 

than three decades [44, 47, 48, 50, 53, 112-115]. Vaccines derived from outer membrane 

vesicles have been applied to control outbreaks caused by MenB, but such vaccines provide 

protection specifically against the outbreak strain and provide limited cross protection against 

other isolates [93, 116]. 

 

1.7.3. Recombinant vaccines 
 

With the vast number of meningococcal genomes now available, vaccines that use sub-capsular 

antigens which are conserved within MenB strains have been developed to provide a broader 
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protection against the pathogens [117]. Two such vaccines are now available, namely, 

Bexsero® (GSK) and Trumenba® (Pfizer). Both vaccines are available for use in the US and in 

Europe but only the Bexsero® vaccine has been licenced in Australia. 

 

1.7.3.1. The Bexsero® vaccine 
 

The Bexsero® vaccine (GSK), previously known as 4CMenB, incorporates four major 

meningococcal surface antigens [118] : 

• fHbp: factor H binding protein 

• NadA: Neisseria adhesin A  

• NHBA: Neisserial Heparin-Binding Antigen 

• PorA: Porin antigen A (PorA)  

 

The fHbp and NHBA antigens are incorporated as recombinant fusion proteins – fHbp is fused 

to GNA2091 and NHBA is fused to GNA1030 [119]. [GNA stands for genome-derived 

Neisseria antigen] 

The fHbp protein is encoded by the NEIS0349 (fHbp) locus which is known to be present in 

most meningococci [120]. Based on the phylogeny of the amino acid sequences, fHbp peptides 

can be classified into 3 main variants: fHbp-1, -2 and -3. The fHbp-1 variant is known as 

subfamily B and the fHbp-2/3 variants fall into subfamily A [121-123]. The Bexsero® vaccine 

contains the fHbp-1.1 peptide which belongs to the fHbp-1 variant family. As a result, the 

vaccine is expected to provide protection against meningococci sufficiently expressing similar  

fHbp-1 variants [124]. Specific antibodies (Fab 1A12) raised against the fHbp antigen target a 

conserved epitope [125] and elicit protection through complement-mediated bactericidal 

activity [121, 126].  

 

The NadA antigen is encoded by the NEIS1969 (nadA) locus and phylogenetic analysis 

classifies this protein into 4 variants – NadA-1, NadA-2/3, NadA-4/5 and NadA-6 [127]. 

Unlike fHbp, the nadA gene is not ubiquitous and has been identified in approximately 30% of 

clinical isolates and in ~16% of asymptomatic carriage isolates [128]. The gene is present in 

 
19



almost all isolates belonging to cc8, cc11 and cc32 but is rarely present in the genomes of 

isolates belonging to cc41/44 and cc269 [120, 127, 129, 130]. The NadA-2/3.8 peptide is 

incorporated in the Bexsero® vaccine which is expected to raise an immune response and 

protect against meningococci expressing the NadA-2/3 variant as well as the NadA-1 variant 

[130].  

 

The NHBA outer-membrane protein is encoded by the NEIS2109 (nhba) locus. This protein 

plays a role in the attachment of meningococci to human epithelial cells [131]. Unlike fHbp 

and NadA, the NHBA antigen is not classified into variants as no significant clustering occurs 

in the phylogeny of the NHBA peptide sequences. The Bexsero® vaccine incorporates the 

NHBA-2 peptide and the vaccine is predicted to provide protection against isolates expressing 

NHBA-2 (or NHBA peptides closely related to NHBA-2) although some high NHBA-2-

expressing meningococci resistant to the raised antibodies have been identified [132]. 

 

The PorA antigen is incorporated in the Bexsero® vaccine as part of outer-membrane vesicles 

(OMV) derived from the New Zealand outbreak strain, NZ98/254 [93, 133]. The vaccine is 

predicted to provide protection against isolates expressing the P1.4 PorA subtype. 

 

As all other vaccines, the efficacy of the Bexsero® vaccine can be assessed using the serum 

bactericidal antibody (SBA) assay against diverse meningococcal strains. However, this 

technique requires large volumes of sera which is impractical, especially for infants, and also 

to routinely test case isolates. To overcome this, the meningococcal antigen typing system 

(MATS) assay has been designed to predict the coverage of the Bexsero® vaccine [124]. The 

MATS assay is a sandwich ELISA method [124] which identifies antigen capture by purified 

polyclonal IgG antibodies for fHbp, NadA and NHBA whilst coverage by PorA is evaluated 

using PCR amplification to detect P1.7-2,4. Using the MATS assay, the coverage of the 

Bexsero® vaccine against MenB isolates was estimated for different countries – the predicted 

coverage ranged from 66% to 91%, per country (Figure 6) [134]. The Bexsero® vaccine is now 

licensed for use in Canada, US, Europe and Australia. 
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Figure 1.6. Global MATS coverage estimates for Bexsero® [134]. The figure depicts the 

predicted strain coverage in 13 countries (Australia, Brazil, Canada, Czech Republic, England 

and Wales, France, Germany, Greeze, Italy, Norway, Spain and the United States) ranging 

from 66% to 91%. The number of strains assessed and the collection years are as follows: 

Australia (n=373, 2007-2011), Brazil (n=99, 2010), Canada (n=157, 2006-2009), Czech 

Republic (n=108, 2007-2010), England and Wales (n=535, 2007-2008), France (n=200, 2007-

2008), Germany (n=222, 2007-2008), Greece (n=148, 2008-2010), Italy (n=54, 2007-2008), 

Norway (n=41, 2007-2008), Spain (n=300, 2008-2010) and the United States (n=442, 2000-

2008). The sera used in these experiments were not restricted to a particular age group and 

included infants, teenagers and adults. 

 

1.7.3.2. The Trumenba® vaccine 
 

The Trumenba® vaccine (also known as bivalent rLP2086) incorporates two variants of the 

fHbp antigen: fHbp-1.55 (from family B) and fHbp-3.25 (from family A) [135, 136]. Unlike 

the fHbp antigen in the Bexsero® vaccine which is fused to a protein, the fHbp proteins in the 

Trumenba® vaccine are lipidated [137]. The lipid moiety on the antigens enhances antibody 

responses against fHbp [121, 138]. The Trumenba® vaccine is expected to cover a large 

proportion of meningococcal strains as it provides protection against isolates expressing fHbp 
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variants from each fHbp family. However, unlike the Bexsero® vaccine, the Trumenba® 

vaccine relies on the expression of only one antigen, exerting a selective pressure on the 

meningococcal population which may result in fHbp-negative carrier isolates. If such isolates 

then invade the host, the immune response elicited by the Trumenba® vaccine will no more 

cause protection. 

 

The Trumenba® vaccine has been approved by the US Food and Drug Administration in 

October 2014 for prevention of MenB disease in the 10-25 year old cohort. This vaccine has 

also been licenced for use in Europe but is yet to be approved for use in Australia. 

 

1.8. Antimicrobial Resistance 
 

Antimicrobial resistance in pathogenic gram-negative bacteria has been the major cause of 

treatment failure around the world. An example of a microorganism that has successfully 

developed and retained multi-drug resistance phenotypes is Neisseria gonorrhoeae, the closest 

relative of N. meningitidis. Multi-drug resistance in N. meningitidis is virtually absent despite 

the high level of sequence homology shared with the genome of N. gonorrhoeae. Nevertheless, 

sporadic cases of IMD caused by N. meningitidis strains resistant to fluoroquinolones [139], 

rifampicin [140, 141] as well as penicillin [142] have been reported in the last 10 years. Since 

penicillin is the first line treatment for IMD, resistance to this antibiotic in N. meningitidis could 

significantly affect treatment options and requires careful surveillance. 

 

The majority of N. meningitidis strains are susceptible to penicillin with MICs of ≤0.05 mg/L. 

In the remainder, resistance to penicillin can be plasmid-mediated or chromosomally-mediated 

[143, 144]. Plasmid-mediated resistance occurs through penicillinase activity which can result 

in penicillin MIC values ≥1.0 mg/L. Meningococcal strains harbouring the β-lactamase 

plasmid are extremely rare  and only two such cases have been examined in the literature [145, 

146]. The β-lactamase plasmids from both cases were sequenced and shown to be almost 

identical to the pJD4 plasmid found in N. gonorrhoea, containing the TEM-1 gene sequence 

[147]. The last meningococcal strain harbouring a β-lactamase plasmid was recorded in 1996 

[145] and no such strains have been reported for the past two decades. Unlike plasmid-mediated 
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resistance, reduced susceptibility to penicillin via chromosomally-encoded alterations are more 

common. N. meningitidis expresses four penicillin-binding proteins (PBP1, PBP2, PBP3 and 

PBP4) which are involved in peptidoglycan biosynthesis and cell division. Alterations in the 

gene encoding PBP2, penA (NEIS1753), are more common among meningococcal strains 

showing intermediate resistance (or reduced susceptibility) to penicillin (MIC: 0.125 – 0.25 

mg/L) [148]. Such strains have been isolated at an increasing frequency from sporadic cases 

worldwide [40, 149-162] but have not been responsible for outbreaks, probably due to a 

compromised virulence fitness [163]. 

 

1.9. Outline of Thesis 
 

The aims of this study were: 

1. To perform whole-genome sequencing on invasive N. meningitidis strains isolated from 

patients in Western Australia from 2000 to 2014. 

2. To apply bioinformatics analyses on the sequenced genomes and assess the genetic and 

antigenic diversity of meningococcal isolates circulating in Western Australia to 

estimate potential coverage of the Bexsero® vaccine. 

3. To compare the genetic diversity of meningococcal isolates circulating in Western 

Australia to the ones circulating in Victoria (a state located on the eastern end of the 

continent) in terms of serogroup, MLST, FetA, PorA, fHbp, NadA and NHBA. 

4. To investigate changes in antibiotic susceptibility, if any, in the predominant 

meningococcal population circulating in Western Australia, MenW:cc11. 

 

Chapter 2 examines the antigenic diversity of the meningococcal population circulating in 

Western Australia over a 15-year period (2000 to 2014) and assesses the potential coverage of 

the Bexsero® vaccine. 

 

Chapter 3 examines differences in the meningococcal populations circulating in two well-

separated Australian states, Western Australia and Victoria, over a 5-year period (2008 to 2012) 

and assesses the potential coverage of the Bexsero® vaccine in each state. This chapter provides 
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insight for vaccine implementation – should a recombinant vaccine be implemented nation-

wide or at the state level? 

 

Chapter 4 examines the meningococcal serogroup W outbreak in Western Australia and 

identifies the recent emergence of a penicillin-resistant cluster which appeared in 2016. This 

chapter also identifies a specific penA allele, penA_253, as the major contributor for penicillin 

resistance in this cluster. 

 

Chapter 5 reports the identification of a meningococcal strain which showed reduced 

susceptibility to penicillin and ceftriaxone, the two antibiotics used in Australia to treat invasive 

meningococcal disease. This chapter also identifies a novel penA allele, penA_1281, as the 

major contributor for reduced susceptibility to both antibiotics. 

 

 
24



1.10. References 
 

1. Branham, S.E., The Meningococcus (Neisseria Intracellularis). Bacteriol Rev, 1940. 
4(2): p. 59-96. 

2. Vieusseux, d.-m., Mémoire sur la maladie qui a régné à Genève au printemps de 1805. 
1805. 

3. Rosenstein, N.E., et al., Meningococcal disease. N Engl J Med, 2001. 344(18): p. 1378-
88. 

4. Kellogg, D.S., Jr. and J.D. Thayer, Virulence of gonococci. Annu Rev Med, 1969. 20: 
p. 323-8. 

5. Broome, C.V., The carrier state: Neisseria meningitidis. J Antimicrob Chemother, 
1986. 18 Suppl A: p. 25-34. 

6. Lewis, J.F. and J.J. Alexander, Isolation of Neisseria meningitidis from the vagina and 
cervix. Am J Clin Pathol, 1974. 61(2): p. 216-7. 

7. Wiesner, P.J., et al., Clinical spectrum of pharyngeal gonococcal infection. N Engl J 
Med, 1973. 288(4): p. 181-5. 

8. Sadarangani, M. and A.J. Pollard, Serogroup B meningococcal vaccines-an unfinished 
story. Lancet Infect Dis, 2010. 10(2): p. 112-24. 

9. Harrison, O.B., et al., Description and nomenclature of Neisseria meningitidis capsule 
locus. Emerg Infect Dis, 2013. 19(4): p. 566-73. 

10. Spinosa, M.R., et al., The Neisseria meningitidis capsule is important for intracellular 
survival in human cells. Infect Immun, 2007. 75(7): p. 3594-603. 

11. Stephens, D.S., Uncloaking the meningococcus: dynamics of carriage and disease. 
Lancet, 1999. 353(9157): p. 941-2. 

12. Cartwright, K.A., et al., The Stonehouse survey: nasopharyngeal carriage of 
meningococci and Neisseria lactamica. Epidemiol Infect, 1987. 99(3): p. 591-601. 

13. Virji, M., Pathogenic neisseriae: surface modulation, pathogenesis and infection 
control. Nat Rev Microbiol, 2009. 7(4): p. 274-86. 

14. Kirsch, E.A., et al., Pathophysiology, treatment and outcome of meningococcemia: a 
review and recent experience. Pediatr Infect Dis J, 1996. 15(11): p. 967-78; quiz 979. 

15. Pace, D. and A.J. Pollard, Meningococcal disease: clinical presentation and sequelae. 
Vaccine, 2012. 30 Suppl 2: p. B3-9. 

16. Dwilow, R. and S. Fanella, Invasive meningococcal disease in the 21st century-an 
update for the clinician. Curr Neurol Neurosci Rep, 2015. 15(3): p. 2. 

17. Lewis, L.A. and S. Ram, Meningococcal disease and the complement system. 
Virulence, 2014. 5(1): p. 98-126. 

18. Ala'aldeen, D.A., et al., Carriage of meningococci by university students, United 
Kingdom. Emerg Infect Dis, 2011. 17(9): p. 1762-3. 

19. Gilmore, A., J. Stuart, and N. Andrews, Risk of secondary meningococcal disease in 
health-care workers. Lancet, 2000. 356(9242): p. 1654-5. 

20. Murray, R.L., J. Britton, and J. Leonardi-Bee, Second hand smoke exposure and the 
risk of invasive meningococcal disease in children: systematic review and meta-
analysis. BMC Public Health, 2012. 12: p. 1062. 

21. Norheim, G., et al., Association between population prevalence of smoking and 
incidence of meningococcal disease in Norway, Sweden, Denmark and the Netherlands 
between 1975 and 2009: a population-based time series analysis. BMJ Open, 2014. 
4(2): p. e003312. 

 
25



22. Meningococcal disease. Secondary attack rate and chemoprophylaxis in the United 
States, 1974. JAMA, 1976. 235(3): p. 261-5. 

23. Steffen, R., The risk of meningococcal disease in travelers and current 
recommendations for prevention. J Travel Med, 2010. 17 Suppl: p. 9-17. 

24. Keiser, P.B., L. Hamilton, and M. Broderick, U.S. military fatalities due to Neisseria 
meningitidis: case reports and historical perspective. Mil Med, 2011. 176(3): p. 308-
11. 

25. Taha, M.K., et al., Serogroup W135 meningococcal disease in Hajj pilgrims. Lancet, 
2000. 356(9248): p. 2159. 

26. Cohen, C., et al., Increased incidence of meningococcal disease in HIV-infected 
individuals associated with higher case-fatality ratios in South Africa. AIDS, 2010. 
24(9): p. 1351-60. 

27. Fischer, M., et al., Tobacco smoke as a risk factor for meningococcal disease. Pediatr 
Infect Dis J, 1997. 16(10): p. 979-83. 

28. Hibberd, M.L., et al., Association of variants of the gene for mannose-binding lectin 
with susceptibility to meningococcal disease. Meningococcal Research Group. Lancet, 
1999. 353(9158): p. 1049-53. 

29. Davila, S., et al., Genome-wide association study identifies variants in the CFH region 
associated with host susceptibility to meningococcal disease. Nat Genet, 2010. 42(9): 
p. 772-6. 

30. Martinon-Torres, F., et al., Natural resistance to Meningococcal Disease related to 
CFH loci: Meta-analysis of genome-wide association studies. Sci Rep, 2016. 6: p. 
35842. 

31. Borrow, R., et al., Safe laboratory handling of Neisseria meningitidis. J Infect, 2014. 
68(4): p. 305-12. 

32. Dunbar, S.A., et al., Microscopic examination and broth culture of cerebrospinal fluid 
in diagnosis of meningitis. J Clin Microbiol, 1998. 36(6): p. 1617-20. 

33. Ragunathan, L., et al., Clinical features, laboratory findings and management of 
meningococcal meningitis in England and Wales: report of a 1997 survey. 
Meningococcal meningitis: 1997 survey report. J Infect, 2000. 40(1): p. 74-9. 

34. Richardson, D.C., et al., Evaluation of a rapid PCR assay for diagnosis of 
meningococcal meningitis. J Clin Microbiol, 2003. 41(8): p. 3851-3. 

35. Bryant, P.A., et al., Prospective study of a real-time PCR that is highly sensitive, 
specific, and clinically useful for diagnosis of meningococcal disease in children. J Clin 
Microbiol, 2004. 42(7): p. 2919-25. 

36. Dolan Thomas, J., et al., sodC-based real-time PCR for detection of Neisseria 
meningitidis. PLoS One, 2011. 6(5): p. e19361. 

37. Rojas, E., et al., Optimization of Molecular Approaches to Genogroup Neisseria 
meningitidis Carriage Isolates and Implications for Monitoring the Impact of New 
Serogroup B Vaccines. PLoS One, 2015. 10(7): p. e0132140. 

38. Chaudhuri, A., et al., EFNS guideline on the management of community-acquired 
bacterial meningitis: report of an EFNS Task Force on acute bacterial meningitis in 
older children and adults. Eur J Neurol, 2008. 15(7): p. 649-59. 

39. Briggs, S., et al., Short course intravenous benzylpenicillin treatment of adults with 
meningococcal disease. Intern Med J, 2004. 34(7): p. 383-7. 

40. Oppenheim, B.A., Antibiotic resistance in Neisseria meningitidis. Clin Infect Dis, 
1997. 24 Suppl 1: p. S98-101. 

41. Harcourt, B.H., et al., Population-Based Surveillance of Neisseria meningitidis 
Antimicrobial Resistance in the United States. Open Forum Infect Dis, 2015. 2(3): p. 
ofv117. 

 
26



42. Hedberg, S.T., et al., Antibiotic susceptibility and characteristics of Neisseria 
meningitidis isolates from the African meningitis belt, 2000 to 2006: phenotypic and 
genotypic perspectives. Antimicrob Agents Chemother, 2009. 53(4): p. 1561-6. 

43. Tzeng, Y.L. and D.S. Stephens, Epidemiology and pathogenesis of Neisseria 
meningitidis. Microbes Infect, 2000. 2(6): p. 687-700. 

44. Chang, Q., Y.L. Tzeng, and D.S. Stephens, Meningococcal disease: changes in 
epidemiology and prevention. Clin Epidemiol, 2012. 4: p. 237-45. 

45. Stephens, D.S., B. Greenwood, and P. Brandtzaeg, Epidemic meningitis, 
meningococcaemia, and Neisseria meningitidis. Lancet, 2007. 369(9580): p. 2196-210. 

46. Paireau, J., et al., Seasonal dynamics of bacterial meningitis: a time-series analysis. 
Lancet Glob Health, 2016. 4(6): p. e370-7. 

47. Khatami, A. and A.J. Pollard, The epidemiology of meningococcal disease and the 
impact of vaccines. Expert Rev Vaccines, 2010. 9(3): p. 285-98. 

48. Jafri, R.Z., et al., Global epidemiology of invasive meningococcal disease. Popul Health 
Metr, 2013. 11(1): p. 17. 

49. Balmer, P., R. Borrow, and E. Miller, Impact of meningococcal C conjugate vaccine in 
the UK. J Med Microbiol, 2002. 51(9): p. 717-22. 

50. Harrison, L.H., C.L. Trotter, and M.E. Ramsay, Global epidemiology of meningococcal 
disease. Vaccine, 2009. 27 Suppl 2: p. B51-63. 

51. Molesworth, A.M., et al., Environmental risk and meningitis epidemics in Africa. 
Emerg Infect Dis, 2003. 9(10): p. 1287-93. 

52. Palmgren, H., Meningococcal disease and climate. Glob Health Action, 2009. 2. 
53. Tikhomirov, E., M. Santamaria, and K. Esteves, Meningococcal disease: public health 

burden and control. World Health Stat Q, 1997. 50(3-4): p. 170-7. 
54. Traore, Y., et al., The rise and fall of epidemic Neisseria meningitidis serogroup W135 

meningitis in Burkina Faso, 2002-2005. Clin Infect Dis, 2006. 43(7): p. 817-22. 
55. Nair, D., et al., Outbreak of meningococcal disease in and around New Delhi, India, 

2005-2006: a report from a tertiary care hospital. Epidemiol Infect, 2009. 137(4): p. 
570-6. 

56. Shao, Z., et al., Identification of a new Neisseria meningitidis serogroup C clone from 
Anhui province, China. Lancet, 2006. 367(9508): p. 419-23. 

57. Baccarini, C., et al., The changing epidemiology of meningococcal disease in North 
America 1945-2010. Hum Vaccin Immunother, 2013. 9(1): p. 162-71. 

58. Mohammed, I., G. Iliyasu, and A.G. Habib, Emergence and control of epidemic 
meningococcal meningitis in sub-Saharan Africa. Pathog Glob Health, 2017. 111(1): 
p. 1-6. 

59. Chow, J., et al., Invasive Meningococcal Meningitis Serogroup C Outbreak in 
Northwest Nigeria, 2015 - Third Consecutive Outbreak of a New Strain. PLoS Curr, 
2016. 8. 

60. Broker, M., et al., Meningococcal serogroup Y disease in Europe: Continuation of high 
importance in some European regions in 2013. Hum Vaccin Immunother, 2015. 11(9): 
p. 2281-6. 

61. Ladhani, S.N., et al., Increase in Endemic Neisseria meningitidis Capsular Group W 
Sequence Type 11 Complex Associated With Severe Invasive Disease in England and 
Wales. Clinical Infectious Diseases, 2015. 60(4): p. 578-585. 

62. Lucidarme, J., et al., An international invasive meningococcal disease outbreak due to 
a novel and rapidly expanding serogroup W strain, Scotland and Sweden, July to 
August 2015. Euro Surveill, 2016. 21(45). 

63. MacNeil, J.R., et al., Current Epidemiology and Trends in Meningococcal Disease-
United States, 1996-2015. Clin Infect Dis, 2017. 

 
27



64. Abad, R., et al., Serogroup W meningococcal disease: global spread and current affect 
on the Southern Cone in Latin America. Epidemiol Infect, 2014. 142(12): p. 2461-70. 

65. Carville, K.S., et al., Increase in Meningococcal Serogroup W Disease, Victoria, 
Australia, 2013-2015. Emerg Infect Dis, 2016. 22(10): p. 1785-7. 

66. Bond, K.A., et al., Rising incidence of invasive meningococcal disease caused by 
Neisseria meningitidis serogroup W in Victoria. Med J Aust, 2016. 204(7): p. 265-6. 

67. Mowlaboccus, S., et al., Clonal Expansion of New Penicillin-Resistant Clade of 
Neisseria meningitidis Serogroup W Clonal Complex 11, Australia. Emerg Infect Dis, 
2017. 23(8). 

68. Lahra, M.M., R.P. Enriquez, and N. National Neisseria, Australian Meningococcal 
Surveillance Programme annual report, 2015. Commun Dis Intell Q Rep, 2016. 40(4): 
p. E503-E511. 

69. Patel, M., Meningococcal disease in Australia; looking at the past, thinking of the 
future. Commun Dis Intell, 1997. 21(17): p. 233-6. 

70. Lawrence, G.L., et al., Meningococcal disease epidemiology in Australia 10 years after 
implementation of a national conjugate meningococcal C immunization programme. 
Epidemiol Infect, 2016. 144(11): p. 2382-91. 

71. Archer, B.N., et al., Epidemiology of invasive meningococcal B disease in Australia, 
1999-2015: priority populations for vaccination. Med J Aust, 2017. 207(9): p. 382-387. 

72. Davidsen, T. and T. Tonjum, Meningococcal genome dynamics. Nat Rev Microbiol, 
2006. 4(1): p. 11-22. 

73. Tettelin, H., et al., Complete genome sequence of Neisseria meningitidis serogroup B 
strain MC58. Science, 2000. 287(5459): p. 1809-15. 

74. Parkhill, J., et al., Complete DNA sequence of a serogroup A strain of Neisseria 
meningitidis Z2491. Nature, 2000. 404(6777): p. 502-6. 

75. Bratcher, H.B., et al., A gene-by-gene population genomics platform: de novo assembly, 
annotation and genealogical analysis of 108 representative Neisseria meningitidis 
genomes. BMC Genomics, 2014. 15: p. 1138. 

76. Kong, Y., et al., Homologous recombination drives both sequence diversity and gene 
content variation in Neisseria meningitidis. Genome Biol Evol, 2013. 5(9): p. 1611-27. 

77. Brown, D.R., et al., Systematic functional analysis reveals that a set of seven genes is 
involved in fine-tuning of the multiple functions mediated by type IV pili in Neisseria 
meningitidis. Infect Immun, 2010. 78(7): p. 3053-63. 

78. Levinson, G. and G.A. Gutman, Slipped-strand mispairing: a major mechanism for 
DNA sequence evolution. Mol Biol Evol, 1987. 4(3): p. 203-21. 

79. Seifert, H.S., Insertionally inactivated and inducible recA alleles for use in Neisseria. 
Gene, 1997. 188(2): p. 215-20. 

80. Bhattacharjee, A.K., et al., Structural determination of the sialic acid polysaccharide 
antigens of Neisseria meningitidis serogroups B and C with carbon 13 nuclear 
magnetic resonance. J Biol Chem, 1975. 250(5): p. 1926-32. 

81. Bhattacharjee, A.K., et al., Structural determination of the polysaccharide antigens of 
Neisseria meningitidis serogroups Y, W-135, and BO1. Can J Biochem, 1976. 54(1): p. 
1-8. 

82. Claus, H., et al., Molecular divergence of the sia locus in different serogroups of 
Neisseria meningitidis expressing polysialic acid capsules. Mol Gen Genet, 1997. 
257(1): p. 28-34. 

83. Bundle, D.R., I.C. Smith, and H.J. Jennings, Determination of the structure and 
conformation of bacterial polysaccharides by carbon 13 nuclear magnetic resonance. 
Studies on the group-specific antigens of Neisseria meningitidis serogroups A and X. J 
Biol Chem, 1974. 249(7): p. 2275-81. 

 
28



84. Bartley, S.N., et al., Acquisition of the capsule locus by horizontal gene transfer in 
Neisseria meningitidis is often accompanied by the loss of UDP-GalNAc synthesis. Sci 
Rep, 2017. 7: p. 44442. 

85. Jolley, K.A. and M.C. Maiden, BIGSdb: Scalable analysis of bacterial genome 
variation at the population level. BMC Bioinformatics, 2010. 11: p. 595. 

86. Budroni, S., et al., Neisseria meningitidis is structured in clades associated with 
restriction modification systems that modulate homologous recombination. Proc Natl 
Acad Sci U S A, 2011. 108(11): p. 4494-9. 

87. Lucidarme, J., et al., Genomic resolution of an aggressive, widespread, diverse and 
expanding meningococcal serogroup B, C and W lineage. J Infect, 2015. 71(5): p. 544-
52. 

88. Swartley, J.S., et al., Capsule switching of Neisseria meningitidis. Proc Natl Acad Sci 
U S A, 1997. 94(1): p. 271-6. 

89. Beddek, A.J., et al., Evidence for capsule switching between carried and disease-
causing Neisseria meningitidis strains. Infect Immun, 2009. 77(7): p. 2989-94. 

90. Lucidarme, J., et al., Frequent capsule switching in 'ultra-virulent' meningococci - Are 
we ready for a serogroup B ST-11 complex outbreak? J Infect, 2017. 75(2): p. 95-103. 

91. Caugant, D.A. and M.C. Maiden, Meningococcal carriage and disease--population 
biology and evolution. Vaccine, 2009. 27 Suppl 2: p. B64-70. 

92. Abbott, J.D., et al., The epidemiology of meningococcal infections in England and 
Wales, 1912-1983. J Infect, 1985. 11(3): p. 241-57. 

93. Oster, P., et al., MeNZB: a safe and highly immunogenic tailor-made vaccine against 
the New Zealand Neisseria meningitidis serogroup B disease epidemic strain. Vaccine, 
2005. 23(17-18): p. 2191-6. 

94. Watkins, E.R. and M.C. Maiden, Metabolic shift in the emergence of hyperinvasive 
pandemic meningococcal lineages. Sci Rep, 2017. 7: p. 41126. 

95. Schoen, C., et al., Metabolism and virulence in Neisseria meningitidis. Front Cell Infect 
Microbiol, 2014. 4: p. 114. 

96. Micoli, F., et al., Development of a glycoconjugate vaccine to prevent meningitis in 
Africa caused by meningococcal serogroup X. Proc Natl Acad Sci U S A, 2013. 
110(47): p. 19077-82. 

97. Crum-Cianflone, N. and E. Sullivan, Meningococcal Vaccinations. Infect Dis Ther, 
2016. 5(2): p. 89-112. 

98. Gotschlich, E.C., I. Goldschneider, and M.S. Artenstein, Human immunity to the 
meningococcus. IV. Immunogenicity of group A and group C meningococcal 
polysaccharides in human volunteers. J Exp Med, 1969. 129(6): p. 1367-84. 

99. Artenstein, M.S., et al., Prevention of meningococcal disease by group C 
polysaccharide vaccine. N Engl J Med, 1970. 282(8): p. 417-20. 

100. Gold, R., et al., Clinical evaluation of group A and group C meningococcal 
polysaccharide vaccines in infants. J Clin Invest, 1975. 56(6): p. 1536-47. 

101. Richmond, P., et al., Meningococcal C polysaccharide vaccine induces immunologic 
hyporesponsiveness in adults that is overcome by meningococcal C conjugate vaccine. 
J Infect Dis, 2000. 181(2): p. 761-4. 

102. MacLennan, J., et al., Immune response to revaccination with meningococcal A and C 
polysaccharides in Gambian children following repeated immunisation during early 
childhood. Vaccine, 1999. 17(23-24): p. 3086-93. 

103. Borrow, R., et al., Meningococcal disease in the Middle East and Africa: Findings and 
updates from the Global Meningococcal Initiative. J Infect, 2017. 75(1): p. 1-11. 

 
29



104. Schneerson, R., et al., Preparation, characterization, and immunogenicity of 
Haemophilus influenzae type b polysaccharide-protein conjugates. J Exp Med, 1980. 
152(2): p. 361-76. 

105. Kelly, D.F., et al., CRM197-conjugated serogroup C meningococcal capsular 
polysaccharide, but not the native polysaccharide, induces persistent antigen-specific 
memory B cells. Blood, 2006. 108(8): p. 2642-7. 

106. Maiden, M.C., The impact of protein-conjugate polysaccharide vaccines: an endgame 
for meningitis? Philos Trans R Soc Lond B Biol Sci, 2013. 368(1623): p. 20120147. 

107. Roberts, L., Vaccine introduction. The beginning of the end for Africa's devastating 
meningitis outbreaks? Science, 2010. 330(6010): p. 1466-7. 

108. Aguado, M.T., et al., From Epidemic Meningitis Vaccines for Africa to the Meningitis 
Vaccine Project. Clin Infect Dis, 2015. 61 Suppl 5: p. S391-5. 

109. Tiffay, K., et al., The Evolution of the Meningitis Vaccine Project. Clin Infect Dis, 2015. 
61 Suppl 5: p. S396-403. 

110. Kristiansen, P.A., H.J. Jorgensen, and D.A. Caugant, Serogroup A meningococcal 
conjugate vaccines in Africa. Expert Rev Vaccines, 2015. 14(11): p. 1441-58. 

111. Griffiss, J.M., et al., Meningococcal molecular mimicry and the search for an ideal 
vaccine. Trans R Soc Trop Med Hyg, 1991. 85 Suppl 1: p. 32-6. 

112. Caugant, D.A., Population genetics and molecular epidemiology of Neisseria 
meningitidis. APMIS, 1998. 106(5): p. 505-25. 

113. Jelfs, J. and R. Munro, Epidemiology of meningococcal disease in Australia. J Paediatr 
Child Health, 2001. 37(5): p. S3-6. 

114. Pollard, A.J., Global epidemiology of meningococcal disease and vaccine efficacy. 
Pediatr Infect Dis J, 2004. 23(12 Suppl): p. S274-9. 

115. Schwartz, B., P.S. Moore, and C.V. Broome, Global epidemiology of meningococcal 
disease. Clin Microbiol Rev, 1989. 2 Suppl: p. S118-24. 

116. Yogev, R. and T. Tan, Meningococcal disease: the advances and challenges of 
meningococcal disease prevention. Hum Vaccin, 2011. 7(8): p. 828-37. 

117. Major, M., S. Moss, and R. Gold, From genes to vaccine: A breakthrough in the 
prevention of meningococcal group B disease. Paediatr Child Health, 2011. 16(8): p. 
e61-4. 

118. Serruto, D., et al., The new multicomponent vaccine against meningococcal serogroup 
B, 4CMenB: immunological, functional and structural characterization of the antigens. 
Vaccine, 2012. 30 Suppl 2: p. B87-97. 

119. Giuliani, M.M., et al., A universal vaccine for serogroup B meningococcus. Proc Natl 
Acad Sci U S A, 2006. 103(29): p. 10834-9. 

120. Bambini, S., et al., Distribution and genetic variability of three vaccine components in 
a panel of strains representative of the diversity of serogroup B meningococcus. 
Vaccine, 2009. 27(21): p. 2794-2803. 

121. Fletcher, L.D., et al., Vaccine potential of the Neisseria meningitidis 2086 lipoprotein. 
Infect Immun, 2004. 72(4): p. 2088-100. 

122. Beernink, P.T., et al., Prevalence of factor H-binding protein variants and NadA among 
meningococcal group B isolates from the United States: implications for the 
development of a multicomponent group B vaccine. J Infect Dis, 2007. 195(10): p. 
1472-9. 

123. Welsch, J.A., et al., Antibody to genome-derived neisserial antigen 2132, a Neisseria 
meningitidis candidate vaccine, confers protection against bacteremia in the absence 
of complement-mediated bactericidal activity. J Infect Dis, 2003. 188(11): p. 1730-40. 

124. Donnelly, J., et al., Qualitative and quantitative assessment of meningococcal antigens 
to evaluate the potential strain coverage of protein-based vaccines. Proceedings of the 

 
30



National Academy of Sciences of the United States of America, 2010. 107(45): p. 
19490-19495. 

125. Lopez-Sagaseta, J., et al., Crystal structure reveals vaccine elicited bactericidal human 
antibody targeting a conserved epitope on meningococcal fHbp. Nat Commun, 2018. 
9(1): p. 528. 

126. Masignani, V., et al., Vaccination against Neisseria meningitidis using three variants 
of the lipoprotein GNA1870. J Exp Med, 2003. 197(6): p. 789-99. 

127. Bambini, S., et al., Neisseria adhesin A variation and revised nomenclature scheme. 
Clin Vaccine Immunol, 2014. 21(7): p. 966-71. 

128. Comanducci, M., et al., NadA, a novel vaccine candidate of Neisseria meningitidis. J 
Exp Med, 2002. 195(11): p. 1445-54. 

129. Lucidarme, J., et al., Characterization of fHbp, nhba (gna2132), nadA, porA, sequence 
type (ST), and genomic presence of IS1301 in group B meningococcal ST269 clonal 
complex isolates from England and Wales. J Clin Microbiol, 2009. 47(11): p. 3577-85. 

130. Comanducci, M., et al., NadA diversity and carriage in Neisseria meningitidis. Infect 
Immun, 2004. 72(7): p. 4217-23. 

131. Vacca, I., et al., Neisserial Heparin Binding Antigen (NHBA) Contributes to the 
Adhesion of Neisseria meningitidis to Human Epithelial Cells. PLoS One, 2016. 11(10): 
p. e0162878. 

132. Partridge, E., et al., The role of anti-NHba antibody in bactericidal activity elicited by 
the meningococcal serogroup B vaccine, MenB-4C. Vaccine, 2017. 35(33): p. 4236-
4244. 

133. Wedege, E., et al., Functional and specific antibody responses in adult volunteers in 
new zealand who were given one of two different meningococcal serogroup B outer 
membrane vesicle vaccines. Clin Vaccine Immunol, 2007. 14(7): p. 830-8. 

134. Medini, D., M. Stella, and J. Wassil, MATS: Global coverage estimates for 4CMenB, a 
novel multicomponent meningococcal B vaccine. Vaccine, 2015. 33(23): p. 2629-2636. 

135. Jiang, H.Q., et al., Broad vaccine coverage predicted for a bivalent recombinant factor 
H binding protein based vaccine to prevent serogroup B meningococcal disease. 
Vaccine, 2010. 28(37): p. 6086-93. 

136. Seib, K.L., et al., Characterization of diverse subvariants of the meningococcal factor 
H (fH) binding protein for their ability to bind fH, to mediate serum resistance, and to 
induce bactericidal antibodies. Infect Immun, 2011. 79(2): p. 970-81. 

137. Sunasara, K., et al., Bivalent rLP2086 (Trumenba(R)): Development of a well-
characterized vaccine through commercialization. Vaccine, 2017. 

138. Moyle, P.M. and I. Toth, Self-adjuvanting lipopeptide vaccines. Curr Med Chem, 2008. 
15(5): p. 506-16. 

139. du Plessis, M., et al., Invasive Neisseria meningitidis with decreased susceptibility to 
fluoroquinolones in South Africa, 2009. J Antimicrob Chemother, 2010. 65(10): p. 
2258-60. 

140. Neri, A., et al., Neisseria meningitidis rifampicin resistant strains: analysis of protein 
differentially expressed. BMC Microbiol, 2010. 10: p. 246. 

141. Mounchetrou Njoya, I., et al., A cluster of meningococcal disease caused by rifampicin-
resistant C meningococci in France, April 2012. Euro Surveill, 2012. 17(34). 

142. Abeysuriya, S.D., et al., Penicillin-resistant Neisseria meningitidis bacteraemia, 
Kimberley region, March 2010. Commun Dis Intell Q Rep, 2010. 34(3): p. 342-4. 

143. Zapun, A., C. Contreras-Martel, and T. Vernet, Penicillin-binding proteins and beta-
lactam resistance. FEMS Microbiol Rev, 2008. 32(2): p. 361-85. 

 
31



144. Zapun, A., C. Morlot, and M.K. Taha, Resistance to beta-Lactams in Neisseria ssp Due 
to Chromosomally Encoded Penicillin-Binding Proteins. Antibiotics (Basel), 2016. 
5(4). 

145. Vazquez, J.A., et al., Isolation of a strain of beta-lactamase-producing Neisseria 
meningitidis in Spain. Eur J Clin Microbiol Infect Dis, 1996. 15(2): p. 181-2. 

146. Dillon, J.R., M. Pauze, and K.H. Yeung, Spread of penicillinase-producing and transfer 
plasmids from the gonococcus to Neisseria meningitidis. Lancet, 1983. 1(8328): p. 779-
81. 

147. Backman, A., et al., Complete sequence of a beta-lactamase-encoding plasmid in 
Neisseria meningitidis. Antimicrob Agents Chemother, 2000. 44(1): p. 210-2. 

148. Karch, A., U. Vogel, and H. Claus, Role of penA polymorphisms for penicillin 
susceptibility in Neisseria lactamica and Neisseria meningitidis. Int J Med Microbiol, 
2015. 305(7): p. 729-35. 

149. Lopardo, H.A., et al., Isolation of moderately penicillin-susceptible strains of Neisseria 
meningitidis in Argentina. Antimicrob Agents Chemother, 1993. 37(8): p. 1728-9. 

150. Woods, C.R., et al., Invasive disease caused by Neisseria meningitidis relatively 
resistant to penicillin in North Carolina. J Infect Dis, 1994. 170(2): p. 453-6. 

151. Rosenstein, N.E., et al., Antimicrobial resistance of Neisseria meningitidis in the United 
States, 1997. The Active Bacterial Core Surveillance (ABCs) Team. Clin Infect Dis, 
2000. 30(1): p. 212-3. 

152. Antignac, A., et al., Polymorphism of Neisseria meningitidis penA gene associated with 
reduced susceptibility to penicillin. J Antimicrob Chemother, 2001. 47(3): p. 285-96. 

153. Richter, S.S., et al., Neisseria meningitidis with decreased susceptibility to penicillin: 
report from the SENTRY antimicrobial surveillance program, North America, 1998-99. 
Diagn Microbiol Infect Dis, 2001. 41(1-2): p. 83-8. 

154. Vazquez, J.A., et al., In vitro susceptibility of Neisseria meningitidis isolates to 
gemifloxacin and ten other antimicrobial agents. Eur J Clin Microbiol Infect Dis, 2001. 
20(2): p. 150-1. 

155. Stefanelli, P., et al., Prediction of decreased susceptibility to penicillin of Neisseria 
meningitidis strains by real-time PCR. J Clin Microbiol, 2003. 41(10): p. 4666-70. 

156. Thulin, S., et al., Total variation in the penA gene of Neisseria meningitidis: correlation 
between susceptibility to beta-lactam antibiotics and penA gene heterogeneity. 
Antimicrob Agents Chemother, 2006. 50(10): p. 3317-24. 

157. Vazquez, J.A., et al., Antibiotic resistant meningococci in Europe: any need to act? 
FEMS Microbiol Rev, 2007. 31(1): p. 64-70. 

158. Taha, M.K., et al., Target gene sequencing to characterize the penicillin G 
susceptibility of Neisseria meningitidis. Antimicrob Agents Chemother, 2007. 51(8): p. 
2784-92. 

159. du Plessis, M., et al., Neisseria meningitidis intermediately resistant to penicillin and 
causing invasive disease in South Africa in 2001 to 2005. J Clin Microbiol, 2008. 
46(10): p. 3208-14. 

160. Thulin, S., et al., Combined real-time PCR and pyrosequencing strategy for objective, 
sensitive, specific, and high-throughput identification of reduced susceptibility to 
penicillins in Neisseria meningitidis. Antimicrob Agents Chemother, 2008. 52(2): p. 
753-6. 

161. Gorla, M.C., et al., Antimicrobial susceptibility of Neisseria meningitidis strains 
isolated from meningitis cases in Brazil from 2006 to 2008. Enferm Infecc Microbiol 
Clin, 2011. 29(2): p. 85-9. 

 
32



162. Ibarz-Pavon, A.B., et al., Laboratory-based surveillance of Neisseria meningitidis 
isolates from disease cases in Latin American and Caribbean countries, SIREVA II 
2006-2010. PLoS One, 2012. 7(8): p. e44102. 

163. Zarantonelli, M.L., et al., Penicillin resistance compromises Nod1-dependent 
proinflammatory activity and virulence fitness of neisseria meningitidis. Cell Host 
Microbe, 2013. 13(6): p. 735-45. 

 
33



Chapter 2 

Temporal Changes in Bexsero® Antigen Sequence Type Associated with 

Genetic Lineages of Neisseria meningitidis over a 15-Year Period in 

Western Australia 

S Mowlaboccus, TT Perkins, H Smith, T Sloots, S Tozer, LJ Prempeh, CY Tay, F Peters, DJ 

Speers, AD Keil and CM Kahler. 

 

Published in PLoS ONE, 2016. 

Supervisor Statement 

Work in this chapter was supervised by Dr Charlene M Kahler and Dr Timothy T Perkins. 

Authors’ contributions are listed in the table below. 

AUTHORS 

Conception 

and design 

of study 

Acquisition 

of data 

Analysis of 

data 

Drafting 

of article 

Revision 

of article 

Final 

approval 

S Mowlaboccus Yes Yes Yes Yes Yes Yes 

TT Perkins   Yes   Yes 

H Smith  Yes Yes   Yes 

T Sloots  Yes Yes   Yes 

S Tozer  Yes Yes   Yes 

LJ Prempeh   Yes   Yes 

CY Tay  Yes    Yes 

F Peters  Yes    Yes 

D Speers  Yes    Yes 

AD Keil  Yes    Yes 

CM Kahler Yes    Yes Yes 

 

 
34



Table of candidate’s contributions to work done in this Chapter 

Subject Task % of task 

performed by 

Mowlaboccus 

278 isolates 

WA 2000-

2014 

Obtained from PathWest reference laboratory 100% 

DNA extracted manually (Qiagen kit) 100% 

DNA quantified (Nanodrop and Qubit®) 100% 

Nextera libraries prepared 90% (n=250) 

Libraries pooled 30 at a time 90% (n=9) 

Libraries run on MiSeq 90% (n=9) 

Detection of MLST loci (using SRST2) 90% (n=250) 

Detection of Bexsero® genes (using SRST2) 100% 

Assigning seven MLST alleles on PubMLST 100% 

Assigning four Bexsero® 

alleles/variants/subfamilies/peptides on PubMLST 
100% 

Obtaining BASTs 100% 

Descriptive analysis of MLST 100% 

Descriptive analysis of PorA 100% 

Descriptive analysis of NHBA 100% 

Descriptive analysis of NadA 100% 

Descriptive analysis of fHbp 100% 

Descriptive analysis of BASTs 100% 

Analysis of coverage by BAST 100% 

Stats – fHbp minimal spanning tree 100% 

Stats – BAST minimal spanning tree 100% 

Stats – chi squared / Fisher’s exact test 100% 

Stats – fHbp maximum likelihood tree 100% 

Cramer’s V coefficient 100% 

43 isolates 

(out of 56 for 

WA 2007-11) 

MATS ELISA (performed assay) None 

Analysis of MATS data 100% 

Descriptive analysis of coverage by MATS 100% 

 Supplementary materials 100% 

 
35



RESEARCH ARTICLE

Temporal Changes in BEXSERO1 Antigen
Sequence Type Associated with Genetic
Lineages of Neisseria meningitidis over a
15-Year Period in Western Australia
Shakeel Mowlaboccus1, Timothy T. Perkins1, Helen Smith2, Theo Sloots3, Sarah Tozer3,
Lydia-Jessica Prempeh1, Chin Yen Tay1, Fanny Peters1, David Speers4, Anthony D. Keil5,
Charlene M. Kahler1,6*

1 Marshall Centre for Infectious Disease Research and Training, School of Pathology and Laboratory
Medicine, University of Western Australia, Perth, Australia, 2 Public Health Microbiology, Forensic and
Scientific Services, Health Support Queensland Department of Health, Brisbane, Australia, 3 Sir Albert
Sakzewski Virus Research Centre, Queensland Paediatric Infectious Diseases Laboratory, Royal Children’s
Hospital, Brisbane, Australia, 4 Department of Microbiology, QEII Medical Centre, PathWest Laboratory
Medicine WA, Perth, Australia, 5 Department of Microbiology, Princess Margaret Hospital for Children,
PathWest Laboratory Medicine WA, Perth, Australia, 6 Telethon Kids Institute, Perth, WA, Australia

* charlene.kahler@uwa.edu.au

Abstract
Neisseria meningitidis is the causative agent of invasive meningococcal disease (IMD).

The BEXSERO1 vaccine which is used to prevent serogroup B disease is composed of

four sub-capsular protein antigens supplemented with an outer membrane vesicle. Since

the sub-capsular protein antigens are variably expressed and antigenically variable

amongst meningococcal isolates, vaccine coverage can be estimated by the meningococ-

cal antigen typing system (MATS) which measures the propensity of the strain to be killed

by vaccinated sera. Whole genome sequencing (WGS) which identifies the alleles of the

antigens that may be recognised by the antibody response could represent, in future, an

alternative estimate of coverage. In this study, WGS of 278 meningococcal isolates

responsible for 62% of IMD in Western Australia from 2000–2014 were analysed for asso-

ciation of genetic lineage (sequence type [ST], clonal complex [cc]) with BEXSERO1 anti-

gen sequence type (BAST) and MATS to predict the annual vaccine coverage. A hyper-

endemic period of IMD between 2000–05 was caused by cc41/44 with the major sequence

type of ST-146 which was not predicted by MATS or BAST to be covered by the vaccine.

An increase in serogroup diversity was observed between 2010–14 with the emergence of

cc11 serogroup W in the adolescent population and cc23 serogroup Y in the elderly.

BASTs were statistically associated with clonal complex although individual antigens

underwent antigenic drift from the major type. BAST and MATS predicted an annual range

of 44–91% vaccine coverage. Periods of low vaccine coverage in years post-2005 were

not a result of the resurgence of cc41/44:ST-146 but were characterised by increased

diversity of clonal complexes expressing BASTs which were not predicted by MATS to be

covered by the vaccine. The driving force behind the diversity of the clonal complex and
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BAST during these periods of low vaccine coverage is unknown, but could be due to

immune selection and inter-strain competition with carriage of non-disease causing

meningococci.

Introduction
Neisseria meningitidis (the meningococcus) is the causative agent of invasive meningococcal
disease (IMD). IMD is characterised by meningitis and/or fatal septicaemia. The highest inci-
dence of IMD occurs in infants< 12 months of age and in young adults (15–24 years) [1].
Meningococci expressing capsule serogroups A, B, C, W, Y and X are most often associated
with outbreaks [2, 3]. Conjugated polysaccharide vaccines of A, C, W and Y serogroups elicit
herd immunity and have suppressed disease worldwide [4]. Because serogroup B polysaccha-
ride mimics human antigens, a vaccine using sub-capsular protein antigens has been licensed
for the control of serogroup B disease. The BEXSERO1 vaccine (previously known as
4CMenB) (Novartis) incorporates factor H binding protein (fHbp), Neisseria adhesin A
(NadA), Neisserial Heparin-Binding Antigen (NHBA) and Porin antigen A (PorA) [5].

These sub-capsular antigens undergo antigenic drift to escape natural and vaccine medi-
ated immune selective pressure [6, 7]. To estimate the prevalence of strains expressing the rel-
evant antigen variant and estimate vaccine coverage by BEXSERO1, the meningococcal
antigen typing system (MATS) is used to measure vaccine elicited antibody binding to strains
and hence predict serum bactericidal killing [8, 9]. This approach has revealed that vaccine
efficacy varies by jurisdiction from 66–91% globally [10]. Although MATS has been proposed
for on-going post-licensure surveillance, it is expensive and time consuming to perform.
Increasingly, whole genome sequencing in conjunction with multi-locus sequence typing
(MLST) is being used to examine genetic diversity and to predict antigenic diversity over
extended time periods [11].

In Australia, the majority of the population is located in two coastal regions on either side of
the continent—the south-east and east (covering the states of Queensland, New South Wales
and Victoria accounting for ~10 million people), and the south-west encompassed within the
state of Western Australia (WA). WA is the largest state with a total land area of 2.5 million
kilometres and a population of ~2 million inhabitants mostly residing within the capital city of
Perth. Although IMD incidence in Australia has ranged from 0.6 to 1.9 per 100,000 population
over the past decade, the IMD rate for WA was significantly higher than the mean national
IMD rate with hyper-sporadic outbreaks in 1992–1993 (3.1/100,000 population) and 1999–
2000 (4.6/100,000 population) (Fig 1). Furthermore, unlike the eastern coastal region where
serogroup C meningococci were responsible for the majority of cases, IMD outbreaks in WA
were characterised by serogroup B isolates (78% in 2000). As a consequence of the introduction
of a national immunisation program for serogroup C disease in 2003, serogroup B disease is
currently responsible for the majority of IMD cases across Australia [12].

The current study analysed the temporal relationships of clonal complex and antigenic
diversity over 15 years (2000–14) of meningococcal isolates isolated from IMD cases in WA.
As far as we are aware, this is the first study to examine the genetic lineage of meningococci cir-
culating in Australia and to assess the diversity of BEXSERO1 antigens using whole genome
sequencing in addition to MATS.
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Methods

Bacterial strains and growth conditions
Two hundred and seventy-eight IMD-related meningococci isolated in WA from 2000 to 2014
were collected from the PathWest reference laboratory. Isolates were passaged fewer than 5
times and were cultured under aerobic conditions with 5% CO2 at 37°C on GC agar (Oxoid)
supplemented with 0.4% glucose, 0.01% glutamine, 0.2 mg/L of cocarboxylase and 5 mg/L of
iron(III) nitrate.

Whole-genome sequencing
Genomic DNA extraction was performed using the DNeasy Blood and Tissue Kit (Qiagen,
69506) and stored as per the manufacturer’s instructions for DNA purification from Gram
negative bacteria. Extracted DNA was quantified using Qubit™ fluorimetry and 1.0 ng of DNA
was used as input to the Illumina Nextera XT library preparation protocol. The genomic DNA
was tagmented, indexed by PCR and purified using AMPure XP beads. The “Library Normali-
zation” step was omitted and the library pooling was performed after quantification of the
library size using the LabChip1 GXII service provided by the Australian Genome Research
Facility. The pooled DNA library which contained genomic DNA (12 pM) from 30 meningo-
coccal strains was loaded onto the Miseq and paired-end 250 bp reads were generated.

Sequence analysis for MLST and antigen profiling
DNA sequences were analysed using the SRST2 program [13] for the detection of the MLST loci
[14] and for the genes encoding the antigens found in the BEXSERO1 vaccine. Alleles were
assigned integers using PubMLST (www.pubmlst.org/neisseria) (accessed on 1st March 2014).

Fig 1. Annual notification rates of meningococcal disease in Australia andWestern Australia, 1999–
2014. The records represent the National Notifiable Diseases Surveillance System (NNDSS) data for
Western Australia and Australia obtained from http://www9.health.gov.au/cda/source/rpt_4.cfm.

doi:10.1371/journal.pone.0158315.g001
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The seven housekeeping loci used were internal regions of the abcZ, adk, aroE, fumC, gdh, pdhC
and pgm genes, each of which had a fixed length of 433 bp, 465 bp, 490 bp, 465 bp, 501 bp, 480
bp, and 450 bp respectively. Molecular typing of fHbp, NHBA, NadA and PorA variants was
based on amino acid sequence determination. Nucleotide sequences of the genes detected were
imported at the Neisseria Sequence Typing home page to designate the correct variant for each
antigen. FHbp was classified into 3 main variants: fHbp-1, -2 and -3. These variants were further
classified into subvariants fHbp-1.x, fHbp-2.x and fHbp-3.x (where x denoted the peptide num-
ber). The fHbp-2 and -3 variants were further grouped into subfamily A and the fHbp-1 variants
were considered as subfamily B. The NadA antigen was grouped into 4 variants: NadA-1,
NadA-2/3, NadA-4/5 and NadA-6 [15]. These variants were further classified into the subvar-
iants NadA-1.x, NadA-2/3.x, NadA-4/5.x and NadA-6.x (where x denoted the peptide number).
The NHBA antigen was categorised into peptides which were designated NHBA-x (where x
denoted the peptide number). As for the PorA antigen, the revised nomenclature scheme was
used which consisted of the two major variable regions (VR1 and VR2) and were denoted as P1.
VR1,VR2. Every allele detected at the porA locus was translated and the PubMLST database was
used to determine the VR1 and VR2 variants. At the time of writing, there were 10 VR1 families
and 20 VR2 families that contained 262 and 731 unique peptide sequences respectively. The
integers of the peptide variants of each of the four antigens (PorA-w: fHbp-x:NadA-y:NHBA-z)
was used to generate a BEXSERO1 antigen sequence type (BAST) for each isolate. The classifi-
cation schemes used in this paper and the acronym “BAST” were provided by the PubMLST
database hosted by Dr Martin Maiden and Dr Keith Jolley at Oxford University.

Meningococcal antigen typing system (MATS)
The MATS ELISA assay was performed as previously described by Donnelly et al. [8]. After
treating the bacterial suspension with detergents, the bacterial extracts were added to ELISA
plates pre-coated with rabbit polyclonal antibodies against fHbp, NadA or NHBA. The plates
were incubated at 37°C for 1 h, washed with PBS + 0.05% Tween, incubated with biotinylated
rabbit polyclonal antibody at 37°C for 1 h, washed again and incubated with streptavidin-HRP
at 37°C for 30 min. Plates were developed with OPD (Sigma) for 20 min at room temperature
and the reactions were quenched using 50 μl of 4 N H2SO4. Plates were read immediately at
492 nm. PorA detection was performed using conventional PCR typing and the presence of a
P1.4 subfamily PorA was treated as positive for reactivity.

The MATS ELISA reactivity of each meningococcal isolate was compared to the reactivity of a
reference MenB strain for each antigen (strain H44/76 for fHbp, strain 5/99 for NadA and strain
NGH-38 for NHBA) by calculating the relative potency (RP) as described by Donnelly et al. [8].

Statistical Analysis
Categorical variables were examined by the Chi-squared test. GraphPad Prism 5 (Graph Pad-
Software Inc., California) was used to perform the analyses. A 5% level of confidence was used
and statistical significance was determined with a p value of< 0.05.

Minimal spanning trees were generated using BioNumerics software, version 7 (Applied
Maths). All groupings (or clusters) on the minimal spanning trees were computed and assigned
by the BioNumerics software. The Cramér’s V coefficient (V) was used to measure association
of antigenic variants with clonal complexes.

V ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

w2

nðk� 1Þ

s
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Results

Prevalence and Distribution of serogroup and MLST clonal complexes
Of the 447 notified cases of IMD inWA, the serogroup was determined for 436 isolates. The
majority were serogroup B (86%, n = 376) with the remainder being serogroup C (10%,
n = 42), serogroupW (2%, n = 8) and serogroup Y (2%, n = 10) (Fig 2A). Sixty-two percent
(278/447) of notified IMD cases were cultured and sequenced (S1 and S2 Tables). The propor-
tion of serogroups B, C, W and Y isolates in the sequenced group was 81.7% (n = 227), 12.6%
(n = 35), 2.5% (n = 7) and 3.2% (n = 9) respectively.

The most commonly represented clonal complexes were cc41/44 (44%, n = 121), cc32 (16%,
n = 45), cc11 (13%, n = 35), cc213 (8%, n = 21) and cc269 (7%, n = 20). The remaining 36 iso-
lates were classified into ten different clonal complexes and contained four isolates belonging to

Fig 2. Serogroup (Panel A) and clonal complex (Panel B) distribution per annum from 2000–2014. (A)
Serogroup was reported for 436 IMD cases. (B) Clonal complex was reported for 278 cultured isolates. The
category “Other” indicates clonal complexes with rare frequency (less than 5 isolates) and represents cc8,
cc22, cc35, cc60, cc162, cc167, cc212, cc461, cc1157 and no assigned cc.

doi:10.1371/journal.pone.0158315.g002
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STs not currently assigned to a clonal complex. Only six of the 15 clonal complexes—cc41/44,
cc32, cc11, cc269, cc213 and cc23—persisted for more than six non-consecutive years (Fig 2B).

Clonal complex 41/44 was observed throughout the fifteen years. Of the 121 isolates belong-
ing to cc41/44, 120 were serogroup B and one isolate was a serogroup W (isolated in 2000). Of
the thirty STs identified within this cc, ST-146 predominated (36%, n = 44) (S3 Table). Other
STs identified in cc41/44 included ST-41 (7%, n = 9), ST-318 (7%, n = 9), ST-154 (7%, n = 8)
and ST-42 (6%, n = 7).

Clonal complex 32 which was observed in all years except 2013 and 2014 was predomi-
nantly represented by ST-32 (44%, n = 20) and ST-33 (22%, n = 10). All cc32 isolates expressed
a serogroup B capsule.

Clonal complex 11 which was predominantly represented by ST-11 (94%, n = 33) was not
identified in 2005, 2007, 2008 and 2011. Thirty-one of the cc11 isolates expressed a serogroup
C capsule. Of the remaining four cc11 isolates, three isolates expressed a serogroup W capsule
and one isolate a serogroup B capsule. Isolates belonging to cc213 and cc269 expressed a ser-
ogroup B capsule and were predominantly represented by ST-213 (71%, n = 15) and ST-1214
(20%, n = 4) respectively.

To investigate the hyper-sporadic outbreak in WA and the secondary peak in notification
rates that occurred in 2005 (Fig 1), the collection was divided into pre-2006 and post-2005 and
analysed by patient age groups (Fig 3). From 2000–05, cc41/44 was the predominant lineage in
most age groups, especially in children less than five years of age with a secondary peak in the
15–19 age group. A reduction in the prevalence of cc41/44 was observed post-2005 which
occurred concomitantly with the absence of ST-146 in all age groups except for infants and in
the 20–24 age group. Therefore, the hyper-sporadic outbreak of IMD from 2000–05 was most
likely to be caused by cc41/44 of which ST-146 was the most predominant in that period.

Diversity and Distribution of PorA
A total of 49 PorA subtypes were identified. The most frequently occurring variants were
P1.22,14–6 (19%, n = 52), P1.7–2,4 (13%, n = 35) and P1.22,14 (8%, n = 22). None of the porin
subtypes were observed in all 15 years consecutively. The P1.7–2,4 subtype which is predicted
to be covered by the BEXSERO1 vaccine [16] was found in 35 isolates (13%). These isolates
predominated pre-2004 (25%) (Fig 4A) and belonged to diverse selection of cc belonging to
cc41/44, cc32, cc461 and cc11. All of the major clonal complexes were relatively heterogeneous
for the porin type.

Diversity and Distribution of NHBA
The nhba gene (NEIS2109) was found in all isolates. Thirty-seven different nucleotide
sequences, corresponding to 33 different amino acid sequences, were identified. NHBA-43
(20%, n = 55), NHBA-3 (15%, n = 42), NHBA-2 (15%, n = 41), NHBA-20 (12%, n = 33),
NHBA-18 (7%, n = 19), NHBA-21 (4%, n = 12) and NHBA-1 (4%, n = 12) were the most fre-
quent NHBA peptides identified and were observed in 77% (n = 214) of the isolates. The
NHBA-2 variant found in the BEXSERO1 vaccine, predominated in 2001 (21% of isolates)
and 2002 (30% of isolates) (Fig 4B). Temporal replacement of the predominant NHBA anti-
gens was observed over the 15-year period (Fig 5). Whereas NHBA-43 predominated pre-
2006, NHBA-18 was the most frequent variant in 2011–14 (Fig 5). While NHBA-43 was most
commonly found in isolates from cc11 (n = 30/33, 91%), cc269 (n = 8/12, 67%) and cc41/44
(n = 54/55, 98%), NHBA-18 was most commonly found in cc213 (n = 17/19, 89%) and cc60
(n = 2/19, 11%).
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Diversity and Distribution of NadA
Ninety-one isolates (33%) possessed the nadA gene (NEIS1969). The gene was absent in all iso-
lates belonging to cc22, cc23, cc35, cc60, cc162, cc167, cc212, cc269, cc461 and cc41/44. Four-
teen isolates (13 from cc32 and one from cc11) encoded a nadA allele 19, generating a putative
atypical protein (NadA-100 peptide) with a longer anchor domain and an altered distal portion
[15]. Eighteen isolates, all belonging to cc11, possessed a nadA allele 29 which had the gene
interrupted by the insertion sequence IS1301, and subsequently would be unable to express an
intact NadA peptide. Ten isolates harboured nadA variants with internal stop codons and were
unlikely to express a peptide (S1 Table). Therefore, 63 (23%) isolates were considered positive
for the NadA antigen. NadA-1 and NadA-2/3 variants accounted for 71% (n = 45) and 29%
(n = 18) of the positive isolates, respectively, and were predicted to be covered by BEXSERO1

vaccine [7, 11].

Fig 3. Distribution of cc41/44 in different age groups. Panel A and Panel B show the prevalence of cc41/
44 in 2000–05 and 2006–14 respectively. All other clonal complexes other than cc41/44 are shaded in grey,
while all cc41/44 isolates are represented by the black and stripped boxes. The stripped boxes represent
cc41/44: ST-146 only.

doi:10.1371/journal.pone.0158315.g003
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Diversity and Distribution of fHbp
The fHbp gene sequence (NEIS0349) was present in all isolates and consisted of 58 alleles rep-
resenting 55 different peptides. Of the nucleotide sequences identified, three alleles (allele 669,
allele 743 and allele 746) contained an internal stop codon. Hence, 97% (n = 270) of isolates
were considered positive for the expression of the fHbp antigen.

The majority (n = 268) of fHbp positive isolates expressed three variants: fHbp-1 (51%,
n = 136), fHbp-2 (36%, n = 97) and fHbp-3 (13%, n = 35). The remaining two isolates, which
were both cc11:ST-11:serogroup C isolated in 2000, contained the same allele which encoded

Fig 4. Persistence of the PorA, NHBA and fHbp sub/variants included in BEXSERO1 from 2000 to
2014.

doi:10.1371/journal.pone.0158315.g004
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an fHbp-1,2,3 hybrid (S1 Fig). Thirty-seven isolates possessed sub-variant fHbp1.1, the fHbp
peptide found in the BEXSERO1 vaccine. Strains possessing this sub-variant peptide were not
identified post-2010 (Fig 4C).

Overall, isolates possessing fHbp-1 variant predominated during the 15 year period except
in 2006 and 2012 when isolates possessing fHbp-2 or fHbp-3 were more prevalent, respectively
(Fig 6A). However, when fHbp-2 and fHbp-3 were grouped into Pfizer subfamily A and fHbp-
1 into Pfizer subfamily B [17], subfamily B predominated during 2000–04. Post-2004, fHbp-2/
3 (subfamily A) was observed to predominate in approximately two year cycles (Fig 6B). To
investigate the temporal variance in the prevalence of fHbp variants, a minimum spanning tree
of MLST clonal complexes was generated pre-2004 and post-2005 onto which fHbp distribu-
tion was mapped (Fig 7). There was no significant change in the prevalence of fHbp-2 in each
period. However, there was a significant increase (p = 0.0038) in the proportion of isolates
encoding fHbp-3 alleles in cc32 from 2000–04 (2/28, 7%) to 2005–14 (6/17, 35%). In addition,
cc213 meningococci possessing fHbp-3 alleles expanded to nineteen isolates post-2004. Lastly,
cc461 emerged post-2004 and all four isolates possessed fHbp-3 alleles.

Overall, strains possessing fHbp-3 alleles increased in prevalence while strains possessing
fHbp-1 alleles declined in 2005–14. The increase in the prevalence of fHbp-3 during 2005–14
was mostly due to the expansion of strains possessing fHbp-3 alleles in two different clonal
complexes and the introduction of a new clonal complex possessing these alleles into the
region.

Fig 5. Annual distribution of NHBA peptides from 2000 to 2014. The category “Other” indicates NHBA
peptides with rare frequency (less than 7 isolates in total) and represents 28 different NHBA peptides.

doi:10.1371/journal.pone.0158315.g005
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Diversity and association of BEXSERO1 antigen sequence type (BAST)
with MLST clonal complexes
The above analysis of the distribution of the individual antigens from the 278 isolates indicates
that clonal complexes are quite heterogeneous for some but not all antigens. NHBA association
with clonal complex was the strongest (Cramer’s coefficient, V = 0.790) while the association
of the other three antigens—fHbp (V = 0.500), NadA (V = 0.649), and PorA (V = 0.468), were
less so.

Fig 6. Annual distribution of the fHbp variants based on the Novartis nomenclature (variant 1/2/3,
Panel A) and the Pfizer subfamily nomenclature (family A contains variant 1 and family B contains
variant 2/3, Panel B).

doi:10.1371/journal.pone.0158315.g006
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To investigate the diversity and association of the four vaccine antigens (fHbp, NHBA,
NadA and PorA) with clonal complex, a minimum spanning tree was generated based on the
antigenic variants (Fig 8A). Overall, there were 55 fHbp peptides, 16 NadA peptides, 34 NHBA
peptides and 49 PorA subtypes. Random integers assigned to each PorA subtype and the pep-
tide numbers for fHbp, NadA and NHBA were used to describe each isolate by a combination
of four integers which represented a BEXSERO1 antigen sequence type (BAST) (see methods).
A total of 152 BASTs were present in this dataset and were grouped into eight main clusters
based on the conservation of the four antigen variants (Table 1). The defined clusters contained
78 BASTs and each cluster contained at least four BASTs which differed by only one antigen.

Fig 7. Minimum spanning tree of MLST clonal complexes ofN.meningitidis showing the prevalence of the three fHbp variants during 2000–2004
(Panel A) and 2005–2014 (Panel B). Each circle represents a sequence type (ST) and the size of each circle is proportional to the number of isolates
described by the ST. Thick black solid lines denote connections between STs which differ at one locus; grey lines denote connections between STs which
differ at two or three loci. Broken lines denote connections between STs that differ at four or more loci. The length of a line connecting two circles is
proportional to the number of loci by which the two STs differ. The grey highlight groups circles which are identical at four or more loci and represents STs
belonging to one clonal complex were generated by the BioNumerics software. The clonal complexes are indicated outside the grouped circles. The colour of
a circle or a sector represents the fHbp variant. FS stands for alleles containing a frameshift. The increase in fHbp-3 was associated with the emergence of
cc461, the clonal expansion of cc213 and antigenic drift within cc32.

doi:10.1371/journal.pone.0158315.g007
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Approximately 70% (n = 194/278) of the isolates fell into the eight clusters, with 87% (n = 168/
194) belonging to the hyper-invasive lineages cc41/44, cc32, cc11 and cc269. The remaining
30% (n = 84/278) of strains were characterised by a total of 74 BASTs which differed from one
another at two or more of the four loci. In this subset of the collection 37% (n = 31/84) of
strains belonged to rare clonal complexes not associated with the hyper-virulent lineages while
63% (n = 53/84) were associated with hypervirulent lineages.

Each cluster was observed to contain one major NHBA peptide variant with diversification
mainly driven by the presence of fHbp and PorA variants or the presence/absence of NadA.
When overlaid with genetic lineage, the BAST clusters were found to be highly associated with
clonal complex. Cluster 1 and 2 represented 81% (n = 98/121) of cc41/44 isolates. Cluster 1a

Fig 8. Minimum spanning tree of BEXSERO1 antigen sequence type (BAST) of 278 meningococcal isolates using fHbp, NHBA, NadA and PorA
peptides. Each circle represents a BAST and the size of each circle is proportional to the frequency at which the BAST was recorded. Thick solid lines
connect two circles which represents BASTs that differ at one antigen; broken lines represent two antigenic differences; thin solid lines represent three
antigenic differences. Eight main clusters were observed (highlighted in grey) as assigned by the BioNumerics software, each of which contained at least two
different BASTs identical at three of the four loci. The most common BAST (labelled 1a) in this study was fHbp-2.19:NadA-absent:NHBA-43:P1.22,14–6. The
colours of the circles indicate the MLST clonal complexes of the isolates. A) Different colours show the different clonal complexes in which each BAST was
identified. B) BASTs which are predicted to be covered by the BEXSERO1 vaccine are showed coloured in grey—these BASTs include one or more of the
following antigenic variants: fHbp-1 (except fHbp-1.13), NHBA-1, NHBA-2, NadA-1, NadA-2/3, and P1.7–2,4.

doi:10.1371/journal.pone.0158315.g008
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was characterised by NHBA-43 and NHBA-47 associated with 8 different fHbp variants and 5
different PorA subtypes. This cluster also contained the predominant BAST—fHbp2.19:NadA-
absent:NHBA-45:P1.22,14–6. Cluster 1b was characterised by NHBA-2 and NHBA-214 associ-
ated with 5 different fHbp variants and 5 different PorA subtypes. Cluster 2 contained four
BASTs, all of which were identical for NHBA and showed diversification with 3 fHbp variants
and 2 PorA subtypes. Cluster 3 and 4 contained 87% (n = 39/45) of all cc32 isolates in the col-
lection and were characterised by the possession of NHBA-3 and two NadA variants
(NadA1.100 in cluster 3 and NadA1.1 in cluster 4). Cluster 5 contained 50% (n = 10/20) of all
cc269 isolates all of which possessed NHBA-21. Cluster 6 contained all four isolates of cc461
which possessed a common NHBA-118 variant and fHbp-3.47 variant but diverse PorA sub-
types. Cluster 7 represented 81% (n = 17/21) and 100% (n = 2/2) of cc213 and cc60 isolates
respectively. In this case, both the NHBA peptide and PorA subtype remained conserved while
five different fHbp peptides were found. Lastly, cluster 8 contained 60% (n = 21/35) of cc11
and was founded on the conserved possession of the NHBA-20 peptide. This cluster did not
contain a predominant BAST due to the high diversity of fHbp variants and PorA subtypes.
When the criterion for cluster formation was relaxed to two common variants, 89% (n = 31/
35) of cc11 was included.

In conclusion, the BAST minimal spanning tree revealed that there is an association of
BAST and antigen combination with clonal complex which was most apparent in the hyper-
virulent lineages in this limited dataset over the 15 year time scale.

Estimating Vaccine Coverage using WGS and MATS Assay
BAST was then used to estimate the coverage of the BEXSERO1 vaccine in WA. A serogroup
B meningococcal isolate was predicted to be covered by the BEXSERO1 vaccine induced
serum antibody response if the genome harboured intact genes for one or more of the following
antigenic variants—fHbp-1, NadA-1 or NadA-2/3, NHBA-2, P1.4 subfamily PorA. This
approach predicted that 63% of serogroup B isolates (n = 143/227) represented by 94 BASTs,
exhibited an annual range of coverage of between 44% to 91% (S2 Fig). However, these predic-
tions did not take into account the expression of the antigens. Consequently, MATS ELISA
assay [8] was performed on 43 serogroup B isolates which represented 77% (n = 43/56) of iso-
lates from the 2007–2011 time period and possessed 31 different BASTs (S4 Table). All isolates
possessing either NHBA-1 or NHBA-2 had relative potency (RP) values consistent with posi-
tive antibody binding to the strain. As expected, isolates harbouring the fHbp variant 2 or 3
were negative for antibody binding. Of the isolates harbouring fHbp-1 variants, those possess-
ing the fHbp-1.13 subvariant (allele 13) were also negative for MATS. Lastly, all nine isolates
which possessed NadA-1 had an RP value below the lower limit of quantitation [8]. These iso-
lates were scored as being positive since Fagnocchi et al. [18] had previously shown that in
vitro grown strains with MATs RP below the positive bactericidal threshold for NadA either
through repression or phase variation expressed higher levels of NadA in an infected rat model
and to levels sufficient for bactericidal killing by vaccinated sera.

The parameters for predicting vaccine coverage were re-calculated based on the MATS data
which led to the exclusion of fHbp-1.13 and the inclusion of NHBA-1. The combined BAST
and MATS analysis estimated the vaccine coverage for the serogroup B isolates was 60%
(n = 137/227) and fluctuated annually between 40% and 82% (S2 Fig). The inclusion of isolates
expressing other serogroups did not substantially alter the predicted vaccine coverage which
was estimated to be 60% (n = 168/278) with an annual range of 33% to 78% (S2 Fig).

Due to BAST diversity, the predicted coverage for the BEXSERO1 vaccine varied for the
different lineages in the collection. Of the BASTs identified in the hyper-invasive lineages
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Table 1. BEXSERO1 antigen sequence type diversity withinWAmeningococcal population.

NHBA peptide fHbp subvariant NadA subvariant PorA subtype Clonal complex No. of isolates

Cluster 1a NHBA-43 fHbp-1.1 - P1.7–2,4 cc41/44 1

(n = 58) NHBA-43 fHbp-1.1 - P1.22,14–6 cc41/44 1

NHBA-43 fHbp-1.4 - P1.22,14–6 cc41/44 4

NHBA-43 fHbp-1.8 - P1.22,14–6 cc41/44 2

NHBA-43 fHbp-2.118 - P1.22,14–6 cc41/44 1

NHBA-43 fHbp-2.16 - P1.22,14–6 cc41/44 2

NHBA-43 fHbp-2.19 - P1.22,14–6 cc41/44 41

NHBA-43 fHbp-2.19 - P1.22,13–9 cc41/44 1

NHBA-43 fHbp-2.19 - P1.19–3,15 cc41/44 1

NHBA-47 fHbp-2.19 - P1.19,15 cc41/44 1

NHBA-47 fHbp-2.19 - P1.19–3,15 cc212 1

NHBA-47 fHbp-1.697 - P1.19–3,15 cc212 1

NHBA-47 fHbp-3.31 - P1.19–3,15 cc212 1

Cluster 1b NHBA-214 fHbp-1.1 - P1.7–2,4 cc41/44 1

(n = 34) NHBA-2 fHbp-2.16 - P1.7–2,4 cc41/44 2

NHBA-2 fHbp-3.111 - P1.7–2,4 cc41/44 5

NHBA-2 fHbp-1.1 - P1.7–2,4 cc41/44 2

NHBA-2 fHbp-1.4 - P1.7–2,4 cc41/44 17

NHBA-2 fHbp-1.4 - P1.7–2,4–13 cc41/44 2

NHBA-2 fHbp-3.30 P1.7–2,4–13 cc41/44 2

NHBA-2 fHbp-1.4 - P1.18–1,3 cc41/44 1

NHBA-2 fHbp-1.4 - P1.19-,15 cc41/44 1

NHBA-2 fHbp-1.4 - P1.5–1,10–4 cc41/44 1

Cluster 2 NHBA-1 fHbp-1.14 - P1.5–2,10 cc41/44 1

(n = 9) NHBA-1 fHbp-1.14 - P1.5–2,10–11 cc41/44 6

NHBA-1 fHbp-1.89 - P1.5–2,10–11 cc41/44 1

NHBA-1 fHbp-1.novel - P1.5–2,10–11 cc41/44 1

Cluster 3 NHBA-3 fHbp-1.69 NadA-1.100 P1.7,16–26 cc32 1

(n = 12) NHBA-3 fHbp-2.21 NadA-1.100 P1.7,16–26 cc32 2

NHBA-3 FS NadA-1.100 P1.7,16–26 cc32 1

NHBA-3 fHbp-3.31 NadA-1.100 P1.7,16–26 cc32 5

NHBA-3 fHbp-3.29 NadA-1.100 P1.7,16–26 cc32 1

NHBA-3 fHbp-3.29 NadA-1.100 P1.7–2,16–26 cc32 1

NHBA-3 fHbp-3.novel NadA-1.100 P1.7–2,16–26 cc32 1

Cluster 4 NHBA-3 fHbp-2.16 NadA-1.1 P1.19,15 cc32 1

(n = 27) NHBA-3 fHbp-1.1 - P1.19,15 cc32 1

NHBA-3 fHbp-1.1 NadA-1.1 P1.19,15 cc32 6

NHBA-3 fHbp-1.1 NadA-1.1 P1.19–1,26 cc32 1

NHBA-3 fHbp-1.1 NadA-1.1 P1.22–1,14 cc32 1

NHBA-3 fHbp-1.1 NadA-1.1 P1.5–1,10–4 cc32 1

NHBA-3 fHbp-1.1 NadA-1.1 P1.7,16 cc32 10

NHBA-3 fHbp-1.1 NadA-1.1 P1.7,16–26 cc32 2

NHBA-3 fHbp-1.1 NadA-1.1 P1.7,30–3 cc32 1

NHBA-3 fHbp-1.1 NadA-1.1 P1.7,30–7 cc32 2

NHBA-3 fHbp-1.1 NadA-1.1 P1.7–11,30–8 cc32 1

Cluster 5 NHBA-21 fHbp-1.15 - P1.5–2,10–2 cc269 1

(n = 10) NHBA-21 fHbp-1.15 - P1.7,30–7 cc269 1

(Continued)
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individually, 15% (n = 2/13), 50% (6/12), 73% (n = 33/45) and 83% (n = 19/23) were predicted
to be covered for cc213, cc269, cc41/44 and cc11 respectively. Unlike other lineages, all BASTs
found in cc32 isolates (n = 24/24) were predicted to be covered by the vaccine (Fig 8B) because
in this lineage, all isolates harboured a nadA gene which encoded a NadA-1 variant or the
fHbp1.1 subvariant. The most common BAST in this collection was represented by forty-one
isolates belonging to cc41/44, of which 85% (n = 35/41) were ST-146, and was not predicted to
be covered by the vaccine by MATS and BAST.

Discussion
Clonal complex 41/44 was the most common genetic lineage in WA over the 15-year period
but reduced in prevalence post-2010. Prior to 2010, cc41/44, mainly represented by ST-41 and
ST-44, was a frequent cause of serogroup B outbreaks in many countries [11, 19–25]. In WA,
however, cc41/44:ST-146 was the predominant cause of IMD in children<5 years during the
hyper-endemic IMD period between 2000 and 2005 and accounted for 52% of all cc41/44 cases

Table 1. (Continued)

NHBA peptide fHbp subvariant NadA subvariant PorA subtype Clonal complex No. of isolates

NHBA-21 fHbp-1.15 - P1.7–2,16 cc269 1

NHBA-21 fHbp-1.15 - P1.19–1,15–11 cc269 4

NHBA-21 fHbp-1.622 - P1.19–1,15–11 cc269 2

NHBA-21 fHbp-3.novel - P1.19–1,15–11 cc269 1

Cluster 6 NHBA-598 fHbp-3.47 - P1.19–2,13–1 cc461 1

(n = 4) NHBA-118 fHbp-3.47 - P1.19–2,13–1 cc461 1

NHBA-118 fHbp-3.47 - P1.7–11,30–8 cc461 1

NHBA-118 fHbp-3.47 - P1.7–1,4–1 cc461 1

Cluster 7 NHBA-18 fHbp-1.13 - P1.5,2 cc60 2

(n = 19) NHBA-18 fHbp-1.430 - P1.22,14 cc213 7

NHBA-18 fHbp-1.13 - P1.22,14 cc213 1

NHBA-18 fHbp-1.13 (allele 34) P1.22,14 cc213 1

NHBA-18 FS (allele 34) P1.22,14 cc213 1

NHBA-18 fHbp-3.45 (allele 34) P1.18,25 cc213 1

NHBA-18 fHbp-3.45 (allele 34) P1.22,14 cc213 1

novel fHbp-3.45 (allele 34) P1.22,14 cc213 1

NHBA-18 fHbp-3.45 - P1.22,14 cc213 3

NHBA-18 fHbp-3.30 - P1.22,14 cc213 1

Cluster 8 NHBA-20 FS (allele 29) P1.18–1,3 cc11 1

(n = 21) NHBA-20 fHbp-1.1 (allele 29) P1.18–1,3 cc11 1

NHBA-20 fHbp-1.37 (allele 29) P1.5,2 cc11 3

NHBA-20 FS (allele 29) P1.5,2 cc11 1

NHBA-20 fHbp-1.1 (allele 29) P1.5–1,10–1 cc11 1

NHBA-20 fHbp-1.11 (allele 29) P1.5–1,10–1 cc11 1

NHBA-20 fHbp-1.11 NadA-2/3.2 P1.5–1,10–1 cc11 1

NHBA-20 fHbp-1.11 NadA-2/3.2 P1.5–1,10–8 cc11 4

NHBA-20 FS NadA-2/3.2 P1.5–1,10–8 cc11 1

NHBA-20 FS (allele 29) P1.5–1,10–8 cc11 3

NHBA-20 fHbp-1.10 (allele 29) P1.5–1,10–8 cc11 1

NHBA-20 fHbp-1.11 (allele 29) P1.5–1,10–8 cc11 2

NHBA-20 fHbp-1.601 (allele 29) P1.5–1,10–8 cc11 1

doi:10.1371/journal.pone.0158315.t001
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of disease. The antigenic profile of the ST-146 lineage is also consistent with the most prevalent
strain causing IMD in the aboriginal population during 2000–2011 identified by Boan et al.
[26]. The parallel decline in IMD cases and in cc41/44 incidence observed during the studied
time-frame suggests that the hyper-sporadic outbreak during 1995–2005 (Fig 1) was potentially
caused by cc41/44 isolates, of which ST-146 was the major sequence type. Globally, ST-146 has
been rarely recorded outside WA (PubMLST database) and has not been reported as a causa-
tive agent of an IMD outbreak in those regions.

Association of surface antigen variants of FetA, PorA and PorB with genetic lineages of
meningococci was first described by Urwin et al. [27] and further extrapolated by Watkins and
Maiden [28] who reported that each geographic region is characterised by a meningococcal
population of limited strain types exhibiting non-overlapping PorA:FetA profiles which were
relatively stable over a 74-year time period. Bambini et al. [11] sampled 165 isolates over a
50-year time frame from the Netherlands and confirmed that there was antigenic structuring
of the BEXSERO1 vaccine antigens. Our study has extended these observations to include 278
isolates from Australia which were shown to be characterised by 152 BASTs. In this collection
each BAST was restricted to only one cc. Despite no vaccine selection pressure, different
BASTs were observed within the same cc which may indicate ongoing mutation and antigenic
diversification due to natural immunity elicited by carriage [27, 28]. It is interesting to note
that despite the relative isolation of Western Australia from other population centers, the strain
diversity within this collection is similar to that observed in previous studies and very few iso-
lates were unassigned an ST or possessed a novel antigen allele.

Nissen et al. [29] had previously used the MATS ELISA assay to predict an average national
vaccine coverage of 76% for Australia using 373 invasive serogroup B strains isolated during
2007–2011. Since this previous study contained only 52 isolates fromWA, BAST profiling was
used to compute the putative vaccine coverage of BEXSERO1 in this region in the last 15 years.
The MATS ELISA performed in this study assessed 32 individual antigenic variants of fHbp,
NHBA and NadA which represented 66% (31/47) of the BASTs identified during the 2007–
2011 time period. Although variants of fHbp-1 are generally considered to be covered by the
vaccine response [8], all three isolates possessing the fHbp-1.13 variant had RP values below the
lower limit of quantitation and were predicted to not be covered by the vaccine. In addition to
the five isolates encoding the NHBA-2 variant incorporated in the BEXSERO1 vaccine, all four
isolates possessing the NHBA-1 variant were covered by MATS due to this antigen (S4 Table).
Using these observations, a meningococcal isolate was predicted to be covered by the BEX-
SERO1 vaccine if the BAST profile contained one or more of the following variants—fHbp-1
(except fHbp-1.13), NHBA-1, NHBA-2, NadA-1, NadA-2/3 and P1.4 subfamily PorA.

In the period 2007–2011, the predicted vaccine coverage by MATS was 58% (25/43) and
was in general agreement with the average predicted coverage of 55% (31/56) obtained using
BAST profiling on all serogroup B strains isolated during the same time period. Considering
that both techniques for estimating vaccine coverage were in general agreement, extrapolation
across the 15 year period resulted in an predicted coverage of 60% using BAST profiling on ser-
ogroup B isolates with an annual range of 40% to 82%. The lower average coverage for WA
compared to the national coverage was mostly attributable to the high prevalence of cc41/44:
ST-146 until 2005. The majority of these strains possessed a BAST (fHbp-2.19:NadA-absent:
NHBA-43:P1.22,14–6) that MATS confirmed, using six isolates, was not covered by the BEX-
SERO1 immune response (S4 Table). Periods of low vaccine coverage in years post-2005 were
not a result of the resurgence of cc41/44:ST-146 but were characterised by increased diversity
of clonal complexes expressing BASTs which were not predicted to be covered by the vaccine.
However, MATS or serum bactericidal assays would need to be performed on these strains to
validate this observation since these assays provide a measurement of antigen expression which
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is not assessed using BAST profiling alone. Frosi et al [30] have previously shown that MATS
underestimates vaccine coverage due to the effect of bactericidal antibodies raised against
minor antigens in the vaccine which are not examined in the MATS assay but contribute to
killing in serum bactericidal assays.

The lower predicted MATS coverage in WA when compared to the mean average for Aus-
tralia may be a result of genetic differentiation of isolates between the eastern and western sea-
boards of Australia. Previous studies of MATS coverage have reported average coverage within
one country or several countries [10]. However, meningococcal populations have been shown
to be genetically differentiated between countries across Europe, such as the comparison of
Norway, Greece and the Czech Republic by Yazdankhah et al. [19]. While Norway and Greece
are separated by approximately 2400 km, Australia has an estimated land area of ~8.6 million
km2 with a width of ~4100 km with the majority of the inhabitants situated on either side of
the continent. The observation that outbreaks of serogroup B disease predominated in Western
Australia between 1999 to 2005 while the eastern seaboard experienced elevated serogroup C
disease, may support the hypothesis that the population structure of circulating meningococci
may be different for the eastern and western seaboards of Australia.

Currently, the IMD rates in WA are at a historical low of 0.9/100,000 population. Serogroup
B predominates in children<5 years while increasingly serogroup Y and W are contributing to
IMD in the elderly and young adolescent population, respectively. The elevated levels of IMD
by serogroup W isolates is the result of cc11-ST11-MenW, a hyper-virulent lineage causing
outbreaks in England and Wales [31], Argentina [32], Brazil [33] and Chile [34]. This pattern
of IMD incidence is similar to that seen in the UK which has recently introduced a schedule of
BEXSERO1 vaccination in<5 years old age group and a campaign to vaccinate the adolescent
population with conjugate A/C/Y/W vaccine. A similar scheme should be considered for WA
based upon our observations. However, with the presence of endemic strains such as cc41/44:
ST-146 and a high proportion of strains from diverse cc both of which are predicted to be not
covered by BEXSERO1 using either BAST or MATS assays, continued surveillance is desirable
to determine whether the widespread use of the vaccine in this region would result in strain
replacement.
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the WA collection. The phylogenetic tree was generated using MEGA6 and edited using Fig-
Tree v1.4.2.
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Supplemental Data for Chapter 2 
 

S1 Table. Number of cases and number of recovered IMD meningococcal isolates used for 

sequencing. 

Year Number of diagnosed  
cases 

Number of strains 
stocked (%) 

Number of strains 
sequenced (%) 

2000 54 52 (96.3%) 48 (92.3%) 

2001 37 34 (91.9%) 33 (97.1%) 

2002 58 35 (60.3%) 23 (65.7%) 

2003 39 25 (64.1%) 15 (60%) 

2004 38 26 (68.4%) 26 (100%) 

2005 45 24 (53.3%) 24 (100%) 

2006 19 8 (42.1%) 8 (100%) 

2007 20 6 (30%) 6 (100%) 

2008 23 15 (65.2%) 15 (100%) 

2009 22 18 (81.8%) 18 (100%) 

2010 19 12 (63.2%) 12 (100%) 

2011 22 13 (59.1%) 13 (100%) 

2012 18 12 (66.7%) 12 (100%) 

2013 16 11 (68.8%) 11 (100%) 

2014 17 14 (82.4%) 14 (100%) 

Total 447 305 (68.2%) 278 (91.1%) 
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S2 Table. List of meningococcal isolates included in this study including clonal complex and Bexsero® antigen typing data.  

EXNM Age (years) Serogroup Year ST cc fHbp allele fHbp 
subfamily 

fHbp 
peptide 

NHBA 
subfamily 

NadA 
allele 

NadA 
subfamily 

NadA 
type 

PorA type Vaccine 
coverage† 

378 0.2 B 2013 897 no cc 13 var1 fHbp-1.13 NHBA-8 - - - P1.12,16 - 

379 1.0 B 2013 10871 41/44 30 var3 fHbp-3.30 NHBA-2 - - - P1.7-2,4-13 + 

380 64.7 B 2013 213 213 505 var1 fHbp-1.430 NHBA-18 - - - P1.22,14 + 

381 3.6 B 2012 32 32 novel var3 fHbp-3.n1 NHBA-3 19 NadA-1 
NadA-

1 P1.7-2,16-26 + 

382 38.2 B 2012 461 461 71 var3 fHbp-3.47 
NHBA-

118 
- - - P1.7-1,4-1 - 

383 50.0 B 2012 7808 32 29 var3 fHbp-3.29 NHBA-3 19 NadA-1 NadA-
1 

P1.7-2,16-26 + 

384 95.0 B 2012 6058 41/44 562 var2 fHbp-2.486 NHBA-2 - - - P1.18-1,34 + 

385 0.4 B 2012 146 41/44 19 var2 fHbp-2.19 NHBA-43 - - - P1.22,14-6 - 

386 23.5 B 2012 10571 269 15 var1 fHbp-1.15 NHBA-21 - - - P1.7,30-7 + 
387 6.4 B 2012 213 213 30 var3 fHbp-3.30 NHBA-18 - - - P1.22,14 - 

388* 18.7 B 2011 10493 32 33 var3 fHbp-3.31 NHBA-3 19 NadA-1 NadA-
1 

P1.7,16-26 + 

389* 15.3 B 2011 10871 41/44 30 var3 fHbp-3.30 NHBA-2 - - - P1.7-2,4-13 + 

390* 41.7 B 2011 437 41/44 72 var2 fHbp-2.19 NHBA-1 - - - P1.22-1,14 + 

391* 64.6 B 2011 154 41/44 4 var1 fHbp-1.4 NHBA-2 - - - P1.7-2,4 + 

392* 40.0 B 2011 10541 35 4 var1 fHbp-1.4 novel - - - P1.22-1,14 + 
393 0.2 B 2013 944 41/44 19 var2 fHbp-2.19 NHBA-47 - - - P1.19,15 - 

394 85.0 W 2013 11 11 22 var2 fHbp-2.22 NHBA-29 5 NadA-2/3 NadA-
2/3 

P1.5,2 + 

395 57.5 Y 2012 3582 23 25 var2 fHbp-2.25 NHBA-8 - - - P1.5-1,2-2 - 
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396 18.5 B 2012 213 213 65 var3 fHbp-3.45 NHBA-18 - - - P1.22,14 - 

397 45.4 C 2012 11 11 669 FS FS NHBA-20 2 NadA-2/3 
NadA-

2/3 P1.5-1,10-8 + 

398 25.0 B 2012 60 60 13 var1 fHbp-1.13 NHBA-18 - - - P1.5,2 - 
399 23.5 C 2012 212 212 19 var2 fHbp-2.19 NHBA-47 - - - P1.19-3,15 - 

400* 11.8 B 2011 10493 32 33 var3 fHbp-3.31 NHBA-3 19 NadA-1 NadA-
1 

P1.7,16-26 + 

401* 22.6 B 2011 32 32 21 var2 fHbp-2.21 NHBA-3 19 NadA-1 
NadA-

1 P1.7,16-26 + 

402 75.0 Y 2011 6799 23 25 var2 fHbp-2.25 NHBA-8 - - - P1.5-1,2-2 - 
403 53.6 B 2011 213 213 505 var1 fHbp-1.430 NHBA-18 - - - P1.22,14 + 

404* 51.2 B 2011 213 213 505 var1 fHbp-1.430 NHBA-18 - - - P1.22,14 + 

405* 83.9 B 2011 60 60 13 var1 fHbp-1.13 NHBA-18 - - - P1.5,2 - 

406* 0.5 B 2011 10864 269 13 var1 fHbp-1.13 NHBA-21 - - - P1.19,15-1 - 
407 70.1 Y 2011 23 23 25 var2 fHbp-2.25 NHBA-7 - - - P1.5-2,10-51 - 

408 0.4 B 2010 3844 213 33 var3 fHbp-3.31 NHBA-18 12 NadA-4/5 - P1.22,14 - 

409 46.7 B 2010 novel 41/44 14 var1 fHbp-1.14 NHBA-6 - - - P1.7-2,4 + 
410* 20.0 B 2010 146 41/44 19 var2 fHbp-2.19 NHBA-43 - - - P1.22,14-6 - 

411* 11.2 B 2010 33 32 1 var1 fHbp-1.1 NHBA-3 1 NadA-1 NadA-
1 

P1.7-11,30-8 + 

412 18.7 W 2010 1624 167 24 var2 fHbp-2.24 NHBA-9 - - - P1.5-1,10-4 - 

413 83.8 C 2010 11 11 669 FS FS NHBA-20 29 NadA-2/3 - P1.5,2 - 

414 20.7 B 2010 146 41/44 4 var1 fHbp-1.4 NHBA-43 - - - P1.22,14-6 + 

415* 1.9 B 2010 269 269 15 var1 fHbp-1.15 NHBA-21 - - - 
P1.19-1,15-

11 + 

416* 2.0 B 2010 154 41/44 4 var1 fHbp-1.4 NHBA-2 - - - P1.7-2,4 + 
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417* 3.5 B 2010 32 32 743 FS FS NHBA-3 19 NadA-1 
NadA-

1 
P1.7,16-26 + 

418* 0.7 B 2010 146 41/44 19 var2 fHbp-2.19 NHBA-43 - - - P1.22,14-6 - 

419 36.2 Y 2010 4183 23 25 var2 fHbp-2.25 NHBA-8 - - - P1.5-1,2-2 - 
420* 40.1 B 2009 10511 41/44 19 var2 fHbp-2.19 NHBA-43 - - - P1.22,14-6 - 

421* 0.4 B 2009 1163 269 19 var2 fHbp-2.19 NHBA-17 - - - P1.22,9 - 

422* 0.9 B 2009 146 41/44 19 var2 fHbp-2.19 NHBA-43 - - - P1.22,14-6 - 

423 2.4 B 2009 461 461 71 var3 fHbp-3.47 
NHBA-

118 - - - P1.7-11,30-8 - 

424 1.0 B 2009 1161 269 13 var1 fHbp-1.13 NHBA-17 - - - P1.21,9 - 

425 83.9 B 2009 154 41/44 4 var1 fHbp-1.4 NHBA-2 - - - P1.5-1,10-4 + 
426 10.7 B 2009 10872 41/44 13 var1 fHbp-1.13 NHBA-58 - - - P1.5-2,10-11 - 

427 20.0 B 2009 33 32 1 var1 fHbp-1.1 NHBA-3 1 NadA-1 NadA-
1 

P1.5-1,10-4 + 

428 90.5 Y 2009 884 167 23 var2 fHbp-2.23 NHBA-9 - - - P1.5-1,10-4 - 

429 27.5 C 2009 11 11 669 FS FS NHBA-20 29 NadA-2/3 - P1.5-1,10-8 - 

430 17.5 B 2009 10509 41/44 4 var1 fHbp-1.4 NHBA-43 - - - P1.22,14-6 + 

431 0.4 B 2009 10873 213 novel var1 fHbp-1.n2 NHBA-13 1 NadA-1 
NadA-

1 P1.22,14 + 

432 0.7 B 2009 136 41/44 novel var3 fHbp-3.n3 NHBA-10 - - - P1.17,16-3 - 
433* 25.3 B 2009 318 41/44 14 var1 fHbp-1.14 NHBA-1 - - - P1.5-2,10-11 + 

434 24.2 C 2009 11 11 669 FS FS NHBA-20 29 NadA-2/3 - P1.5-1,10-8 - 

435* 12.7 B 2009 32 32 33 var3 fHbp-3.31 NHBA-3 19 NadA-1 NadA-
1 

P1.7,16-26 + 

436* 0.2 B 2009 575 213 13 var1 fHbp-1.13 NHBA-18 - - - P1.22,14 - 

437* 0.9 B 2009 3072 35 16 var2 fHbp-2.16 NHBA-21 - - - P1.19-1,26 - 
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438* 60.7 B 2008 32 32 33 var3 fHbp-3.31 NHBA-3 19 NadA-1 
NadA-

1 
P1.7,16-26 + 

439* 70.4 B 2008 213 213 65 var3 fHbp-3.45 novel 34 NadA-4/5 - P1.22,14 - 

440* 0.7 B 2008 146 41/44 19 var2 fHbp-2.19 NHBA-43 - - - P1.22,14-6 - 

441* 17.1 B 2008 1214 269 novel var3 fHbp-3.n4 novel - - - 
P1.19-1,15-

11 - 

442* 32.2 B 2008 6058 41/44 19 var2 fHbp-2.19 NHBA-2 - - - P1.18-1,34 + 
443* 0.7 B 2008 213 213 65 var3 fHbp-3.45 NHBA-18 34 NadA-4/5 - P1.18,25 - 

444* 1.5 B 2008 318 41/44 4 var1 fHbp-1.4 NHBA-2 - - - P1.7-2,4 + 

445* 1.0 B 2008 10509 41/44 4 var1 fHbp-1.4 NHBA-43 - - - P1.22,14-6 + 

446* 0.7 B 2008 146 41/44 19 var2 fHbp-2.19 NHBA-43 - - - P1.22,14-6 - 
447* 0.6 B 2008 13 269 19 var2 fHbp-2.19 NHBA-6 - - - P1.31,16 - 

448* 21.2 B 2008 2166 269 15 var1 fHbp-1.15 NHBA-21 - - - P1.5-2,10-2 + 

449* 22.0 B 2007 318 41/44 14 var1 fHbp-1.14 NHBA-1 - - - P1.5-2,10 + 
450* 18.0 B 2007 318 41/44 14 var1 fHbp-1.14 NHBA-1 - - - P1.5-2,10-11 + 

451* 93.4 B 2007 136 41/44 24 var2 fHbp-2.24 NHBA-10 - - - P1.17,16-3 - 

452* 48.6 B 2008 461 461 71 var3 fHbp-3.47 NHBA-
598 

- - - P1.19-2,13-1 - 

453* 1.0 B 2008 10511 41/44 19 var2 fHbp-2.19 NHBA-43 - - - P1.22,14-6 - 

454* 17.6 B 2008 33 32 1 var1 fHbp-1.1 NHBA-3 1 NadA-1 NadA-
1 

P1.7-2,4 + 

455* 20.9 B 2008 162 162 1 var1 fHbp-1.1 NHBA-20 - - - P1.22,14 + 

456 7.0 C 2006 11 11 134 var2 fHbp-2.118 NHBA-20 29 NadA-2/3 - P1.7-2,4 + 

457 27.5 B 2007 1157 1157 68 var1 fHbp-1.13 
NHBA-

114 20 NadA-2/3 - 
P1.21-7,16-

46 - 

458* 0.8 B 2007 146 41/44 16 var2 fHbp-2.16 NHBA-43 - - - P1.22,14-6 - 
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459* 60.3 B 2007 10572 32 1 var1 fHbp-1.1 NHBA-3 1 NadA-1 
NadA-

1 
P1.19,15 + 

460 60.6 B 2005 32 32 1 var1 fHbp-1.1 NHBA-3 1 NadA-1 NadA-
1 

P1.7,16 + 

461 24.8 B 2006 10545 41/44 19 var2 fHbp-2.19 NHBA-43 - - - P1.22,14-6 - 

462 0.4 B 2006 213 213 33 var3 fHbp-3.31 NHBA-43 34 NadA-4/5 - P1.22,14 - 

463 65.0 B 2006 10509 41/44 4 var1 fHbp-1.4 NHBA-43 - - - P1.22,14-6 + 
464 0.7 B 2006 146 41/44 19 var2 fHbp-2.19 NHBA-43 - - - P1.22,14-6 - 

465 0.2 B 2006 2141 32 72 var2 fHbp-2.19 NHBA-
596 

5 NadA-2/3 NadA-
2/3 

P1.5-1,10-1 + 

466 14.7 B 2006 1214 269 742 var1 fHbp-1.622 novel - - - 
P1.19-1,15-

11 + 

467 2.2 B 2006 novel no cc 343 var1 fHbp-1.291 NHBA-21 - - - P1.7-2,13-1 + 

468 1.5 B 2005 33 32 1 var1 fHbp-1.1 NHBA-3 1 NadA-1 
NadA-

1 P1.19,15 + 

469 1.7 B 2005 146 41/44 19 var2 fHbp-2.19 NHBA-43 - - - P1.22,14-6 - 
470 5.2 B 2005 146 41/44 19 var2 fHbp-2.19 NHBA-43 - - - P1.22,14-6 - 

471 19.0 Y 2005 10294 23 25 var2 fHbp-2.25 NHBA-7 - - - P1.5-1,10-4 - 

472 17.3 Y 2005 23 23 25 var2 fHbp-2.25 NHBA-7 - - - P1.5-1,10-4 - 

473 0.4 B 2005 146 41/44 19 var2 fHbp-2.19 NHBA-43 - - - P1.22,14-6 - 
474 0.3 B 2005 275 269 19 var2 fHbp-2.19 NHBA-17 - - - P1.22,9 - 

475 3.3 B 2005 146 41/44 19 var2 fHbp-2.19 NHBA-43 - - - P1.22,14-6 - 

476 20.9 B 2005 10874 41/44 novel var2 fHbp-2.n5 NHBA-1 - - - P1.5-2,10-51 + 

477 0.6 B 2005 1214 269 15 var1 fHbp-1.15 novel - - - 
P1.19-1,15-

11 + 

478 4.0 B 2005 136 41/44 24 var2 fHbp-2.24 NHBA-10 - - - P1.17,16-3 - 
479 0.2 B 2005 318 41/44 14 var1 fHbp-1.14 NHBA-1 - - - P1.5-2,10-11 + 
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480 52.1 B 2005 146 41/44 19 var2 fHbp-2.19 NHBA-43 - - - P1.22,14-6 - 
481 2.5 B 2005 154 41/44 4 var1 fHbp-1.4 NHBA-2 - - - P1.7-2,4 + 

482 0.3 B 2005 7516 41/44 novel var1 fHbp-1.n6 NHBA-2 - - - P1.12-6,13-4 + 

483 0.7 B 2005 47 41/44 19 var2 fHbp-2.19 NHBA-32 - - - P1.7-2,13-1 - 

484 48.6 B 2005 42 41/44 110 var1 fHbp-1.110 NHBA-2 - - - P1.18-4,25 + 

485 17.5 B 2005 1161 269 13 var1 fHbp-1.13 
NHBA-

191 - - - P1.22,9 - 

486 3.3 B 2005 10875 32 1 var1 fHbp-1.1 NHBA-3 1 NadA-1 
NadA-

1 P1.19,15 + 

487 1.1 B 2005 7516 41/44 novel var1 fHbp-1.n7 NHBA-2 - - - P1.12-6,13-4 + 

488 4.7 B 2005 639 32 1 var1 fHbp-1.1 NHBA-3 1 NadA-1 
NadA-

1 P1.7,30-7 + 

489 42.8 B 2005 213 213 13 var1 fHbp-1.13 NHBA-18 34 NadA-4/5 - P1.22,14 - 

490 0.1 B 2005 146 41/44 19 var2 fHbp-2.19 NHBA-43 - - - P1.22,14-6 - 

491 62.7 B 2004 639 32 1 var1 fHbp-1.1 NHBA-3 1 NadA-1 
NadA-

1 P1.7,30-3 + 

492 20.0 C 2004 11 11 1 var1 fHbp-1.1 NHBA-20 29 NadA-2/3 - P1.5-1,10-1 + 
493 20.9 C 2004 5169 11 92 var2 fHbp-2.95 NHBA-20 29 NadA-2/3 - P1.5-1,10-4 - 

494 0.8 B 2004 146 41/44 19 var2 fHbp-2.19 NHBA-43 - - - P1.22,14-6 - 

495 0.1 B 2004 33 32 1 var1 fHbp-1.1 NHBA-3 1 NadA-1 
NadA-

1 P1.22-1,14 + 

496 18.9 B 2004 318 41/44 novel var1 fHbp-1.n8 NHBA-1 - - - P1.5-2,10-11 + 

497 27.3 C 2004 11 11 134 var2 fHbp-2.118 NHBA-20 19 NadA-1 
NadA-

1 P1.7-2,4 + 

498 1.1 B 2004 1788 41/44 19 var2 fHbp-2.19 NHBA-43 - - - P1.22,14-6 - 

499 17.9 B 2004 10876 41/44 novel var1 fHbp-1.n9 NHBA-1 - - - P1.5-2,10-11 + 
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500 29.2 B 2004 639 32 1 var1 fHbp-1.1 NHBA-3 1 NadA-1 
NadA-

1 
P1.7,30-7 + 

501 3.0 B 2004 146 41/44 19 var2 fHbp-2.19 NHBA-43 - - - P1.22,14-6 - 

502 17.5 B 2004 1214 269 742 var1 fHbp-1.622 novel - - - 
P1.19-1,15-

11 
+ 

503 77.3 W 2004 2725 22 19 var2 fHbp-2.19 NHBA-20 - - - P1.18-1,3 - 

504 81.4 B 2004 9611 32 66 var1 fHbp-1.4 
NHBA-

255 
19 NadA-1 

NadA-
1 

P1.7,16-26 + 

505 8.9 C 2004 novel 11 11 var1 fHbp-1.11 NHBA-20 2 NadA-2/3 NadA-
2/3 

P1.5-1,10-1 + 

506 0.3 B 2004 146 41/44 19 var2 fHbp-2.19 NHBA-43 - - - P1.22,14-6 - 

507 3.9 B 2004 13 269 19 var2 fHbp-2.19 NHBA-6 - - - P1.31,16 - 

508 1.7 B 2004 46 41/44 4 var1 fHbp-1.4 NHBA-2 - - - P1.7-2,4 + 
509 32.5 B 2004 146 41/44 19 var2 fHbp-2.19 NHBA-43 - - - P1.22,14-6 - 

510 4.8 B 2004 33 32 1 var1 fHbp-1.1 NHBA-3 1 NadA-1 NadA-
1 

P1.19,15 + 

511 18.7 B 2004 154 41/44 4 var1 fHbp-1.4 NHBA-2 - - - P1.7-2,4 + 

512 26.0 B 2004 41 41/44 4 var1 fHbp-1.4 NHBA-2 - - - P1.7-2,4 + 

513 22.2 C 2004 11 11 134 var2 fHbp-2.118 NHBA-20 2 NadA-2/3 NadA-
2/3 

P1.7-2,4 + 

514 14.9 B 2004 318 41/44 97 var1 fHbp-1.89 NHBA-1 - - - P1.5-2,10-11 + 

515 16.5 B 2004 novel no cc 711 var1 fHbp-1.605 NHBA-24 - - - P1.21,16 + 
516 19.0 B 2004 136 41/44 24 var2 fHbp-2.24 NHBA-10 - - - P1.17,16-3 - 

517 73.1 B 2003 42 41/44 112 var3 fHbp-3.111 NHBA-2 - - - P1.7-2,4 + 

518 3.9 B 2003 1791 269 15 var1 fHbp-1.15 NHBA-21 - - - P1.19-1,15-
11 

+ 

519 2.6 B 2003 146 41/44 19 var2 fHbp-2.19 NHBA-43 - - - P1.22,14-6 - 
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520 1.2 B 2003 146 41/44 19 var2 fHbp-2.19 NHBA-43 - - - P1.22,14-6 - 
521 3.4 B 2003 146 41/44 16 var2 fHbp-2.16 NHBA-43 - - - P1.22,14-6 - 

522 6.0 B 2003 1791 269 15 var1 fHbp-1.15 NHBA-21 - - - P1.19-1,15-
11 

+ 

523 36.5 B 2003 170 41/44 19 var2 fHbp-2.19 
NHBA-

116 - - - P1.5-1,10-4 - 

524 17.7 B 2003 146 41/44 1 var1 fHbp-1.1 NHBA-43 - - - P1.22,14-6 + 

525 21.3 B 2003 1157 1157 546 var1 fHbp-1.456 
NHBA-

114 20 NadA-2/3 - P1.21-7,16 + 

526 16.1 B 2002 33 32 74 var2 fHbp-2.16 NHBA-3 1 NadA-1 
NadA-

1 
P1.19,15 + 

527 0.9 B 2002 6566 41/44 19 var2 fHbp-2.19 NHBA-43 - - - P1.22,14-6 - 

528 19.4 C 2002 11 11 11 var1 fHbp-1.11 NHBA-20 29 NadA-2/3 - P1.5-1,10-1 + 
529 0.9 B 2002 146 41/44 713 var1 fHbp-1.8 NHBA-43 - - - P1.22,14-6 + 

530 42.6 B 2002 46 41/44 4 var1 fHbp-1.4 NHBA-2 - - - P1.7-2,4 + 

531 16.3 B 2002 42 41/44 112 var3 fHbp-3.111 NHBA-2 - - - P1.7-2,4 + 

532 18.8 B 2002 41 41/44 4 var1 fHbp-1.4 NHBA-2 - - - P1.19,15 + 
533 1.2 B 2002 41 41/44 4 var1 fHbp-1.4 NHBA-2 - - - P1.7-2,4 + 

534 18.1 B 2002 42 41/44 112 var3 fHbp-3.111 NHBA-2 - - - P1.7-2,4 + 

535 18.8 B 2002 318 41/44 281 var1 fHbp-1.14 NHBA-1 - - - P1.5-2,10-11 + 

536 24.2 C 2002 11 11 134 var2 fHbp-2.118 NHBA-20 5 NadA-2/3 
NadA-

2/3 P1.7-2,4-13 + 

537 0.7 B 2000 154 41/44 4 var1 fHbp-1.4 NHBA-2 - - - P1.7-2,4-13 + 

538 25.0 C 2000 11 11 - None 
fhbp-1,2,3-

hybrid NHBA-20 2 NadA-2/3 
NadA-

2/3 P1.5,2 + 

540 18.6 B 2000 5709 35 4 var1 fHbp-1.4 NHBA-21 - - - P1.19-1,26 + 
541 1.5 B 2000 4711 41/44 19 var2 fHbp-2.19 NHBA-43 - - - P1.22,14-6 - 

 
64



 

542 18.8 B 2000 32 32 1 var1 fHbp-1.1 NHBA-3 1 NadA-1 
NadA-

1 
P1.7,16 + 

543 1.6 C 2000 11 11 - None fhbp-1,2,3-
hybrid 

NHBA-20 3 NadA-2/3 NadA-
2/3 

P1.5,2 + 

544 1.0 B 2000 34 32 1 var1 fHbp-1.1 
NHBA-

489 1 NadA-1 
NadA-

1 P1.22,15 + 

545 21.6 B 2000 32 32 1 var1 fHbp-1.1 NHBA-3 1 NadA-1 
NadA-

1 P1.7,16 + 

546 32.9 C 2000 11 11 36 var1 fHbp-1.37 NHBA-20 29 NadA-2/3 - P1.5,2 + 

547 85.5 B 2000 32 32 13 var1 fHbp-1.13 NHBA-3 19 NadA-1 
NadA-

1 P1.7-2,16-12 + 

548 45.1 C 2000 11 11 1 var1 fHbp-1.1 NHBA-20 29 NadA-2/3 - P1.18-1,3 + 

549 4.1 B 2000 146 41/44 19 var2 fHbp-2.19 NHBA-43 - - - P1.22,14-6 - 

550 1.8 C 2000 11 11 11 var1 fHbp-1.11 NHBA-20 2 NadA-2/3 
NadA-

2/3 P1.5-1,10-8 + 

551 3.7 B 2000 novel no cc 757 var1 fHbp-1.628 
NHBA-

255 - - - P1.7-1,1 + 

552 1.7 B 2000 154 41/44 4 var1 fHbp-1.4 NHBA-2 - - - P1.7-2,4 + 

553 17.5 C 2000 11 11 715 var1 fHbp-1.606 NHBA-19 29 NadA-2/3 - P1.18-1,3 + 
554 0.2 B 2000 146 41/44 19 var2 fHbp-2.19 NHBA-43 - - - P1.22,14-6 - 

555 85.9 B 2000 novel 41/44 4 var1 fHbp-1.4 NHBA-2 - - - P1.7-2,4 + 

556 0.4 B 2000 146 41/44 19 var2 fHbp-2.19 NHBA-43 - - - P1.22,14-6 - 
557 14.6 B 2000 33 32 1 var1 fHbp-1.1 NHBA-3 - - - P1.19,15 + 

558 57.9 B 2000 213 213 65 var3 fHbp-3.45 NHBA-18 34 NadA-4/5 - P1.22,14 - 

559 21.0 C 2000 11 11 36 var1 fHbp-1.37 NHBA-20 29 NadA-2/3 - P1.5,2 + 
560 1.3 B 2000 146 41/44 19 var2 fHbp-2.19 NHBA-43 - - - P1.22,14-6 - 

561 6.2 B 2000 novel no cc 136 var2 fHbp-2.119 NHBA-
255 

- - - P1.7-1,1 - 

 
65



 

562 0.2 B 2000 146 41/44 19 var2 fHbp-2.19 NHBA-43 - - - P1.22,14-6 - 
563 19.6 B 2000 41 41/44 16 var2 fHbp-2.16 NHBA-2 - - - P1.7-2,4 + 

564 64.7 B 2000 46 41/44 4 var1 fHbp-1.4 NHBA-2 - - - P1.7-2,4 + 

565 18.9 B 2000 32 32 1 var1 fHbp-1.1 NHBA-3 1 NadA-1 NadA-
1 

P1.7,16 + 

566 1.7 B 2000 32 32 21 var2 fHbp-2.21 NHBA-3 19 NadA-1 NadA-
1 

P1.7,16-26 + 

567 1.5 B 2000 283 269 15 var1 fHbp-1.15 NHBA-21 - - - 
P1.19-1,15-

11 + 

568 7.1 B 2000 146 41/44 19 var2 fHbp-2.19 NHBA-43 - - - P1.22,14-6 - 

569 5.8 B 2000 novel 41/44 113 var3 fHbp-3.111 
NHBA-

116 - - - P1.7-2,13-1 - 

570 1.3 C 2000 11 11 11 var1 fHbp-1.11 NHBA-20 29 NadA-2/3 - P1.5-1,10-8 + 
571 12.7 B 2000 318 41/44 14 var1 fHbp-1.14 NHBA-1 - - - P1.5-2,10-11 + 

572 0.5 B 2000 146 41/44 19 var2 fHbp-2.19 NHBA-43 - - - P1.22,14-6 - 

573 2.9 C 2000 8 8 16 var2 fHbp-2.16 NHBA-21 6 NadA-2/3 NadA-
2/3 

P1.5,2 + 

574 9.9 B 2001 146 41/44 19 var2 fHbp-2.19 NHBA-43 - - - P1.22,14-6 - 

575 5.8 B 2001 5682 32 1 var1 fHbp-1.1 NHBA-3 1 NadA-1 NadA-
1 

P1.19-1,26 + 

576 6.3 B 2001 33 32 1 var1 fHbp-1.1 NHBA-3 1 NadA-1 NadA-
1 

P1.19,15 + 

577 17.5 B 2001 42 41/44 4 var1 fHbp-1.4 
NHBA-

571 - - - 
P1.19-1,15-

35 + 

578 0.4 B 2001 146 41/44 19 var2 fHbp-2.19 NHBA-43 - - - P1.19-3,15 - 

579 6.7 C 2001 11 11 505 var1 fHbp-1.430 novel 3 NadA-2/3 
NadA-

2/3 ND + 

580 0.4 B 2001 146 41/44 19 var2 fHbp-2.19 NHBA-43 - - - P1.22,14-6 - 
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581 11.0 B 2001 146 41/44 19 var2 fHbp-2.19 NHBA-43 - - - P1.22,14-6 - 
582 2.1 B 2001 41 41/44 1 var1 fHbp-1.1 NHBA-2 - - - P1.7-2,4 + 

583 0.3 B 2001 146 41/44 19 var2 fHbp-2.19 NHBA-43 - - - P1.22,14-6 - 

584 0.2 B 2001 146 41/44 19 var2 fHbp-2.19 NHBA-43 - - - P1.22,14-6 - 

585 5.6 B 2001 2012 41/44 787 var1 fHbp-1.650 
NHBA-

116 - - - P1.5-1,10-10 + 

586 2.7 C 2001 212 212 828 var1 fHbp-1.697 NHBA-47 - - - P1.19-3,15 + 

587 0.5 B 2001 7394 41/44 4 var1 fHbp-1.4 NHBA-2 - - - P1.7-2,4 + 

588 11.4 B 2001 34 32 1 var1 fHbp-1.1 NHBA-3 1 NadA-1 
NadA-

1 P1.22,14-6 + 

589 3.1 B 2001 41 41/44 1 var1 fHbp-1.1 NHBA-2 - - - P1.7-2,4 + 

590 1.4 B 2001 novel no cc 71 var3 fHbp-3.47 
NHBA-

596 - - - P1.18-1,3 - 

591 1.4 B 2001 novel 41/44 101 var2 fHbp-2.101 NHBA-1 - - - P1.5-2,10-51 + 
592 3.3 B 2001 42 41/44 112 var3 fHbp-3.111 NHBA-2 - - - P1.7-2,4 + 

593 18.9 C 2001 11 11 11 var1 fHbp-1.11 NHBA-20 2 NadA-2/3 NadA-
2/3 

P1.5-1,10-8 + 

594 42.3 C 2001 11 11 134 var2 fHbp-2.118 NHBA-20 29 NadA-2/3 - P1.7-2,4 + 

595 0.7 B 2001 32 32 1 var1 fHbp-1.1 NHBA-3 1 NadA-1 NadA-
1 

P1.7,16 + 

596 0.5 C 2001 11 11 11 var1 fHbp-1.11 NHBA-20 2 NadA-2/3 
NadA-

2/3 P1.5-1,10-8 + 

597 14.4 B 2001 42 41/44 112 var3 fHbp-3.111 NHBA-2 - - - P1.7-2,4 + 

598 18.4 B 2001 1163 269 19 var2 fHbp-2.19 NHBA-17 - - - P1.22,9 - 

599 0.9 B 2001 283 269 15 var1 fHbp-1.15 NHBA-21 - - - P1.7-2,16 + 

600 2.3 B 2001 213 213 746 FS FS NHBA-18 34 NadA-4/5 - P1.22,14 - 
601 18.3 B 2001 46 41/44 4 var1 fHbp-1.4 NHBA-2 - - - P1.7-2,4 + 
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602 1.0 B 2001 32 32 1 var1 fHbp-1.1 NHBA-3 1 NadA-1 
NadA-

1 
P1.7,16 + 

603 58.5 B 2001 343 32 1 var1 fHbp-1.1 NHBA-3 1 NadA-1 NadA-
1 

P1.7,16-26 + 

604 2.5 B 2001 32 32 29 var3 fHbp-3.29 NHBA-3 19 NadA-1 
NadA-

1 P1.7,16-26 + 

605 20.9 B 2014 9193 213 505 var1 fHbp-1.430 NHBA-18 - - - P1.22,14 + 
606 0.4 C 2014 11 11 669 FS FS NHBA-20 29 NadA-2/3 - P1.5-1,10-8 - 

607 21.4 C 2014 11 11 710 var1 fHbp-1.601 NHBA-20 29 NadA-2/3 - P1.5-1,10-8 + 

608 7.8 B 2014 461 461 71 var3 fHbp-3.47 
NHBA-

118 
- - - P1.19-2,13-1 - 

609 0.0 B 2014 191 41/44 19 var2 fHbp-2.19 NHBA-43 - - - P1.22,13-9 - 

610 74.3 B 2014 1825 213 65 var3 fHbp-3.45 NHBA-18 - - - P1.22,14 - 
611 0.6 B 2014 novel 35 101 var2 fHbp-2.101 NHBA-5 - - - P1.22,14 - 

612 19.0 W 2014 11 11 22 var2 fHbp-2.22 NHBA-29 5 NadA-2/3 NadA-
2/3 

P1.5,2 + 

613 19.2 B 2014 41 41/44 778 var3 fHbp-3.499 NHBA-2 - - - P1.7,30-5 + 

614 84.0 Y 2014 23 23 25 var2 fHbp-2.25 NHBA-7 - - - P1.5-1,10-4 - 

615 22.7 B 2014 213 213 505 var1 fHbp-1.430 NHBA-18 - - - P1.22,14 + 

616 23.4 C 2013 11 11 11 var1 fHbp-1.11 NHBA-20 29 NadA-2/3 - P1.5-1,10-8 + 
617 32.6 B 2013 213 213 505 var1 fHbp-1.430 NHBA-18 - - - P1.22,14 + 

618 19.2 B 2013 213 213 65 var3 fHbp-3.45 NHBA-18 - - - P1.22,14 - 

619 57.2 C 2013 11 11 10 var1 fHbp-1.10 NHBA-20 29 NadA-2/3 - P1.5-1,10-8 + 
620 26.2 B 2013 213 213 505 var1 fHbp-1.430 NHBA-18 - - - P1.22,14 + 

621 46.8 Y 2013 23 23 25 var2 fHbp-2.25 NHBA-7 - - - P1.5-1,10-4 - 

622 0.5 B 2003 32 32 56 var1 fHbp-1.69 NHBA-3 19 NadA-1 
NadA-

1 
P1.7,16-26 + 
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623 32.4 B 2003 146 41/44 134 var2 fHbp-2.118 NHBA-43 - - - P1.22,14-6 - 
624 19.4 C 2003 11 11 134 var2 fHbp-2.118 NHBA-20 29 NadA-2/3 - P1.7-2,4 + 

625 3.5 B 2003 novel 41/44 4 var1 fHbp-1.4 NHBA-2 - - - P1.7-2,4 + 

626 1.4 B 2003 2266 41/44 1 var1 fHbp-1.1 NHBA-
214 

- - - P1.7-2,4 + 

627 2.8 B 2003 798 269 713 var1 fHbp-1.8 NHBA-32 - - - P1.7-1,1 + 

628 4.2 C 2002 212 212 33 var3 fHbp-3.31 NHBA-47 - - - P1.19-3,15 - 

629 4.1 B 2002 146 41/44 19 var2 fHbp-2.19 NHBA-43 - - - P1.22,14-6 - 
630 0.2 B 2002 146 41/44 19 var2 fHbp-2.19 NHBA-43 - - - P1.22,14-6 - 

631 11.3 C 2002 11 11 11 var1 fHbp-1.11 NHBA-20 2 NadA-2/3 NadA-
2/3 

P1.5-1,10-8 + 

632 1.5 B 2002 41 41/44 16 var2 fHbp-2.16 NHBA-2 - - - P1.7-2,4 + 

633 0.2 B 2002 146 41/44 713 var1 fHbp-1.8 NHBA-43 - - - P1.22,14-6 + 

634 10.3 B 2002 32 32 1 var1 fHbp-1.1 NHBA-3 1 NadA-1 
NadA-

1 P1.7,16 + 

635 0.9 B 2002 146 41/44 19 var2 fHbp-2.19 NHBA-43 - - - P1.22,14-6 - 

636 42.5 B 2002 32 32 1 var1 fHbp-1.1 NHBA-3 1 NadA-1 
NadA-

1 P1.7,16 + 

637 28.6 B 2002 novel 41/44 733 var1 fHbp-1.246 NHBA-26 - - - P1.5-1,2-2 + 

638 23.6 B 2002 32 32 33 var3 fHbp-3.31 NHBA-3 19 NadA-1 
NadA-

1 P1.7,16-26 + 

639 0.5 B 2002 1194 41/44 4 var1 fHbp-1.4 NHBA-2 - - - P1.18-1,3 + 

640 0.3 W 2001 1061 22 16 var2 fHbp-2.16 NHBA-20 - - - P1.18-1,3 - 

641 0.4 B 2000 2172 no cc 25 var2 fHbp-2.25 
NHBA-

129 - - - ND - 

642 0.7 B 2014 novel 213 33 var3 fHbp-3.31 NHBA-7 12 NadA-4/5 - P1.22,14 - 
643 0.5 B 2014 154 41/44 4 var1 fHbp-1.4 NHBA-2 - - - P1.7-2,4 + 
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644 20.0 B 2000 11 11 36 var1 fHbp-1.37 NHBA-20 29 NadA-2/3 - P1.5,2 + 
645 73.6 B 2000 novel 41/44 4 var1 fHbp-1.4 NHBA-2 - - - P1.7-2,4-13 + 

646 2.4 B 2000 6871 32 1 var1 fHbp-1.1 NHBA-3 1 NadA-1 NadA-
1 

P1.7,16-26 + 

647 0.6 B 2000 32 32 1 var1 fHbp-1.1 NHBA-3 1 NadA-1 
NadA-

1 P1.7,16 + 

648 5.4 B 2000 32 32 1 var1 fHbp-1.1 NHBA-3 1 NadA-1 
NadA-

1 
P1.7,16 + 

649 62.0 B 2000 146 41/44 19 var2 fHbp-2.19 NHBA-43 - - - P1.22,14-6 - 

650 20.1 C 2000 11 11 669 FS FS NHBA-20 29 NadA-2/3 - P1.18-1,3 - 

651 10.1 B 2000 33 32 1 var1 fHbp-1.1 NHBA-3 1 NadA-1 
NadA-

1 P1.19,15 + 

652 17.9 W 2014 11 11 22 var2 fHbp-2.22 NHBA-29 5 NadA-2/3 
NadA-

2/3 
P1.5,2 + 

653 33.5 B 2001 41 41/44 4 var1 fHbp-1.4 NHBA-2 - - - P1.7-2,4 + 

654 18.9 B 2000 146 41/44 1 var1 fHbp-1.1 NHBA-43 - - - P1.7-2,4 + 
655 0.0 W 2000 44 41/44 713 var1 fHbp-1.8 NHBA-2 - - - P1.19-1,26 + 

656 21.2 B 2000 921 41/44 19 var2 fHbp-2.19 NHBA-2 - - - P1.19,15-1 + 

 

FS: Frameshift; ND: Not determined 

* indicates isolates used in the MATS ELISA assay 

† Isolates were predicted to be covered by the Bexsero® vaccine if they possessed intact genes for one or more of the following antigenic variants: all fHbp-1 

except fHbp-1.13, NHBA-1, NHBA-2, NadA-1, NadA-2/3 or P1.4 PorA subfamily
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S3 Table. Genetic diversity of N. meningitidis isolates in this study. 

Serogroup Clonal complex No. of isolates No. of STs ST present more than 
twice (frequency) 

B (n=227) cc41/44 120 30 ST-146 (44) 

ST-41 (9) 

ST-318 (9) 

ST-154 (8) 

ST-42 (7) 

ST-46 (4) 

ST-136 (4) 

ST-10509 (3) 

 cc32 45 13 ST-32 (20) 

ST-33 (10) 

ST-639 (3) 

 cc213 21 7 ST-213 (15) 

 cc269 20 12 ST-1214 (4) 

 cc35 4 4 - 

 cc461 4 1 ST-461 (4) 

 cc60 2 1 - 

 cc1157 2 1 - 

 cc11 1 1 - 

 cc162 1 1 - 

 unassigned 7 7 - 

     

C (n=35) cc11 31 3 ST-11 (29) 

 cc212 3 1 ST-212 (3) 

 cc8 1 1 - 
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W (n=7) cc11 3 1 ST-11 (3) 

 cc22 2 2 - 

 cc167 1 1 - 

 cc41/44 1 1 - 

     

Y (n=9) cc23 8 5 ST-23(4) 

 cc167 1 1 - 
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S4 Table. Data for the MATS ELISA assay performed in this study. 

    MATS RP  MATS coverage** Covered antigens  

EXNM year ST cc NHBA fHbp NadA 
PorA 
P1.4 Overall NHBA fHbp NadA PorA 

No. of 
antigens 

Antigen 
combination 

Cluster 

388 2011 10493 32 0.329 0 0.0002 no yes yes no no no 1 NHBA 3 
389 2011 10871 41/44 1.012 0 0 yes yes yes no no yes 2 NHBA+PorA 1b 
390 2011 437 41/44 0.715 0.0005 0 no yes yes no no no 1 NHBA - 
391 2011 154 41/44 0.372 0.067 0.000076 yes yes yes yes no yes 3 fHbp+NHBA+PorA 1b 
392 2011 10541 35 0.028 0.076 0.000016 no yes no yes no no 1 fHbp - 
400 2011 10493 32 0.696 0 0 no yes yes no no no 1 NHBA 3 
401 2011 32 32 0.702 0.002 0 no yes yes no no no 1 NHBA 3 
404 2011 213 213 0.062 0.341 0 no yes no yes no no 1 fHbp 7 
405 2011 60 60 0.164 0.012 0 no no no no no no 0 no antigen 7 
406 2011 10864 269 0.289 0.013 0 no no no no no no 0 no antigen - 
410 2010 146 41/44 0.195 0 0 no no no no no no 0 no antigen 1a 
411 2010 33 32 0.715 1.082 0 no yes yes yes no no 2 NHBA+fHbp 4 
415 2010 269 269 0.43 0.013 0 no yes yes no no no 1 NHBA 5 
416 2010 154 41/44 1.11 0.03 0 yes yes yes yes no yes 3 fHbp+NHBA+PorA 1b 
417 2010 32 32 0 0 0 no no no no no no 0 no antigen 3 
418 2010 146 41/44 0.267 0 0 no no no no no no 0 no antigen 1a 
420 2009 10511 41/44 0.195 0 0 no no no no no no 0 no antigen 1a 
421 2009 1163 269 0.267 0 0 no no no no no no 0 no antigen - 
422 2009 146 41/44 0.123 0 0 no no no no no no 0 no antigen 1a 
433 2009 318 41/44 1.243 0.014 0 no yes yes no no no 1 NHBA 2 
435 2009 32 32 0.437 0 0 no yes yes no no no 1 NHBA 3 
436 2009 575 213 0.119 0.012 0 no no no no no no 0 no antigen 7 

 
73



 

437 2009 3072 35 0.262 0.002 0 no no no no no no 0 no antigen - 
438 2008 32 32 0.147 0 0 no no no no no no 0 no antigen 4 
439 2008 213 213 0.016 0 0 no no no no no no 0 no antigen 7 
440 2008 146 41/44 0.275 0.00022 0 no no no no no no 0 no antigen 1a 
441 2008 1214 269 0.334 0.008 0 no yes yes no no no 1 NHBA 5 
442 2008 6058 41/44 0.803 0 0 no yes yes no no no 1 NHBA - 
443 2008 213 213 0.014 0 0 no no no no no no 0 no antigen 7 
444 2008 318 41/44 0.302 0.068 0 yes yes yes yes no yes 3 fHbp+NHBA+PorA 1b 
445 2008 10509 41/44 0.07 0.064 0 no yes no yes no no 1 fHbp 1a 
446 2008 146 41/44 0.124 0.00041 0 no no no no no no 0 no antigen 1a 
447 2008 13 269 0.079 0.00076 0 no no no no no no 0 no antigen - 
448 2008 2166 269 0.43 0.017 0 no yes yes no no no 1 NHBA 5 
449 2007 318 41/44 0.568 0.031 0 no yes yes yes no no 2 NHBA+fHbp 2 
450 2007 318 41/44 0.264 0.018 0 no no no no no no 0 no antigen 2 
451 2007 136 41/44 0.212 0 0 no no no no no no 0 no antigen - 
452 2008 461 461 0.595 0 0.000057 no yes yes no no no 1 NHBA 6 
453 2008 10511 41/44 0.154 0 0.0001 no no no no no no 0 no antigen 1a 
454 2008 33 32 0.075 1 0.005 yes yes no yes no yes 2 fHbp+PorA 3 
455 2008 162 162 0.099 0.99 0.000068 no yes no yes no no 1 fHbp - 
458 2007 146 41/44 0.16 0.0004 0.000096 no no no no no no 0 no antigen 1a 
459 2007 10572 32 0.199 0.17 0 no yes no yes no no 1 fHbp 4 

 

** Isolates were estimated to be covered using MATS if the RP values were higher than 0.021, 0.294 and 0.009 for fHbp, NHBA and NadA, respectively. All isolates 

possessing P1.4 subfamily PorA were predicted to be covered
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Figure S1. Maximum likelihood tree of fHbp peptides (500 bootstraps) showing the 

clustering of fHbp-1 (green), fHbp-2 (blue), fHbp-3 (orange) and fHbp-1,2,3 hybrid (red). 

The red asterisk shows the position of the peptide encoded by the fHbp-1,2,3 hybrid allele 

identified in the WA collection. The phylogenetic tree was generated using MEGA6 and edited 

using FigTree v1.4.2. 
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Figure S2. Estimated annual coverage of the Bexsero® vaccine for serogroup B (panel A) 
and all serogroups (panel B) in WA from 2000-2014. The number of BASTs estimated to be 
covered by the vaccine annually is shown in panel C. 
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Subject Task % of task 

performed by 

Mowlaboccus 

70 isolates 

WA 2008-

2012 

Obtained from PathWest reference laboratory 100% 

DNA extracted manually (Qiagen kit) 100% 

DNA quantified (Nanodrop and Qubit®) 100% 

Nextera libraries prepared 100% 

Libraries pooled 30 at a time 100% 

Libraries run on MiSeq 100% 

131 isolates 

VIC 2008-

2012 

DNA extracted - 

DNA quantified - 

Nextera libraries prepared - 

Libraries pooled 30 at a time - 

Libraries run on MiSeq - 

Bioinformatics 

and Analyses 

Detection of MLST loci 100% 

Detection of Bexsero® genes 100% 

Obtaining BASTs 100% 

Descriptive analysis of serogroups 100% 

Geographical distribution of cases 50% 

Descriptive analysis of MLST 100% 

Descriptive analysis of FetA and PorA 100% 

Descriptive analysis of NHBA 100% 

Descriptive analysis of NadA 100% 

Descriptive analysis of fHbp 100% 

Descriptive analysis of BASTs 100% 

Analysis of coverage by BAST 100% 

Stats – fHbp maximum likelihood tree 100% 

Stats – NHBA maximum likelihood tree 80% 

Stats – Fisher’s exact test 100% 

 Supplementary materials 100% 
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Abstract

Neisseria meningitidis is the causative agent of invasive meningococcal disease (IMD). A

recombinant vaccine called Bexsero® incorporates four subcapsular antigens (fHbp, NHBA,

NadA and PorA) which are used to assign a Bexsero® antigen sequence type (BAST) to

each meningococcal strain. The vaccine elicits an immune response against combinations

of variants of these antigens which have been grouped into specific BAST profiles that have

been shown to have different distributions within geographical locations thus potentially

affecting the efficacy of the vaccine. In this study, invasive meningococcal disease isolates

from the western seaboard of Australia (Western Australia; WA) were compared to those

from the south-eastern seaboard (Victoria; VIC) from 2008 to 2012. Whole-genome

sequencing (WGS) of 131 meningococci from VIC and 70 meningococci from WA were ana-

lysed for MLST, FetA and BAST profiling. Serogroup B predominated in both jurisdictions

and a total of 10 MLST clonal complexes (cc) were shared by both states. Isolates belonging

to cc22, cc103 and cc1157 were unique to VIC whilst isolates from cc60 and cc212 were

unique to WA. Clonal complex 41/44 represented one-third of the meningococcal population

in each state but the predominant ST was locally different: ST-6058 in VIC and ST-146 in

WA. Of the 108 BAST profiles identified in this collection, only 9 BASTs were simultaneously

observed in both states. A significantly larger proportion of isolates in VIC harboured alleles

for the NHBA-2 peptide and fHbp-1, antigenic variants predicted to be covered by the Bex-

sero® vaccine. The estimate for vaccine coverage in WA (47.1% [95% CI: 41.1–53.1%])

was significantly lower than that in VIC (66.4% [95% CI: 62.3–70.5%]). In conclusion, the

antigenic structure of meningococci causing invasive disease in two geographically distinct

PLOS ONE | https://doi.org/10.1371/journal.pone.0186839 October 24, 2017 1 / 16

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPENACCESS

Citation: Mowlaboccus S, Mullally CA, Richmond

PC, Howden BP, Stevens K, Speers DJ, et al.

(2017) Differences in the population structure of

Neisseria meningitidis in two Australian states:

Victoria and Western Australia. PLoS ONE 12(10):

e0186839. https://doi.org/10.1371/journal.

pone.0186839

Editor: Guy A. M. Berbers, RIVM, NETHERLANDS

Received: June 20, 2017

Accepted: October 9, 2017

Published: October 24, 2017

Copyright:© 2017 Mowlaboccus et al. This is an

open access article distributed under the terms of

the Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All relevant data are

within the paper and its Supporting Information

files.

Funding: S.M. is supported by an International

Postgraduate Research Scholarship award from

The University of Western Australia. Collection of

meningococcal isolates is facilitated by the National

Neisseria Network.

Competing interests: The authors wish to

acknowledge that CMK, PCR, DJS, ADK and BPH

were recipients of funding from Wesfarmers Center

 
79

https://doi.org/10.1371/journal.pone.0186839
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0186839&domain=pdf&date_stamp=2017-10-24
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0186839&domain=pdf&date_stamp=2017-10-24
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0186839&domain=pdf&date_stamp=2017-10-24
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0186839&domain=pdf&date_stamp=2017-10-24
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0186839&domain=pdf&date_stamp=2017-10-24
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0186839&domain=pdf&date_stamp=2017-10-24
https://doi.org/10.1371/journal.pone.0186839
https://doi.org/10.1371/journal.pone.0186839
http://creativecommons.org/licenses/by/4.0/


states of Australia differed significantly during the study period which may affect vaccine

effectiveness and highlights the need for representative surveillance when predicting poten-

tial impact of meningococcal B vaccines.

Introduction

Invasive meningococcal disease (IMD) is caused by the Gram-negative diplococcus Neisseria
meningitidis (the meningococcus), an obligate human bacterium which cause both epidemic

and endemic disease around the world [1]. The disease manifests rapidly as septicaemia and/

or meningitis and may lead to death within hours [2]. Although IMD is rare, it remains a sig-

nificant public health concern due to the high mortality and morbidity rate associated with the

disease globally [3]. In Australia, the notification rate of IMD is currently 1.1 per 100,000 pop-

ulation although this ratio differs for the eight Australian states ranging from 0.5 to 1.3 per

100,000 population.

Meningococci expressing capsule serogroups A, B, C, W, X or Y are more frequently associ-

ated with invasive disease than acapsulate strains [4–6] and the distribution of serogroups fluc-

tuates geographically [7]. Conjugate and polysaccharide vaccines providing protection against

meningococcal serogroups A, C, W and Y are available. In Australia, since the implementation

of the Meningococcal C (MenC) conjugate vaccine on the National Immunisation Programme

in 2003, there has been a significant decline in the proportion of IMD caused by serogroup C

nationally. Serogroup B has been responsible for ~80% of the annual cases from 2004 to 2014

(Fig 1). Because serogroup B polysaccharide mimics human antigens resulting in poor immu-

nological responses, subcapsular protein-based vaccines against this serogroup have now been

developed. The recombinant vaccines being used in the United States and the United King-

dom are Trumenba1 [8] and Bexsero1 [9], respectively.

The Bexsero1 vaccine was made available on the Australian private market in 2013, regis-

tered for use in individuals aged 2 months or older, but is not currently part of the national

immunisation schedule. The Bexsero1 vaccine incorporates one variant each of four sub-cap-

sular antigens: factor H binding protein (fHbp), Neisseria adhesin A (NadA), Neisserial Hepa-

rin-Binding Antigen (NHBA) and Porin antigen A (PorA) [10]. Variation in the structure and

expression of these sub-capsular antigens amongst strains means the vaccine will not elicit

immunity against all meningococcal strains. Vaccine coverage of Bexsero1, estimated by the

monoclonal antibody based meningococcal antigen typing system (MATS) assay, has been

shown to vary widely (66–91%) from country to country [11]. In the MATS assay, expression

of the fHbp, NadA and NHBA antigens is compared to a minimum threshold of reactivity

whilst the PorA antigen is genotyped by PCR and assumed to be covered if the variant belongs

to the P1.4 subfamily. The Bexsero1 antigen sequence type (BAST) scheme has been devel-

oped to reliably monitor the prevalence of vaccine antigens in circulating meningococcal

strains [12]. Mowlaboccus et al. [13] have recently reported temporal changes in the BAST

profiles of meningococci circulating in WA during the 2000–2014 time period. Despite no vac-

cine selection pressure, these changes were driven by variations in and within the circulating

genetic lineages which resulted in variable (44–91%) predicted annual vaccine coverage over

this time period.

To determine whether the observations made by Mowlaboccus et al. [13] also apply nation-

ally, the current study compares the population and antigenic structures of meningococci cir-

culating in WA to those in VIC, over a five-year period (2008–12). During this study period,

the notification rate of IMD was on average 0.9 and 1.0 per 100,000 population in VIC and
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WA, respectively. WA is located on the western seaboard of Australia with a land area of 2.6

million square kilometres and a population of ~2 million inhabitants. VIC is located on the

south-eastern seaboard of the continent with a land area of 0.24 million square kilometres and

a population of ~6 million inhabitants (Fig 2A). Given the restricted number of BAST profiles

predicted to be covered by the Bexsero1 vaccine, this study is important in evaluating differ-

ences, if any, in the meningococcal population of these two Australian states and elucidate

whether a vaccine such as Bexsero1 should be implemented nation-wide or at the state level.

Methods

Bacterial strains and growth conditions

A total of 201 meningococcal strains isolated from disease cases were used in this study– 131

from VIC and 70 from WA (Fig 2). Isolates were passaged fewer than 5 times and were cul-

tured under aerobic conditions with 5% CO2 at 37˚C on GC agar (Oxoid) supplemented with

0.4% glucose, 0.01% glutamine, 0.2 mg/L of cocarboxylase and 5 mg/L of iron(III) nitrate. Ser-

ogroup-specific antisera were used to determine the serogroup of each isolate using slide

agglutination.

Whole-genome sequencing

Genomic DNA extraction was performed using the DNeasy Blood and Tissue Kit (Qiagen,

69506) and stored as per the manufacturer’s instructions for DNA purification from Gram-

negative bacteria. Extracted DNA was quantified using QubitTM fluorimetry and 1.0 ng of

DNA was used as input to the Illumina Nextera XT library preparation protocol. The geno-

mic DNA was tagmented, indexed by PCR and purified using AMPure XP beads. The

“Library Normalization” step was omitted and the library pooling was performed after

quantification of the library size using the LabChip1 GXII service provided by the Austra-

lian Genome Research Facility. The pooled DNA library which contained genomic DNA

(12 pM) from 30 meningococcal strains was loaded onto the Miseq and paired-end 250 bp

reads were generated.

Fig 1. Annual distribution of capsular serogroups expressed by meningococci isolated from laboratory-

confirmed IMD cases in Australia. The data for this figure were obtained from the annual reports of the Australian

meningococcal surveillance programme (2000–2014). The ‘NG/ND’ category includes meningococci that were not

viable for serogrouping or not serogroupable. Of the 4144 meningococcal strains isolated over the 15-year period

shown, only 3 MenA (one each in 2003, 2004 and 2005) and 1 MenX isolates (in 2007) were identified. MenB was

responsible for more than half of the cases in any year and a decrease in MenC prevalence was observed post-

2003.

https://doi.org/10.1371/journal.pone.0186839.g001
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Fig 2. Distribution of MLST clonal complexes in VIC and in WA (2008–2012). (A) WA is located on the western

seaboard of Australia whilst VIC is located on the south-eastern seaboard of the continent. Each black dot corresponds to

one IMD case and the location is shown based on the postcode provided by the patient. The map is colour-coded based on

climatic zones. (B) Analysis of the raw reads from 131 isolates from VIC and 70 isolates from WA identified 79 STs belonging

to 15 different clonal complexes (cc) and 3 STs which were not assigned to any known clonal complex.

https://doi.org/10.1371/journal.pone.0186839.g002
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Sequence analysis for MLST and antigen profiling

Sequence analyses were performed according to the analyses used by Mowlaboccus et al. [13].

Briefly, the SRST2 pipeline [14] was used to determine the alleles at the MLST loci (abcZ, adk,

aroE, fumC, gdh, pdhC and pgm) and the alleles for fHbp, nadA, nhba, porA and fetA. The

nucleotide sequences were then translated and the peptides were assigned integers according

to the PubMLST website (https://pubmlst.org/neisseria/)[15]. Phylogenetic trees were con-

structed using MEGA v7.0 [16]. The BAST profiles were assigned integers according to the

classification scheme described by Brehony et al. [12].

Statistical analysis

Categorical variables were examined by the Chi-squared test. GraphPad Prism 5 (Graph Pad-

Software Inc., California) was used to perform the analyses. A 5% level of confidence was used

and statistical significance was determined with a p value of< 0.05.

Results

Serogroup distribution

Of the 224 notified IMD cases from VIC during 2008–2012, a total of 131 (58%) cases were

culture positive and these isolates were sequenced. A total of 70 isolates from Western Austra-

lia, which represented 67% of the 104 notified IMD cases during the same time-frame, were

also sequenced. Disease pattern with age groups was similar for the two regions during this

time period and indicated a period of endemic disease (S1 Fig). No significant difference was

observed (p>0.05) in serogroup distributions of the sequenced disease-causing isolates from

the two states (Table 1). Serogroup B was the most common cause of IMD in both states.

Distribution of MLST Clonal Complexes

A total of 52 STs and 13 clonal complexes (cc) were identified amongst the Victorian isolates.

Three of the STs (ST-4267, ST-5118 and ST-novel) were not assigned to any known clonal

complex. In the Western Australian collection, a total of 40 STs and 12 clonal complexes were

identified. Twelve of the STs identified in this study had not previously been reported globally

(11 from VIC and 1 from WA). Isolates belonging to cc22, cc103 and cc1157 were identified in

VIC only whilst isolates belonging to cc60 and cc212 were identified in WA only. The two

states shared ten clonal complexes (Fig 2B)–cc11, cc23, cc32, cc35, cc162, cc167, cc213, cc269,

cc461 and cc41/44. No significant difference was observed in the prevalence of clonal com-

plexes in the two states (S1 Table). The majority of disease in both states was caused by cc41/

44 isolates, which represented one-third of the collection in each state (44 isolates in VIC and

Table 1. Serogroup distribution in VIC and WA (2008–2012).

VIC WA

Serogroup No. of isolates Proportion No. of isolates Proportion p value*

B 111 84.7% 59 84.3% 0.160

C 4 3.1% 5 7.1% 0.115

W 4 3.1% 1 1.4% 0.315

Y 12 9.2% 5 7.1% 0.192

Subtotal 131 100.0% 70 100.0%

* The p-value was calculated using the Fisher’s exact test.

https://doi.org/10.1371/journal.pone.0186839.t001
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23 isolates in WA). However, the predominant ST for this cc was ST-6058 in VIC (n = 11) and

ST-146 in WA (n = 7) (S2 Table). A decreasing trend in the annual prevalence of cc41/44 iso-

lates was observed in both states (Fig 3) over the study period. A high proportion of disease in

both regions was also caused by isolates belonging to the hypervirulent lineages cc32, cc213

and cc269 with at least 8 isolates identified in each state (S1 Table).

In this study, serogroup C was mainly associated with cc11 and cc212; serogroup W with

cc22 and cc167; and serogroup Y with cc22, cc23, cc103 and cc167. The remaining identified

lineages were associated with serogroup B. Capsule switching events were observed in cc22

(W!Y) and cc167 (Y!W).

Distribution of FetA and PorA types

A total of 60 fetA (NEIS1963) alleles corresponding to 21 FetA types were identified in the

entire collection. Eleven FetA types were found in both states. Of the remaining 10, six were

unique to VIC and four to WA (Fig 4A). Both states shared the same predominant FetA type,

F1-5. In VIC and WA, respectively, 31% (n = 41/131) and 29% (n = 20/70) of isolates possessed

alleles for the F1-5 FetA type. Of these 61 isolates, 57 isolates belonged to cc41/44 and the

remaining four isolates belonged individually to cc103, cc213, cc269 and to an unassigned cc.

Of the 43 PorA types identified, 15 were found in both states, 15 were identified in VIC

only and 13 were identified in WA only (Fig 4B). The most common PorA type in VIC was

Fig 3. Clonal complex distribution per annum in VIC (panel A) and WA (panel B) from 2008–2012. The

category “other” indicates clonal complexes with rare frequency (less than 8 isolates) and represents cc11,

cc22, cc35, cc60, cc103, cc162, cc167, cc212, cc461, cc1157 and no assigned cc.

https://doi.org/10.1371/journal.pone.0186839.g003
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P1.7,16–26 (Table 2) which was identified in cc32 isolates only. In WA, P1.22,14–6 was the

most common PorA type and was identified in cc41/44 isolates only. The P1.7–2,4 PorA type

incorporated in the Bexsero1 vaccine was identified in 11% (n = 15/131) of VIC isolates and

7% (n = 5/70) of WA isolates. This PorA type was identified in 15 isolates from cc41/44, three

isolates from cc11, one isolate from cc32 and one isolate from cc162.

A total of 75 PorA:FetA profiles were identified in this collection. The predominant PorA:

FetA profile in VIC was P1.7,16–26:F3-3 (n = 17) which was exclusively found in cc32 isolates.

The predominant PorA:FetA profile in WA was P1.22,14–6:F1-5 (n = 10) and was exclusively

associated with cc41/44 isolates.

Fig 4. Distribution of FetA (panel A) and PorA (panel B) types among meningococcal isolates in VIC and WA

(2008–2012). The bars are coloured based on the FetA and PorA types identified in� 5 isolates. The category “other”

indicates 12 FetA and 11 PorA types which were observed in < 5 isolates. This analysis includes isolates from 2008, 2009,

2010, 2011 and 2012 from VIC (n = 31, 22, 28, 30 and 20, respectively) and WA (n = 15, 18, 12, 13 and 12, respectively).

https://doi.org/10.1371/journal.pone.0186839.g004
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Distribution of the fHbp, NHBA and NadA

Other than the PorA antigen, the Bexsero1 vaccine contains 3 additional major surface anti-

gens–fHbp, NHBA and NadA in addition to an outer membrane vesicle component contain-

ing many uncharacterised minor antigens.

A total of 30 and 18 previously described fHbp peptides were identified in VIC and WA,

respectively. Fifteen fHbp peptides were unique to VIC and three fHbp peptides were detected

in WA only (Fig 5). The predominant fHbp peptide in VIC was fHbp-1.4 which was identified

in 16 isolates–thirteen from cc41/44, one from cc35, one from cc103 and one from cc162. The

predominant fHbp peptide in WA was fHbp-2.19 which was identified in 13 isolates–ten from

cc41/44, two from cc269 and one from cc212. The fHbp-1.1 peptide incorporated in the Bex-

sero1 vaccine was identified in only seven isolates–three cc32 isolates from each state and one

cc162 isolate from WA. Furthermore, the proportion of isolates harbouring alleles for the

fHbp-1 variant was significantly lower in WA (p<0.05). This difference was particularly

noticeable in 2012, when only two isolates from WA compared to eleven isolates from VIC

harboured alleles for the fHbp-1 variant (S3 Table).

The nhba gene (NEIS2109) was detected in all isolates. A total of 20 and 21 NHBA peptides

were identified in VIC and WA, respectively. Fourteen of these peptides were identified in

both regions. The NHBA-2 peptide incorporated in the Bexsero1 vaccine was the predomi-

nant NHBA peptide in VIC and was identified in 27% (n = 36/131) of the Victorian collection.

A lower frequency was observed in WA where only 10% (n = 7/70) of isolates harboured genes

encoding the NHBA-2 peptide. All isolates possessing alleles for the NHBA-2 peptide were

from cc41/44 (Fig 6). NHBA-3 and NHBA-43 were the most common NHBA peptides in WA

and were each identified in 11 isolates. All isolates possessing alleles for NHBA-3 and NHBA-

43 belonged to cc32 and cc41/44 respectively.

The nadA gene (NEIS1969) was absent in all isolates belonging to cc22, cc23, cc35, cc60,

cc103, cc162, cc167, cc212, cc269, cc461 and cc41/44. A total of 7 nadA alleles were detected in

the forty-eight isolates harbouring this gene. These isolates were from cc32 (n = 31), cc11

(n = 8), cc213 (n = 8) and cc1157 (n = 1). The presence or absence of nadA correlated with par-

ticular lineages with the exception of cc213 where 36% (n = 8/22) harboured this gene whilst

the remainder lacked the entire locus. Twenty-seven isolates (26 from cc32 and one from

cc11) encoded a nadA allele 19, generating a putative atypical protein (NadA-100 peptide)

with a longer anchor domain and an altered distal portion [17]. Of these isolates, nineteen

were from VIC, including the cc11 isolate, and eight were identified in WA. Four isolates

(three from VIC and one from WA), all belonging to cc11:ST-11, possessed a nadA allele 29

Table 2. The predominant antigenic variants of fHbp, NHBA, NadA and PorA identified in VIC and WA (2008–2012).

Australian State Antigen No. of unique peptide variants Most prevalent variant

Peptide variant Number (%)

VIC

(n = 131)

fHbp 30 fHbp-1.4 16 (12)

NHBA 20 NHBA-2 36 (27)

NadA 7 no peptidea 108 (82)

PorA 30 P1.7,16–26 17 (13)

WA

(n = 70)

fHbp 22 fHbp-2.19 13 (19)

NHBA 21 NHBA-3; NHBA-43 11 (16)

NadA 6 no peptidea 58 (83)

PorA 28 P1.22,14–6 11 (16)

aIncludes isolates in which the nadA gene was either not detected or the gene contained a frame-shift mutation or an insertion element.

https://doi.org/10.1371/journal.pone.0186839.t002
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which contains the insertion sequence IS1301, and would consequently be unable to express

an intact NadA peptide. Eight isolates (five from VIC and three from WA) harboured nadA
alleles with internal stop codons and would unlikely be able to express a peptide. Therefore,

only nine isolates were considered positive for the NadA antigen. Alleles for the NadA-1.1 pep-

tide were identified in six isolates (two from VIC and four from WA) which were from cc32

(n = 5) and cc213 (n = 1), all expressing a serogroup B capsule. Alleles for the NadA-2/3.2 pep-

tide were identified in the remaining three isolates (two from VIC and one from WA), all of

which belonged to cc11 (serogroup C, ST-11).

Prevalence of the antigenic variants incorporated in the Bexsero®

vaccine and BAST distribution

A significantly larger proportion of isolates harbouring alleles encoding the exact antigenic

variants for one or more of the four major immunogenic peptides incorporated in the Bex-

sero1 vaccine (fHbp-1.1, NHBA-2, NadA-2/3.8 and P1.7–2,4) was identified in VIC (p<0.05)

Fig 5. Distribution of fHbp peptides identified in VIC (panel A) and WA (panel B) during 2008–2012. The dendrogram represents a maximum likelihood

tree (1000 bootstraps) generated using the peptide sequences of 33 fHbp subvariants identified in the collection. Highlighted in grey are the fHbp peptides

belonging to the fHbp-1 variant. The distribution of the fHbp peptides is represented in the adjoining bar charts which are coloured by clonal complexes. The

fHbp-1.1 peptide is the subvariant incorporated in the Bexsero® vaccine. The dendrogram is drawn to scale, with the sum of the branch lengths between two

peptides representing the proportion of amino acid differences between those peptides within the pairwise alignment.

https://doi.org/10.1371/journal.pone.0186839.g005
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(Table 3). This difference was mainly due to the higher proportion of isolates harbouring

alleles for the NHBA-2 peptide observed in VIC compared to WA (p<0.01). All isolates

Fig 6. Distribution of NHBA peptides identified in VIC (panel A) and WA (panel B) during 2008–2012. The dendrogram represents a maximum

likelihood tree (1000 bootstraps) generated using the peptide sequences of the 24 NHBA variants identified in the collection. The distribution of the NHBA

peptides is represented in the adjoining bar charts which are coloured by clonal complexes. The NHBA-2 peptide found at the top of the tree is the variant

incorporated in the Bexsero® vaccine. The dendrogram is drawn to scale, with the sum of the branch lengths between two peptides representing the

proportion of amino acid differences between those peptides within the pairwise alignment.

https://doi.org/10.1371/journal.pone.0186839.g006

Table 3. Prevalence of the exact antigenic variants of fHbp, NHBA, NadA and PorA incorporated in the Bexsero® vaccine.

All Serogroups Serogroup B

Antigen VIC

(n = 131)

WA

(n = 70)

VIC

(n = 111)

WA

(n = 59)

Number (%) Number (%) p-value Number (%) Number (%) p-valueb

fHbp-1.1 3 (2) 4 (6) 0.14 3 (3) 4 (7) 0.14

NHBA-2 36 (27) 7 (10) 0.002 36 (32) 7 (12) 0.002

NadA-2/3.8 0 (0) 0 (0) 1 0 (0) 0 (0) 1

P1.7–2,4 15 (11) 5 (7) 0.13 12 (11) 5 (8) 0.19

Eithera 43 (33) 12 (17) 0.008 40 (36) 12 (20) 0.015

aIncludes isolates possessing alleles for either one or more exact antigenic variants of the vaccine antigens.
bThe p-value was calculated using the Fisher’s exact test.

https://doi.org/10.1371/journal.pone.0186839.t003
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harbouring alleles for fHbp-1.1 or NHBA-2 expressed a serogroup B capsule. Of the 20 isolates

harbouring alleles for the Bexsero1 specific PorA vaccine antigen, seventeen expressed a ser-

ogroup B capsule whilst the remaining three isolates expressed a serogroup C capsule. These

three isolates, all from VIC, belonged to the ST-11 lineage and were identical at the fHbp and

nhba loci, encoding for fHbp-2.118 and NHBA-20. No isolates harbouring alleles for three or

four Bexsero1 specific vaccine antigenic variants were observed. One cc32 isolate, from WA,

harboured alleles for fHbp-1.1 and P1.7–2,4. Fourteen isolates (11 from VIC and 3 from WA),

all belonging to cc41/44, harboured alleles for NHBA-2 and P1.7–2,4. None of the isolates har-

boured alleles for fHbp-1.1 and NHBA-2 concurrently.

A total of 66 and 51 BASTs were identified in VIC and WA, respectively. Only nine BASTs

were simultaneously observed in the two states. The most common BAST identified in VIC

was fHbp-2.19:NHBA-2:NadA-absent:P1.18–1,34 (BAST-315) which was represented by 10

isolates, all of which belonged to cc41/44 (eight ST-6058, one ST-409 and one ST-9991) and

expressed a serogroup B capsule. In contrast, the most common BAST identified in WA was

fHbp-2.19:NHBA-43:NadA-absent:P1.22,14–6 (BAST-933) which was represented by 8 iso-

lates, all of which belonged to cc41/44 (four ST-146 and two ST-10511) and expressed a ser-

ogroup B capsule.

Discussion

IMD is a notifiable disease in Australia and since 1994, the National Neisseria Network has

been supplying information annually on the serogroup, serotype (PorB typing), serosubtype

(PorA typing) and antibiotic susceptibility of invasive meningococci isolated from the eight

Australian states and territories as part of the Australian Meningococcal Surveillance Pro-

gramme [18]. Unlike previous epidemiological studies on meningococci circulating around

Australia [13, 19–33], this current study is the first to use WGS to compare the MLST and

BAST profiles of invasive meningococci from two states found on either side of the Australian

continent over the same 5-year period (2008–2012). With the exception of FetA, the typing

data used for the WA isolates have previously been published by our group [13].

Serogroup distribution was similar in both states and meningococci expressing serogroup B

capsule were predominant in each state. No significant differences were observed for the distri-

bution of clonal complexes between the two states with the exception of cc22 (S1 Table). The

seven isolates belonging to cc22 were identified in VIC only and expressed either a serogroup

W (n = 4) or a serogroup Y (n = 3) capsule. Furthermore, cc103 and cc1157 were unique to

VIC and cc60 and cc212 were unique to WA. However, since less than three isolates belonged

to each of these lineages (S1 Table), most likely representing sporadic cases, the exclusiveness

of these clonal complexes was not statistically supported (p>0.05). Also, the short time-period

over which the analysis was conducted was inadequate to corroborate the restriction of a par-

ticular clonal complex to one region.

Clonal complex 41/44 was the predominant lineage, representing one-third of the menin-

gococcal population, in each jurisdiction during the analysed time-period but the predominant

ST for this lineage was locally different–ST-6058 in VIC and ST-146 in WA. Despite the high

prevalence reported in this study, none of these two STs have so far been reported as the causa-

tive agent of an IMD outbreak. The PubMLST database contains 9 records of ST-6058 and 11

records of ST-146 associated with invasive disease, most of which were identified in Europe in

the 21st century except one ST-146 isolate which caused disease in the Netherlands as early as

1980. Given that ST-146 was already dominant in WA prior to 2008 [13] and since ST-6058

differs from ST-146 at three housekeeping loci (abcZ [4 SNPs], adk [4 SNPs] and pdhC [7

SNPs]), it can be hypothesized that the propagation of these two STs of the same clonal
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complex occurred in parallel in each region. Longitudinal studies have reported that meningo-

coccal strains of a particular ST can persist in a population for decades [34–36]. However,

since the majority of isolates in the PubMLST database have a more recent provenance and

this database does not necessarily provide a detailed picture of past events pre-2008 or repre-

sent all geographic regions equally well, this remains an untested hypothesis.

In addition to the MLST profiles, the PorA:FetA and BAST profiles identified in this collec-

tion were diverse. Only 16% (12/75) of the PorA:FetA and 8% (9/108) of the BAST profiles

were shared by the two jurisdictions although no significant difference in clonal complex dis-

tribution was observed, suggesting that the antigenic profiles of meningococci circulating in

these two states were different during 2008–2012. Differences in the antigenic structure of

meningococci may be attributed to differences in the host population. For example, Boan et al.

[31] have previously reported an independent association of fHbp-2 with aboriginal cases and

hence, the difference in BAST distribution in VIC and WA may be due to the different propor-

tions of aboriginal population inhabiting the two regions (0.9% in VIC vs 3.8% in WA as at

June 2011, Australian Bureau of Statistics). In addition to demographic factors, the difference

in BAST profiles may also reflect the separate introduction, and successful diversification, of

distinct meningococcal clones through international travel in each state.

The dissemination of invasive meningococci within a certain population depends on the

survival and effective transmission between human hosts and the ability to become established

in the nasopharynx by evading natural immunity. The ability to evade host immunity through

ongoing genetic diversification is clearly reflected in the high diversity of BAST profiles

detected within a small region [34]. Previous studies, conducted in Europe, have shown that

the meningococcal population structure varies geographically and is genetically different even

for neighbouring countries [12, 37, 38]. However, this current study shows that, in the case of

Australia, no significant difference in the distribution of clonal complexes was observed

between VIC and WA despite the relatively larger separation of ~4100 km, when compared to

Europe. This may be the result of the shorter time frame of 5 years examined in this study sug-

gesting that a longitudinal study of greater duration is warranted. Furthermore, unlike the

study conducted by Abad et al. [37] which showed that variations in predicted strain coverage

of Bexsero1 in Spain were attributed to the prevalence of clonal complexes, we report that

although cc41/44 predominated in both states, the STs and BAST profiles of strains circulating

separately in VIC and WA were different. The predominant BAST (BAST-315) in VIC is cov-

ered by the NHBA-2 antigen while the predominant BAST (BAST-933) in WA is not covered

by any of the four antigens.

Despite considerable diversity in BAST profiles, there is evidence that only one cross-reac-

tive variant from the four vaccine antigens is sufficient to provide immune protection [11].

The presence of at least one of the following antigenic variants proposed by Mowlaboccus

et al. [13], derived from the positive results of a MATS ELISA assay, was used to predict the

vaccine coverage for the two Australian states: fHbp-1 (except fHbp-1.13), NHBA-1, NHBA-2,

NadA-1, NadA-2/3, P1.4 subfamily PorA. Using these parameters, the predicted vaccine cover-

age in WA (47.1% [95% CI: 41.1–53.1%]) was significantly lower than that in VIC (66.4%

[95% CI: 62.3–70.5%]) (p<0.05). This difference was mainly due to the higher prevalence of

the NHBA-2 variant in meningococcal isolates from VIC (Fig 6) and the smaller proportion of

meningococci harbouring the fHbp-1 variant in WA (Fig 5). These estimates of predicted vac-

cine coverage for these states during the studied period was lower than the national coverage

of 76% predicted by the MATS ELISA by Nissen et al. [39] in a study of 373 serogroup B

meningococci isolated in Australia during 2007–2011. The difference in predicted coverage is

most likely due to the under-representation of Victorian and Western Australian isolates used

in the Nissen et al. study [39]. Hence, in the case of Australia, meningococcal STs and BASTs

Differences in the population structure of Neisseria meningitidis in two Australian states

PLOS ONE | https://doi.org/10.1371/journal.pone.0186839 October 24, 2017 12 / 16

 
90

https://doi.org/10.1371/journal.pone.0186839


do not necessarily prevail throughout the country over short time frames but may rather be

restricted to the western or the eastern seaboard. Future molecular surveillance is required to

understand these spatial and temporal changes in meningococcal population diversity across

the country over long periods of time to examine whether administering a recombinant vac-

cine like Bexsero1 should be considered at a national level or if this decision should be rather

taken at a state level.

Lastly, while outbreaks of serogroup W:cc11 occurred in other parts of the world during the

period of this study [40, 41], no such strain was detected until 2013 in either Victoria [42, 43]

or Western Australia [13]. Since 2013, there has been an increase in IMD caused by serogroup

W all-round the continent which resulted in this serogroup becoming the predominant

meningococcal serogroup in Australia in 2016 [44]. Clonal expansion of penicillin-resistant

MenW:cc11 isolates harbouring the penA_253 allele has recently been reported in WA [45]

but this allele was identified in only one isolate (serogroup Y, cc22, VIC) from our collection

which was also resistant to penicillin.

Although IMD is rare, disease patterns vary widely not only geographically but also tempo-

rally, and therefore ongoing surveillance is of utmost importance to identify the causes of

potential outbreaks for rapid intervention. As this study shows that the antigenic structure of

N. meningitidis is different in Victoria and Western Australia, we encourage WGS of meningo-

cocci from the other Australian states to better elucidate the molecular epidemiology of strains

circulating around Australia before recommending the national implementation of a new

meningococcal vaccine.
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Supplemental Data for Chapter 3 
 

S1 Table. Distribution of clonal complexes in VIC and WA (2008-12) 

 VIC  WA   
Clonal 

complex 

No. of 

isolates 
Proportion 

No. of 

isolates 
Proportion p valuea 

cc11 4 3.1% 4 5.7% 0.1872 

cc22 7 5.3% 0 0.0% 0.0472 
cc23 6 4.6% 4 5.7% 0.2425 

cc32 20 15.3% 11 15.7% 0.1609 

cc35 3 2.3% 2 2.9% 0.3400 
cc60 0 0.0% 2 2.9% 0.1201 

cc103 2 1.5% 0 0.0% 0.4236 

cc162 2 1.5% 1 1.4% 0.4470 

cc167 1 0.8% 2 2.9% 0.2373 
cc212 0 0.0% 1 1.4% 0.3483 

cc213 13 9.9% 9 12.9% 0.1495 

cc269 24 18.3% 8 11.4% 0.0745 
cc461 1 0.8% 3 4.3% 0.1087 

cc1157 1 0.8% 0 0.0% 0.6571 

cc41/44 44 33.6% 23 32.9% 0.1242 

unassigned 3 2.3% 0 0.0% 0.2746 
Subtotal 131 100.0% 70 100.0%  

 

aThe p-value was calculated using the Fisher’s exact test. 
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S2 Table. Antigenic diversity in meningococcal isolates from VIC and WA (2008-2012) 

Genotype No. of molecular types Most common molecular type 

 VIC 
(n=131) 

WA 
(n=70) 

Entire 
collection 
(n=201) 

VIC 
 

 

WA 

Clonal 
complex 13 12 15 cc41/44 cc41/44 

ST 52 40 82 ST-6058 ST-146 

FetA:      

alleles 37 36 60 allele 20 allele 20 

peptides 17 15 21 F1-5 F1-5 

PorA:      

alleles 34 32 49 allele 241 allele 101 

peptides 30 28 43 P1.7,16-26 P1.22,14-6 

PorA:FetA 44 43 75 P1.7,16-26:F3-3 P1.22,14-6:F1-5 

fHbp:      

alleles 38 24 40 allele 4 allele 19 

mutations* 1 2 3 - - 

peptides 30 22 37 fHbp-1.4 fHbp-2.19 

NHBA:      

alleles 22 24 32 allele 1 allele 5; allele58 

peptides 20 21 27 NHBA-2 
NHBA-3; 
NHBA-43 

NadA:      

alleles 7 6 7 - - 

mutations 4 3 4 - - 

peptides 3 3 3 - - 

BAST 66 51 108 

fHbp-
2.19:NHBA-

2:NadA-
absent:P1.18-

1,34 

fHbp-
2.19:NHBA-

43:NadA-
absent:P1.22,14-

6 
*deletion or frameshift mutations 
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S3 Table. Annual prevalence of the fHbp-1 variant in VIC and WA during 2008-2012. 

 VIC WA  

Year No. of 

isolates 

No. of 

isolates 

possessing 

alleles for 

fHbp-1 

No. of 

isolates 

No. of 

isolates 

possessing 

alleles for 

fHbp-1 

p-valuea 

2008 31 19 15 5 0.054 

2009 22 13 18 8 0.166 

2010 28 12 12 5 0.272 

2011 30 14 13 6 0.260 

2012 20 11 12 2 0.032 

Total 131 69 70 26 0.013 

 

aThe p-value was calculated using the Fisher’s exact test. 

 
97



 

 

Figure S1. Distribution of serogroups among age groups in VIC and WA (2008–12). The 

bars are coloured based on serogroups. 
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Task % of task 

performed by 

Mowlaboccus 

Collected 19 MenW isolates 100% 

DNA extracted manually (Qiagen kit) 100% 

DNA quantified (Nanodrop and Qubit®) 100% 

Nextera libraries prepared 90% (n=17) 

Libraries run on MiSeq - 

Serogroup determination by serology - 

Serogroup determination by bioinformatics 100% 

MLST determination (SRST2) 100% 

Genome assembly 26% (n=5) 

Genome annotation - 

Core genome analysis 100% 

Neighbor-joining dendrogram of WA isolates 100% 

Analysis of penA gene 100% 

Creation of penA-253 isogenic mutants 100% (n=8) 

Penicillin MIC determination of clinical isolates - 

Penicillin MIC determination of isogenic mutants 100% (n=8) 

Constructed phylogenetic tree using international strains 100% 
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In Western Australia, Neisseria meningitidis serogroup W 
clonal complex 11 became the predominant cause of inva-
sive meningococcal disease in 2016. We used core-genome 
analysis to show emergence of a penicillin-resistant clade 
that had the penA_253 allele. This new penicillin-resistant 
clade might affect treatment regimens for this disease.

Invasive meningococcal disease (IMD) is caused by a 
meningococcus, Neisseria meningitidis. The main mani-

festations of this disease are septicemia or meningitis. Me-
ningococcal strains can be classified into 12 serogroups 
phenotypically and into sequence types (STs) by multilocus 
sequence typing (1). Similar STs are grouped into the same 
clonal complex (cc). IMD is most commonly caused by 
isolates expressing a serogroup A, B, C, W, X, or Y poly-
saccharide capsule. Until recently, serogroup A was the ma-
jor cause of disease in Africa (2). Serogroups B, C, and Y 
continue to predominate in the United States, Europe, Asia, 
and Australia (3,4).

In Australia, after introduction of serogroup C conju-
gate vaccine in the national immunization program in 2003, 
incidence of serogroup C has decreased; serogroup B pre-
dominated during 2004–2015. However, during 2016, the 
prevalence of serogroup W disease increased because of N. 
meningitidis strains in the cc11 lineage (MenW:cc11) (5,6), 
which have also been reported worldwide. Although ex-
tensive core-genome analyses of these MenW:cc11 strains 
have been reported (7,8), antimicrobial drug susceptibility 
of these clinical isolates has not been generally reported.

Although penicillin has been used for control of IMD, 
clinical isolates relatively resistant to this drug have been 
reported worldwide. For meningococci, a penicillin MIC 
>2 mg/L is caused by plasmid-mediated β-lactamase  
production but is extremely rare (9). Conversely, isolates 
conferring intermediate resistance to penicillin (MIC 
0.12–0.25 mg/L) are uncommon but the frequency of these 
isolates varies geographically. The mechanism of relative 
resistance in these isolates involves expression of altered 
forms of 1 of 4 penicillin-binding proteins (PBPs) that are 
involved in peptidoglycan biosynthesis during bacterial 
growth and cell division (10).

Although treatment with penicillin is still effective 
against these penicillin-intermediate strains, low-dose 
treatment regimens may fail for cases involving penicillin-
resistant isolates (MIC >0.5 mg/L) (11). We report recent 
emergence and clonal expansion of a phylogenetically re-
lated cluster of penicillin-resistant MenW:cc11 isolates in 
Western Australia.

The Study
Western Australia is the largest state in Australia (land area 
1.02 million square miles). However, it has a population of 
only 2.5 million persons. In concordance with the national 
trend, there has been a shift in the predominant serogroup in 
Western Australia; MenW was responsible for most IMD 
cases in 2016. The first laboratory-confirmed MenW:cc11 
case in Western Australia was recorded in April 2013 and 
was the only MenW case for that year. Since that time, 
an additional 18 MenW:cc11 laboratory-confirmed cases 
have been reported, representing 11% (n = 2) of all IMD 
cases in 2014, 27% (n = 3) in 2015, and 67% (n = 13) in 
2016, a significant increase from 2014 through 2016 (p = 
0.0004, by Fisher exact test). Three deaths were caused by 
MenW:cc11 infection, 1 in 2015 and 2 in 2016.

The 19 MenW:cc11 strains isolated during January 1, 
2013–December 31, 2016, were assessed for susceptibil-
ity to penicillin, ciprofloxacin, ceftriaxone, and rifampin. 
We performed drug susceptibility testing by using the Etest 
(bioMérieux, Marcy l’Etoile, France). MIC results were in-
terpreted according to Clinical Laboratory Standard Insti-
tute (http://clsi.org) breakpoints. All isolates were suscepti-
ble to ciprofloxacin (MIC <0.03 mg/L), ceftriaxone (<0.12 
mg/L), and rifampin (<0.5 mg/L). However, variation in 
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penicillin susceptibility was observed: 8 were susceptible 
(<0.06 mg/L), 2 were less susceptible (0.12–0.25 mg/L), 
and 9 were resistant (>0.5 mg/L). All isolates less suscep-
tible to or resistant to penicillin were identified in 2016.

We further characterized isolates by using whole-ge-
nome sequencing with the Miseq Platform (Illumina, San 
Diego, CA, USA). Raw reads were assembled, auto-tagged, 
and curated by using the BIGSdb genomics platform on the 
PubMLST website (http://pubmlst.org/neisseria) (12). Four 
STs, all belonging to cc11, were identified: ST-11 (n = 11), 
ST-1287 (n = 2), ST-3298 (n = 1), and ST-12351 (n = 5). 
All isolates had the same PorA:FetA profile (P1.5,2:F1–1) 
as that identified in the MenW:cc11 collection responsible 
for outbreaks in South America and the United Kingdom 
(8). Furthermore, genomic sequences indicated the isolates 
from Western Australia were within the same United King-
dom–South America cluster as isolates from the eastern 
coast of Australia (13).

Phylogenetic analysis of the meningococcal core 
genome (14) identified 2 distinct clusters within the 
MenW:cc11 population of Western Australia (Figure 1). 
One isolate (ExNm672) was an outlier and could not be 
clustered. ExNm672 was isolated from a traveler from 

Asia who had recently arrived in Western Australia, which 
would likely explain the different genealogy of this strain. 
All isolates less susceptible to or resistant to penicillin 
were in cluster B. Geocoding analysis showed that the 10 
isolates in cluster B were obtained from 7 geographically 
well-separated regions in Western Australia. This obser-
vation suggests successful expansion of a new penicillin-
resistant clone in 2016.

For N. meningitidis, polymorphisms within the gene 
encoding PBP2, also known as penA, are associated with 
a reduced affinity, and thus a decrease in susceptibility, to 
penicillin. All isolates in cluster A had the penA_59 allele, 
and isolates in cluster B had the penA_253 allele. These 
alleles differ by 101 nt, and the encoded peptides differ 
at 25 aa positions. The different amino acid residues are 
located in the second half of the protein, which contains 
the transpeptidase domain for penicillin binding. Six of 
the amino acid mutations encoded by penA_253 (F504L, 
A510V, N512Y, I515V, H541N, and I566V) have been 
reported to be associated with decreased susceptibility to 
penicillin (15).

The penA_253 allele was identified in MenB isolates 
of the cc32 lineage in Europe in early 2012. The PubMLST 
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Figure 1. Neighbor-joining 
dendrogram (500 bootstrap 
values) for core genome 
sequences of clonal complex 
11 Neisseria meningitidis 
strains with serogroup 
W capsules, Western 
Australia, Australia, January 
2013–December 2016. The 
resistance phenotype for the 
penicillin G (PenG) gene for 
each isolate is provided using 
the following breakpoints: 
sensitive (MIC <0–0.06 mg/L), 
intermediate (0.12–0.25 mg/L) 
and resistant (>0.5 mg/L). 
Two clusters (A and B) were 
observed, which contain 
isolates that differ in penicillin 
resistance profile. Of 1,605 
core-genome loci, a minimum 
of 244 are different between 
clusters A and B. The more 
recent cluster B appeared 
in early 2016 and contains 
penicillin-resistant isolates. 
Strain ExNm672 does not 
belong to either cluster. The 
dendrogram is drawn to scale, 
and sum of branch lengths 
between 2 strains indicates 
the proportion of nucleotide 
differences between those 
core genomes (≈1.5 Mb) within the pairwise alignment. Gray shaded box indicates isolates in cluster B. Scale bar indicates nucleotide 
substitutions per site. ID, identification; ST, sequence type.
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database has 5 MenW:cc11 invasive isolates harboring this 
allele, all of which were obtained in Europe in 2016: 2 from 
France, 1 from Sweden, 1 from the United Kingdom, and 1 
from the Netherlands. Core-genome analysis showed clus-
tering of these isolates from Europe with cluster B isolates 
from Western Australia. (Figure 2).

To assess whether penA was responsible for the dif-
ference in penicillin resistance between the 2 clusters, 
the penA_253 allele from cluster B was transformed into 
all 8 penicillin-sensitive isolates in cluster A. We subse-
quently tested the penA_253 isogenic mutants obtained for 
penicillin resistance by using the Etest. All transformants 
displayed intermediate resistance to penicillin (4-fold in-
crease in MIC to 0.25 mg/L). These results indicate that the 
penA_253 allele plays a major role in increased resistance 
to penicillin among cluster B isolates.

However, exchange of penA did not fully account for 
the level of resistance displayed by drug-resistant clinical 
isolates. This finding suggests that acquisition of penicillin 
resistance among cluster B isolates is multifactorial. Be-
cause PBP1, PBP3, and PBP4 were identical in all isolates 
in clusters A and B, there must be additional as yet unde-
termined factors that play a role in conferring resistance to 
penicillin in cluster B isolates. A comparison of the core 
and accessory genomes of isolates in the 2 clusters is re-
quired to further elucidate this issue.

Conclusions
MenW is now the predominant serogroup causing IMD in 
Western Australia. Core-genome analysis identified a new 
cluster of penicillin-resistant MenW:cc11 clinical isolates 
that emerged throughout this region during early 2016. 
We demonstrated that the penA_253 allele has a major 
role in increasing penicillin resistance among isolates in 
this new cluster. Because penA_253 has been identified in 
MenW:cc11 isolates in Europe in 2016, jurisdictions are 
encouraged to monitor emergence of strains harboring this 
allele by PCR for culture-negative cases.
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Figure 2. Phylogenetic reconstruction by using an unrooted neighbor-net algorithm of core genomes of clonal complex 11 Neisseria 
meningitidis strains with serogroup W capsules (MenW:cc11), Western Australia, Australia, January 2013–December 2016. Blue circles 
indicate isolates in cluster A from Western Australia; red circles indicate isolates in cluster B from Western Australia; gray circle indicates 
ExNm672, a strain isolated from a traveler; open squares indicate the 5 MenW:cc11 isolates in the PubMLST database (http://pubmlst.
org/neisseria) that contains the penA_253 allele; and black squares indicate reference MenW:cc11 strains, isolated after 2010, as 
described by Lucidarme et al. (8). M7124 is the Hajj clone isolated in Saudi Arabia in 2000. Numbers in parentheses indicate PubMLST 
numbers of reference isolates. Scale bar indicates nucleotide substitutions per site.
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Rickettsia parkeri, a tickborne bacterium that causes a  
febrile, eschar-associated illness throughout many  
countries of the Western Hemisphere, is transmitted  
by Amblyomma ticks. In the United States, more than 
40 cases of R. parkeri rickettsiosis have been  
reported since its recognition in 2004. The Gulf Coast 
tick (Amblyomma maculatum) is the principal vector of R. parkeri 
in the United States, and all previously documented US infections 
arose within the known geographic range of these ticks.  
Confirmed cases of R. parkeri rickettsiosis also have been re-
ported from Uruguay and Argentina, where A. triste and  
A. tigrinum ticks serve as the principal vector species. Recent 
reviews of tick collection records and archived specimens 
documented and identified the presence of ticks very closely 
related to A. triste in several regions of the southwestern United 
States and adjacent regions of Mexico since at least 1942.
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Visit our website to listen: 
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Abstract  

The first Neisseria meningitidis isolate from Australia with reduced susceptibility to penicillin 

and borderline ceftriaxone susceptibility is reported. Molecular characterisation of the isolate 

revealed a novel penA gene allele (variant 1281) encoding PBP2 was most likely responsible 

for the reduced susceptibility. 

 

Text 

Neisseria meningitidis is a gram-negative diplococcus causing invasive meningococcal disease 

(IMD) which manifests most commonly as septicaemia and/or meningitis. IMD is notifiable to 

the jurisdictional health departments in Australia where the notification rate is currently 1.5 per 

100,000 population. Neisseria meningitidis is classified into 12 serogroups based on the 

antigenicity of its capsular polysaccharide and into sequence types (STs) using multi-locus 

sequence typing [1]. Genetically related STs are grouped into clonal complexes (cc). Some of 

these cc, termed hypervirulent lineages, contain strains with a high disease-to-carriage ratio 

and are detected worldwide. IMD is most commonly caused by 6 serogroups (A, B, C, W, X 

and Y) which are potentially vaccine-preventable, except serogroup X. Treatment of IMD is 

achieved through prompt administration of antibiotics and supportive care. 

 

In Australia, patients suspected of contracting IMD are immediately treated with either 

penicillin G or ceftriaxone whereas rifampin or ciprofloxacin is administered to reduce 

nasopharyngeal carriage, unless ceftriaxone has been received (Therapeutic Guidelines 

Antibiotic). In contrast to the increased rate of antimicrobial resistance among many other 

bacterial pathogens, N. meningitidis has generally remained susceptible to the commonly used 

antibiotics for the treatment and chemoprophylaxis of IMD. However, we recently reported the 

expansion of a penicillin-resistant (but ceftriaxone-susceptible) meningococcal cluster in 

Australia [2]. The penicillin-resistant phenotype was found to be due to an altered form of the 

penicillin-binding protein 2 (PBP2) which is encoded by the penA gene. 
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In this current study, we report the first case of IMD caused by a meningococcal strain 

(ExNm672) with decreased susceptibility to both penicillin and ceftriaxone, due to cross-

resistance from a novel penA allele encoding a modified PBP2. 

 

The Study 

 

The ExNm672 strain was isolated from a blood culture collected from a septicaemic man who 

had returned to Western Australia in July 2016 from Pakistan 5 days prior. Ceftriaxone was 

commenced on admission to hospital and he made a full recovery. The ExNm672 strain was 

identified as meningococcal serogroup W (MenW) by the, Pastorex meningitis kit (Bio-Rad), 

Wellcogen™ Neisseria meningitidis A, C, Y, W135 Rapid Latex Agglutination Test (Remel, 

Inc.) and an in-house real time multiplex PCR.  Antimicrobial MIC testing by the bioMérieux 

Etest method showed the ExNm672 strain was susceptible to ciprofloxacin (MIC 0.004 mg/L), 

rifampin (0.006 mg/L) and chloramphenicol (≤2 mg/L) but exhibited reduced susceptibility to 

penicillin (0.25 mg/L) and borderline ceftriaxone susceptibility (0.125 mg/L).  Beta-lactamase 

detection by cefinase testing (Becton, Dickinson, Sparks, MD) was negative.  These results 

were confirmed by the WHO Neisseria Reference Laboratory for the Western Pacific Region. 

The ceftriaxone MIC was additionally verified using the agar dilution method and the broth 

microdilution method, all of which were in agreement. 

 

Penicillin resistance in the Australian MenW:cc11 isolates is attributed to the presence of a 

penA_253 variant whilst the penicillin-sensitive Australian MenW:cc11 isolates possess a 

penA_59 allele, as previously described [2]. In contrast, the ExNm672 strain encoded a novel 

penA_1281 variant which has 92% amino acid identity to both penA_59 and penA_253. Unlike 

penA_59 and penA_253, the penA_1281 allele has not been reported elsewhere according to 

the PubMLST online database [3]. Of the three amino acid substitutions (A311V, T316P and 

T483S) [4] in the PBP2 of N. gonorrhoeae known to be associated with increased ceftriaxone 

resistance, the penA_1281 variant possessed the A311V substitution. To investigate the role of 

the penA_1281 variant in ceftriaxone resistance, this allele was PCR amplified and transformed 

into the penicillin- and ceftriaxone-susceptible MenW:cc11 strain ExNm677 [2]. The isogenic 
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mutant (ExNm677a) displayed an increase in both penicillin and ceftriaxone MIC (Figure 5.1), 

confirming the role of penA_1281 in reducing the susceptibility to both antibiotics.  

 

 

Figure 5.1. E-strip results showing minimum inhibitory concentration of penicillin G and 

ceftriaxone. ExNm672, a clinical strain, harboured the penA_1281 variant and showed reduced 

susceptibility to both penicillin and ceftriaxone. ExNm677, a clinical strain which harboured 

the penA_59 variant was susceptible to both penicillin G and ceftriaxone. When penA_59 was 

replaced by penA_1281 in ExNm677, the isogenic mutant (ExNm677a) showed an increase in 

both penicillin G and ceftriaxone MIC. 

 

Whole-genome sequencing using the Illumina MiSeq platform revealed that ExNm672 strain 

was an ST-11 isolate belonging to cc11 [3], a hypervirulent lineage which has been responsible 

for the recent increase in endemic disease in Australia [5] and worldwide [6, 7]. However, the 

core genome phylogeny of ExNm672 indicated it was not closely related to the penicillin-

resistant MenW:cc11 isolates currently circulating in Australia [2]. The ExNm672 strain 

belonged to the sublineage 11.1, but was un-related to the other Western Australian 
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MenW:cc11 isolates which clustered in the “South American/UK” clade, and the other five 

clusters previously described by Lucidarme et al. [8] (Figure 5.2).  

 

Figure 5.2. Phylogenetic relationship of the ExNm672 strain with a worldwide collection 

of MenW:cc11 strains. The ExNm672 strain is indicated as a red square and in red font. Blue 

and red circles indicate the previously described penicillin-sensitive and penicillin-resistant 

MenW:cc11 Australian isolates, respectively [2]. The phylogenetic framework was constructed 

using the core genomes of the Western Australian MenW:cc11 isolates in addition to the 471 

MenW:cc11 isolates previously described by Lucidarme et al. [8]. The clusters were also 

named using the nomenclature described by Lucidarme et al. [8]. Scale bar indicates nucleotide 

substitutions per site. 

 

Non-ceftriaxone-susceptible N. meningitidis has previously been reported from India in 2006 

but the characterisation of these strains has been questioned [9].  The re-appearance of a non-

ceftriaxone-susceptible strain ExNm672 in Australia from a traveller of Pakistan in 2016, 

suggests that an as yet uncharacterised cluster of non-ceftriaxone-susceptible isolates are 
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persisting and circulating in Asian countries, a hypothesis which will require genomic data 

from these regions to assess. The ExNm672 strain is the first recorded isolate of N. meningitidis 

with reduced susceptibility to penicillin and borderline ceftriaxone susceptibility in Australia 

which raises the concern that increasing antibiotic resistance is evolving in pathogenic N. 

meningitidis. Worldwide molecular surveillance for penA_1281 is recommended from non-

culture cases to determine the prevalence of meningococci harbouring this PBP2 variant and 

to monitor the clinical response to ceftriaxone treatment. 
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Chapter 6 

General Discussion 

 

In Australia, invasive meningococcal disease (IMD) is predominantly caused by MenB, MenC, 

MenW and MenY. Prevention of IMD is primarily achieved through vaccination and 

introduction of the MenC conjugate vaccine on the national immunisation schedule in 2003 

has since resulted in a decline in the number and proportion of MenC disease in Australia. 

From 2004 to 2014, MenB disease predominated due to the lack of a MenB vaccine. In 2013, 

however, the Bexsero® vaccine, a recombinant MenB vaccine, was licenced in Australia for 

private use. As described in Section 1.7.3.1, this vaccine provides protection against 

meningococcal isolates expressing one or more appropriate fHbp, NHBA, NadA and PorA 

variants. Therefore, characterising the antigenic profiles of meningococci circulating in 

Australia would provide insight in the estimated coverage of the Bexsero® vaccine and would 

also provide data for the implementation of this vaccine on the national immunisation schedule.  

 

6.1. Discussion for Chapter 2 
 

In Chapter 2, we used whole genome sequencing (WGS) to characterise meningococcal isolates 

circulating in Western Australia (WA) from 2000 to 2014. This chapter was the first study to 

resolve the genetic lineages of meningococci circulating in Australia, although similar studies 

have previously been published for European and American countries. In this chapter, cc41/44 

was identified as the predominant lineage among MenB isolates but although ST-41and ST-44 

from this lineage caused outbreaks pre-2010 in many countries [1-7], ST-146 was identified as 

the major ST from this lineage in WA. This study was the first to detect ST-146 at such a high 

frequency. Furthermore, this was the first study to implement the use of BAST profiles to assess 

the diversity of the antigens present in the Bexsero® vaccine and estimate the coverage of this 

vaccine. The MATS ELISA assay performed in this study identified BAST profiles containing 

one or more of the following variants to be covered by the vaccine – fHbp-1 (except fHbp1.13), 

NHBA-1, NHBA-2, NadA-1, NadA-2/3 and P1.4 subfamily PorA. By identifying these 

variants using WGS, the predicted coverage of the Bexsero® vaccine in WA was 60% overall 
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which was lower than the national predicted coverage of 76% [8]. This observation may be a 

result of differences in the geneology of meningococci between the eastern and western 

seaboards of Australia. Additionally, the annual predicted coverage for WA ranged from 40% 

to 82% in this study. Fluctuations in the annual coverage mainly occurred post-2005 and 

resulted from temporal variations in prevalence of isolates with fHbp-1 variants (Figure 6 of 

Chapter 2). An increase in the prevalence of fHbp-3 variants in the bacterial population was 

observed post-2005 and was driven by the emergence of cc461, the clonal expansion of cc213 

and antigenic drift within cc32 (Figure 7 of Chapter 2).  

There were some limitations to this study. Firstly, not all meningococcal strains from notified 

cases were recovered and the 278 meningococcal strains used in this study represented only 

62% (278/447) of the notified cases. This is because in some cases, diagnosis is performed 

through PCR only and the strain is not culturable as a result of low bacterial density in blood 

or CSF post antibiotic administration. Secondly, BAST profiling from WGS does not provide 

a measure of antigenic expression and the MATS assay which takes into account expression 

levels was performed on only 23% (52/227) of culturable MenB isolates in this study. Thirdly, 

since the MATS assay underestimates vaccine coverage due to the effect of bactericidal 

antibodies raised against minor antigens in the vaccine, serum bactericidal assays would need 

to be performed on all strains to measure the actual coverage of the Bexsero® vaccine. But 

since MenB mainly affects children under 5 years of age, it would be difficult to collect enough 

blood from this cohort for the assay. 

 

6.2. Discussion for Chapter 3 
 

In Chapter 3, we compared the meningococcal population circulating on the western seaboard 

of Australia (WA) to those on the south-eastern seaboard (Victoria; VIC). Since data from VIC 

were available for strains isolated in 2008 to 2012 only, this comparison study was restricted 

to a 5-year period only. No significant differences were observed in serogroup distribution and 

clonal complex distribution for the two jurisdictions. However, although cc41/44 was the 

predominant lineage for both regions, the predominant ST for this lineage was locally different: 

ST-6058 in VIC and ST-146 in WA. Since these two STs are different at three of the seven 

housekeeping MLST loci, we hypothesized that propagation of these two STs occurred in 

parallel in each region – such resolution is lost when clonal complexes are compared instead 
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of STs. Although persistence of ST-146 in WA was observed in Chapter 2, isolates from a 

longer period need to be studied for VIC to test the persistence of ST-6058 in this jurisdiction. 

A total of 108 BAST profiles were detected across both states but only 9 BASTs were 

simultaneously observed in both jurisdictions which may reflect differences in the host 

population or separate introduction through international travel followed by successful 

diversification of distinct meningococcal clones in each state. Based on the BAST profiles and 

the parameters used in Chapter 2 to estimate coverage of the Bexsero® vaccine, the predicted 

vaccine coverage in WA (47.1% [95% CI: 41.1–53.1%]) was significantly lower than that in 

VIC (66.4% [95% CI: 62.3–70.5%]) over the 5-year period. The higher prevalence of NHBA-

2 and fHbp-1 contributed to a higher vaccine coverage for VIC. This study demonstrated that 

in the case of Australia, meningococcal STs and BAST profiles do not necessarily prevail 

throughout the country over short time frames but may rather be restricted to the western or 

eastern seaboard. 

The limitations to this study included the short time frame over which the comparison was 

performed which resulted in the analysis of only 201 genomes. Therefore, a similar comparison 

study should be performed over a longer period of time and by comparing the genomes of 

meningococcal isolates circulating in each Australian state. 

 

6.3. Discussion for Chapter 4 
 

In 2015, a rise in the number of IMD cases in WA was noted and a shift in serogroup 

distribution was observed as a result of an increasing number of MenW cases. In 2016, MenW 

became the predominant serogroup causing disease in WA and all MenW isolates belonged to 

the cc11 hyperinvasive lineage (MenW:cc11). Furthermore, an increase in the number of 

penicillin-resistant isolates were noted, all of which belonged to the MenW:cc11 collection. 

In Chapter 4, we analysed the core genomes of the MenW:cc11 strains (n=19) isolated in WA 

and identified two phylogenetically distinct clusters – cluster A and cluster B (Figure 1 of 

Chapter 4). An outlier which failed to cluster was also identified and this strain is characterised 

in Chapter 5. All isolates in cluster B were isolated in 2016 and showed reduced susceptibility 

or resistance to penicillin, suggesting successful expansion of a new penicillin-resistant clone 

in WA. Although penicillin resistance in N. meningitidis has previously been described in the 
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literature, this study was the first to detect a cluster of penicillin-resistant meningococci 

responsible for a small outbreak. Resistance to penicillin was attributed to polymorphisms in 

the penA gene (NEIS1753) which encodes the penicillin-binding protein 2 (PBP2), an essential 

protein for peptidoglycan biosynthesis. All cluster A isolates were susceptible to penicillin and 

harboured the penA_59 allele whilst all cluster B isolates harboured the penA_253 allele. 

Transformation of penicillin-susceptible isolates with penA_253 resulted in a significant 

increase in penicillin MIC which confirmed the role of this allele in conferring resistance to 

the antibiotic. The penA_253 allele was first identified in MenB:cc32 isolates in Europe in 

early 2012 (according to the PubMLST online database) and has also been identified in 

MenW:cc11 strains isolated in 2016 in UK, France, Sweden and The Netherlands (Figure 2 of 

Chapter 5). Successful expansion of cluster B isolates harbouring penA_253 in WA suggests 

acquisition of this allele increases resistance to penicillin without potentially decreasing the 

fitness and transmission rate of these strains. The penA_253 allele is currently being monitored 

in Australia and penA has now been included among the loci that are assessed during the 

molecular surveillance of N. meningitidis in Australia. 

In 2017, an additional 18 MenW:cc11 invasive isolates were culture-confirmed and 14 of these 

meningococci fell in cluster B and were resistant to penicillin due to the presence of penA_253 

(Figure 6.1). The persistence of these penicillin-resistant isolates requires an in-depth 

investigation which would assess the transmission rate, fitness, attachment and invasion 

properties of the cluster B isolates. 
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Figure 6.1. Neighbour-joining tree using the core genome of MenW:cc11 from WA (2013 

to 2017). The dendrogram represents a neighbour-joining tree (500 bootstraps) generated using 

the core genome sequences of the meningococci. The resistance phenotype to penicillin G 

(PenG) for each isolate is provided using the following breakpoints: sensitive (0-0.06 mg/L), 

intermediate (0.12-0.25 mg/L) and resistant (≥0.5 mg/L). Of the 1605 core-genome loci, a 

minimum of 244 loci are different between Cluster A and Cluster B. The more recent Cluster 

B appeared in early 2016 and contains penicillin-resistant isolates.  

The dendrogram is drawn to scale, with the sum of the branch lengths between two strains 

representing the proportion of nucleotide differences between those core genomes (~1.5 Mb) 

within the pairwise alignment. 
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6.4. Discussion for Chapter 5 
 

In Chapter 5, we characterised the ExNm672 MenW:cc11 strain which was isolated from a 

traveller who had returned to WA from Pakistan. The ExNm672 strain showed reduced 

susceptibility to both penicillin and ceftriaxone, the two antibiotics used for IMD treatment in 

Australia. Reduced susceptibility to the antibiotics was linked to a novel penA allele, 

penA_1281. The ExNm672 strain not only failed to cluster with MenW:cc11 strains isolated in 

WA but did not cluster with any other known cluster within the worldwide collection of  

MenW:cc11 strains (Figure 2 of Chapter 5), previously described by Lucidarme et al. [9]. 

Although non-ceftrixone-susceptible N. meningitidis has been reported from India in 2006 

[10], characterisation of these strains has been questioned. But the appearance of the ExNm672 

strain in 2016 from a patient who visited Pakistan suggests the presence and persistence of non-

ceftriaxone-susceptible meningococci in Asia. Antimicrobial susceptibility profiles and 

genomic data of meningococcal isolates circulating in Pakistan and India will help testing this 

hypothesis. 

 

6.5. Conclusion 
 

In conclusion, the data presented in this thesis describe the genetic diversity and antimicrobial 

susceptibility of invasive N. meningitidis strains circulating in WA. The results in Chapter 2 

and Chapter 3 provide data on the potential coverage of a recombinant MenB vaccine for 

prevention of IMD. The methodology used in these Chapters have now been employed for the 

molecular surveillance of N. meningitidis in WA which is reported to the National Neisseria 

Network every quarter of the year. The results from Chapter 4 describe the emergence and 

successful expansion of a penicillin-resistant cluster of MenW:cc11 in WA and Chapter 5 

characterises a meningococcal strain which exhibits reduced susceptibility to the two 

antibiotics used for treatment of IMD. Future work will be required to assess the evolution of 

MenW:cc11 and evaluate the fitness cost (or benefit) associated with the acquisition of 

penicillin resistance via the penA_253 allele. 
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Chapter 7 

Conclusions 
 

Invasive meningococcal disease (IMD) is a rare life-threatening contagious bacterial infection, 

caused by N. meningitidis, with a case fatality rate of ~15%; and ~20% of survivors suffer from 

long term sequelae. Although most IMD cases are sporadic, large outbreaks of MenA, MenB, 

MenC and MenW have been reported worldwide throughout history. In Australia, MenB has 

been the predominant cause of IMD since the introduction of the MenC conjugate vaccine on 

the national immunisation program in 2003 which resulted in a significant decline in the 

proportion of MenC disease. The new recombinant vaccine against MenB disease, Bexsero®, 

was licenced for private use in Australia in August 2013. This vaccine contains four 

meningococcal antigens and thus provides protection against isolates expressing one or more 

of those antigens and their closely-related variants. 

 

The studies included in this thesis report the changing epidemiology of IMD in WA over a 15-

year period and also identify the successful expansion of a penicillin-resistant MenW:cc11 

clone which emerged in WA in 2016.  

 

An in-depth study of the molecular epidemiology of N. meningitidis circulating in WA was 

necessary to provide information on the antigenic diversity (i.e. BAST profiles) of those strains, 

allowing us to estimate the potential coverage of the Bexsero® vaccine. The temporal variation 

in vaccine coverage identified in WA and the fact that the BAST profiles of meningococci 

circulating in WA were different to those circulating in Victoria helped in arguing against the 

implementation of the Bexsero® vaccine on the national immunisation schedule – at least for 

now. Prediction of vaccine coverage using BAST profiles, as performed by us, has since been 

implemented in several countries such as China and the United Kingdom. A Bexsero® vaccine 

trial has since commenced in South Australia with the South Australian Department of Health 

citing this work as being instrumental in guiding their approach to examining the effect of the 

Bexsero® vaccine on meningococcal carriage status. 

 

In 2016, a change in IMD epidemiology in WA was observed when the majority of cases was 

caused by MenW:cc11 isolates. We identified a cluster of closely-related penicillin-resistant 
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MenW:cc11 isolates and established the penA_253 allele was responsible for the elevated 

penicillin MIC. This clone has since expanded successfully and still persists in the WA 

population. Although our study has identified penA_253 as a marker to track this clone, future 

studies are required to elucidate the factors responsible for the success of this potential outbreak 

clone. In addition to penicillin resistance, we also identified a meningococcal strain with 

reduced susceptibility to penicillin and ceftriaxone, the two antibiotics used for the empirical 

treatment of IMD, due to the presence of a novel penA allele. Although antimicrobial resistance 

in N. meningitidis is relatively rare, our observation indicates the possibility of multi-drug 

resistance arising in this pathogen, a phenomenon which will require committed surveillance 

in diagnostic labs. 

 

In conclusion, findings from the research described in this thesis have helped in implementing 

the use of whole-genome sequencing for the molecular surveillance of N. meningitidis in WA 

and across Australia. Prior to our publications, diagnostic services in Australia were focussed 

on reporting the prevalence of antimicrobial resistance and serogroup prevalence. Since this 

research project began, the National Neisseria Network has initiated a whole genome 

sequencing project Australia-wide for tracking of the genomic phylogeny of N. meningitidis as 

a prelude to informing a bid to include the Bexsero® vaccine on the National Immunization 

Program. Lastly, in response to the increase in IMD notification rate and identification of the 

penicillin-resistant cluster of MenW:cc11 in WA, the WA Department of Health has initiated 

a program examining the prevalence of nasopharyngeal carriage in at risk groups, especially 

university students, which may provide insight into the control of IMD through implementation 

of the ACWY vaccine. 
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Acquisition of the capsule locus by horizontal gene transfer in Neisseria 

meningitidis is often accompanied by the loss of UDP-GalNAc synthesis 
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Acquisition of the capsule locus 
by horizontal gene transfer in 
Neisseria meningitidis is often 
accompanied by the loss of UDP-
GalNAc synthesis
Stephanie N. Bartley1,2,3,*, Shakeel Mowlaboccus1,2,*, Christopher A. Mullally1,2, 
Keith A. Stubbs3, Alice Vrielink3, Martin C. J. Maiden4, Odile B. Harrison4, Timothy T. Perkins1,2 
& Charlene M. Kahler1,2

Pathogenic meningococci have acquired a 24 kb capsule synthesis island (cps) by horizontal gene 
transfer which consists of a synthetic locus and associated capsule transport genes flanked by repetitive 
Regions D and D’. Regions D and D’ contain an intact gene encoding a UDP-galactose epimerase (galE1) 
and a truncated remnant (galE2), respectively. In this study, GalE protein alleles were shown to be 
either mono-functional, synthesising UDP-galactose (UDP-Gal), or bi-functional, synthesising UDP-Gal 
and UDP-galactosamine (UDP-GalNAc). Meningococci possessing a capsule null locus (cnl) typically 
possessed a single bi-functional galE. Separation of functionality between galE1 and galE2 alleles 
in meningococcal isolates was retained for all serogroups except serogroup E which has a synthetic 
requirement for UDP-GalNAc. The truncated galE2 remnant in Region D’ was also phylogenetically 
related to the bi-functional galE of the cnl locus suggesting common ancestry. A model is proposed in 
which the illegitimate recombination of the cps island into the galE allele of the cnl locus results in the 
formation of Region D’ containing the truncated galE2 locus and the capture of the cps island en bloc. 
The retention of the duplicated Regions D and D’ enables inversion of the synthetic locus within the cps 
island during bacterial growth.

The Neisseria genus contains eleven species that colonize the oropharyngeal and urogenital mucosa of humans 
and of these, Neisseria gonorrhoeae and N. meningitidis, are of medical importance. N. gonorrhoeae colonises the 
mucosal surfaces of the urogenital tract in both males and females1. N. meningitidis is predominantly an oppor-
tunistic pathogen, asymptomatically colonising the mucosa of the nasopharynx of approximately 10% of the adult 
population2,3 but occasionally invades the host, resulting in septicaemia and meningitis4.

In both N. meningitidis and N. gonorrhoeae, interactions with host cells are modulated by the glycome on the 
bacterial surface which includes the lipooligosaccharide (LOS) and the glycosylation status of the type IV pilin5. 
Meningococci are distinguished from gonococci by the presence of a capsule polysaccharide synthesis (cps) island 
which encodes a capsule that facilitates systemic infection5. The cps island has a lower G/C-content than the 
core meningococcal genome consistent with acquisition via horizontal gene transfer (HGT) by recombination6. 
The general organisation of the cps island is as follows: Region A is responsible for the synthesis of the capsule 
polymer; Region B (ctrEF) and Region C (ctrABCD) contain genes responsible for transporting the capsule pol-
ymer to the bacterial surface while Region D and Region D’ contain an intact and truncated remnant copy of a 
gene encoding UDP-galactose epimerase, known as galE1 and galE2, respectively. Region E contains a gene of 
unknown function termed tex which is a homologue of a transcription factor. GalE is necessary for the synthesis 
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of UDP-galactose (UDP-Gal) which is utilised in for the synthesis of capsule polymers from serogroup W/Y, LOS 
and protein glycosylation5.

Non-pathogenic meningococci frequently possess a capsule null locus (cnl) with a single copy of Region D 
with an intact galE and Region E (Fig. 1)7. Evolutionary studies have suggested that meningococci acquired the 
cps island from potential donors such as Pasteurella multocida and Haemophilus influenzae through mosaic HGT 
events8–10. Although the ancestral events leading to the formation of the cps island are unclear, serogroup switch-
ing can result in the replacement of the entire synthetic Region A in instances where serogroups B or C switch to 
serogroups A, W or Y (Fig. 1) indicating recombination events in this region continue to occur11,12.

Gonococci also possess a cnl locus (Fig. 1), and have the additional ability to synthesise UDP-N-acetyl galac-
tosamine (UDP-GalNAc) which is used to terminate the non-reducing terminus of LOS13. In meningococci, 
GalNAc is not a component of LOS5,14, but is required for the synthesis of meningococcal serogroup E and Z 
capsules15,16. Although many of the biosynthetic pathways of Neisseria spp. have been elucidated, the mecha-
nism by which UDP-GalNAc is synthesised has not been proposed. Bacteria synthesize UDP-GalNAc via either 
a bifunctional UDP-galactose 4-epimerase (GalE) or a UDP-GalNAc 4-epimerase (GNE). Since Neisseria spp. 
do not harbour a GNE homologue, the neisserial GalE1 could be a bi-functional epimerase that synthesizes 
both UDP-Gal and UDP-GalNAc from the substrates UDP-glucose (UDP-Glc) and UDP- N-acetylglucosamine 
(UDP-GlcNAc), respectively.

This study examined the functional diversity of the galE locus and found that Neisseria spp. possess both 
mono-functional and bi-functional UDP-galactose epimerases. While N. gonorrhoeae and meningococci with 
a cnl locus possess bi-functional galE alleles which are phylogenetically related, meningococci carrying the cps 
locus possessed both bi- and mono-functional alleles for galE1 and galE2. The phylogenetic relations of the galE 
alleles and their associative properties with serogroup and clonal complex has provided further evidence for the 
hypothetical model of the recombination events during HGT of the cps island.

Figure 1. Genetic organisation of cnl and cps loci in N. meningitidis. Schematic organisation of the capsule 
synthesis (cps) island in meningococci. Serogroups A, B/C, W/Y and E are represented. Region A (light blue) 
is accompanied by Region C (bright green) encoding four capsule transport encoding genes ctrA-D. Region 
E (navy) encodes tex, a gene of unknown function homologue of a transcription factor. Region A-C-E is 
flanked by an inverted repeat segment, Region D and Region D’. Region D contains galE1 (black), encoding the 
UDP-galactose 4-epimerase and three genes termed rfbBAC (red) of unknown function. Region D’ contains 
a truncated galE2 (grey) and rfbB2-A2-C2 (red). Region B (yellow) contains ctrE and ctrF which encode 
KDO transferases to initiate polysaccharide biosynthesis. Region A (light blue) contains polysaccharide 
biosynthesis genes specific for each serogroup and ctrG (brown) which is found in cps islands encoding sialic 
acid biosynthesis pathways. The four genes csaA, csaB, csaC and csaD are required for the synthesis of a 
homopolymer of O-acetylated, α 1 →  6-linked ManNAc 1-phosphate of serogroup A meningococci. Serogroup 
B, C, W and Y meningococci contain three genes required for sialic acid biosynthesis, cssA, cssB and cssC. Each 
cluster has a serogroup specific polysialyltransferase, capsule synthesis serogroup B (csb), capsule synthesis 
serogroup C (csc), capsule synthesis serogroup W (csw) and capsule synthesis serogroup Y (csy). Serogroup C 
polysaccharides are O-acetylated by CssE while serogroup Y/W are acetylated by CssF. The biosynthesis cluster 
for serogroup W and Y also contains a galU encoding a UTP:α -D-glucose-1-phosphate uridylyltransferase. 
Serogroup B consists of a homolpolymer of α 2 →  8 linked sialic acid, serogroup C consists of α 2 →  9 linked 
sialic acid, serogroup W consists of repeating units of 4-O-α -D-galactopyranosyl-β -D-N-acetylneuraminic 
acid and serogroup Y consists of repeating units of 4-O-α -D-glucopyranosyl-β -D-N-acetylneuraminic 
acid. Serogroup E polysaccharide consists of alternating D-galactosamine and 2-keto-3-deoxyoctulosonate 
(KDO) residues synthesized by the seven genes cseA-G. The capsule null locus (cnl) of non-disease causing 
meningococci consists of galE-rfbBAC and tex. The figure was drawn using Easyfig50 and is similar to the figure 
presented by Harrison et al.46.
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Results
galE1 alleles form two distinct phylogenetic clusters in Neisseria species. The distribution of 
galE1 alleles (NEIS0048) across the genus Neisseria was assessed using a defined set of 194 isolates for which 
genomic data was available in the PubMLST database (www.pubmlst.org/neisseria, Supplementary Table S1). 
A total of 107 unique galE alleles, comprising 65 galE1 alleles from meningococci and 42 galE alleles from the 
other species, represented the top 24 most commonly occurring NEIS0048 alleles within the PubMLST data-
base ( >  0.38% occurrences). An un-rooted neighbour-net tree (Fig. 2) revealed that the alleles formed two main 
clusters. Cluster A contained encapsulated meningococci (p-distance =  0.092), while cluster B contained N. gon-
orrhoeae and the non-pathogenic Neisseria species, N. lactamica and N. polysaccharea as well as unencapsulated 
meningococci possessing the cnl locus (overall mean p-distance =  0.063) (Fig. 2). Several other less distinct clus-
ters with deeper roots were observed which corresponded with N. subflava, N. oralis, N. elongata, and N. cinerea. 
Two meningococcal galE1 variants belonging to serogroup E and Z meningococci were found on the same branch 
as those from N. animalis and N. weaveri which were more distantly related to Cluster A and B (overall p-dis-
tance =  0.266). Overall, the distribution of the galE1 alleles into at least two distinct clusters suggest that these 
alleles are under diversifying selection which may be related to function between species.

Neisseria spp. possess mono- and bi-functional GalE epimerases. To investigate whether NEIS0048 
alleles from each phylogenetic cluster had different functions, the galE1 of N. gonorrhoeae strain FA1090 (GalE1 
allele 17 =  GalE_17) from cluster B and N. meningitidis strain MC58 (GalE1 allele 2 =  GalE_2) from cluster A 
were cloned into pET15b to create GalE_17::Hisx6 and GalE_2::Hisx6. GalE_17::Hisx6 could epimerise both 
UDP-Glc and UDP-GlcNAc indicating that this variant is bi-functional, with the equilibrium favouring the 

Figure 2. Phylogenetic reconstruction using galE alleles from commensal and pathogenic Neisseria spp. 
using an un-rooted neighbour-net algorithum. N. gonorrhoeae and commensal species are represented by 
circles with different colours denoting species. These were: N. meningitidis is black; N. lactamica is red: N. 
polysacchareae is pink; N. bergeri is mauve; N. cinerea is blue; N. elongata is orange; N. animalis and N. weaveri 
are grey; N. mucosa is white and N. subflava is green. N. meningitidis isolates are found in cluster A but also on 
branches in-between clusters A and B as well as the cnl in cluster B. N. gonorrhoeae are only found in one branch 
of cluster B and are labelled as N. gonorrhoeae without a symbol.
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production of UDP-Gal and UDP-GalNAc (Table 1). In comparison, GalE_2::Hisx6 would only accept UDP-Glc 
as a substrate and could not epimerise UDP-GlcNAc indicating that this enzyme is mono-functional. Unlike the 
gonococcal GalE_17 allele, the meningococcal GalE_2 had an equilibrium favouring the formation of UDP-Glc 
at 63% of all products.

Mono- and bi-functionality of GalE epimerases is determined by a single amino acid residue in 
the active site. Previous investigations of known mono-functional and bi-functional GalE proteins have 
shown that a single amino acid residue is the main factor in the ability of the enzyme to possess singular or dual 
modes of activity. Thoden et al.17 compared the GalE protein from H. sapiens (Group 2) to the E. coli (Group 
1) homologue and demonstrated that four conserved residues hold the sugar in a productive conformation 
(Supplementary Fig. 1) while a fifth residue affected whether UDP-Glc or UDP-GlcNAc could enter the active 
site cleft. In E. coli GalE and the human GalE, this position is occupied by a tyrosine (Y299) residue or a cysteine 
(C307), respectively. When the tyrosine residue of E. coli GalE was mutated to cysteine (Y299C) it switched the 
native enzyme from a mono-functional to a bi-functional mode while the converse occurred in Yersinia entero-
colitica GalE18.

To understand the contribution of amino acid residues to the active site of GalE, 107 galE alleles from ten 
Neisseria spp. (Supplementary Table S1) were translated and aligned using CLUSTALW219. As expected, residues 
K85, S125, Y150 and N180 which correspond to the four residues co-ordinating the pyranose ring in the active 
site were absolutely conserved (Supplementary Fig. 1). The fifth position was occupied by a serine (S299) resi-
due in gonococcal GalE amino acid sequences and phenylalanine (F300) in most meningococcal alleles. Since 
the serine and phenylalanine residues are similar in size to cysteine in bi-functional enzymes and tyrosine in 
mono-functional enzymes, respectively, we proposed that these residues govern the functionality of GalE. Using 
PHYRE220, homology models using GalE amino acid sequences of N. gonorrhoeae strain FA1090 and N. men-
ingitidis strain MC58 were built. These models and the crystal structures of the E. coli and human enzymes in 
the presence of NADH and UDP-GlcNAc are shown in Fig. 3. To address whether variability within the amino 
acid sequences of neisseria GalE proteins contributed to the binding site pocket, 38 non-conserved residues 
derived from the alignment of 103 GalE1 alleles (excluding the four most distantly related alleles from N. weaveri 
GalE_115, N. animalis GalE_110, and N. meningitidis GalE_14 and GalE_15) were mapped to the predicted struc-
ture of GalE_2 from N. meningitidis MC58 (Fig. 3A). The non-conserved residues were localized predominantly 
to the external surface of the protein and were distant from the active site. Conservation, both in structure and 
in ligand binding residues, was evident for all four enzymes with the exception of positions F300 in meningo-
cocci and S299 in gonococci. Comparison of the structures suggests that when a small residue is present (C307 
in humans or S299 in gonococci), both the UDP-GlcNAc and UDP-Glc are able to bind productively and hence 
the enzyme is bi-functional (Fig. 3C,E). In contrast, in the presence of an aromatic side chain (Y299 in E. coli 
or F300 in meningococci), the UDP-GlcNAc does not bind correctly in the active site to allow efficient hydride 
transfer from the sugar moiety to the nicotinaimide and, thus the enzyme is mono-functional for only UDP-Glc 
(Fig. 3B,D).

To test the role of S299 and F300 in determining substrate specificity of neisserial GalE enzymes, 
GalE_17(S299F)::Hisx6 and GalE_2(F300S)::Hisx6 mutants were constructed using site-directed mutagen-
esis and these recombinant enzymes were purified. The GalE_17(S299F)::Hisx6 lost the ability to epimerise 
UDP-GlcNAc while retaining the ability to convert UDP-Glc to UDP-Gal, although the equilibrium was altered 
to favour the formation of UDP-Glc compared to the wild-type enzyme (from 39% to 59%). Meningococcal 
GalE_2(F300S)::Hisx6 gained the ability to epimerise both UDP-Glc and UDP-GlcNAc although the observed 
equilibrium resulted in less UDP-GalNAc for GalE_2(F300S)::Hisx6 than gonococcal GalE_17::Hisx6 (Table 1).

The distribution of mono- and bi- functional GalE1 (NEIS0048) is related to species. A 
Neighbor-Joining phylogenetic tree of 89 GalE1 amino acid sequences (Supplementary  Table  S1, 
Supplementary Fig. 2) revealed at least three major lineages Clades 1, 2, and 3, in addition to two sets of deeply 
branched outliers. One group of outliers contained alleles from N. weaveri, N. animalis with serogroup E and 
serogroup Z expressing meningococci. The GalE1 alleles from the serogroup E and serogroup Z expressing 
meningococci both have a cysteine in the active site cleft consistent with the proposed bi-functionality of GalE1 

Enzyme Substrate
Equilibrium ratio 

UDP-Glc:UDP-Gal
Equilibrium ratio UDP-
GlcNAc:UDP-GalNAc

Gonococcal GalE_17 UDP-Glucose 39:61 —

UDP-GlcNAc — 32:68

GalE_17 (S299F) UDP-Glucose 59:41 —

UDP-GlcNAc — 99.2:0.8

Meningococcal GalE_2 UDP-Glucose 63:37 —

UDP-GlcNAc — 99.5:0.5

GalE_2 (F300S) UDP-Glucose 67:33 —

UDP-GlcNAc — 73:27

GalE_236 UDP-Glucose 23:77 —

UDP-GlcNAc — 25:75

Table 1. Analysis of UDP-Glucose and UDP-GlcNAc 4-epimerase activity of GalE alleles and their mutants.
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Figure 3. Structural views of mono-functional and bi-functional GalE from different organisms. (A) The 
predicted structure of GalE from N. meningitidis MC58 obtained using PHYRE2. The structure is depicted as 
a ribbon representation showing the secondary structure elements. The side chains for residues which are not 
conserved amongst all neisseria species are shown in stick representation. Position 300 in N. gonorrhoeae strain 
FA1090 is labelled. (B) The active site region of GalE from E. coli in complex with NADH and UDP-GlcNAc 
(PDB code 1LRJ)17. The protein alpha carbon trace is shown. The bound ligands and side chains for residues 
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and the requirement for UDP-GalNAc for capsule synthesis. The GalE from N. weaveri also contained a cysteine 
in the active site cleft and was predicted to be bi-functional. The GalE proteins from N. animalis and N. subflava 
were both predicted to be mono-functional due to the presence of a tyrosine or phenylalanine residue, respec-
tively, in the active site cleft.

Clade 1 containing GalE amino acid alleles from N. elongata and N. mucosa, was predicted to be bi-functional 
due to the presence of either a valine or a cysteine residue in the active site cleft. Clade 2 contained alleles from 
N. cinerea, N. polysaccharea, N. lactamica, N. gonorrhoeae, N. bergeri, and five meningococci. All of these were 
assigned bi-functionality due to an active site serine residue characteristic of the bi-functional alleles of N. gon-
orrhoeae. GalE alleles 16, 24, 37, 129 and 166 were present in meningococcal cnl isolates. Clade 3 contained only 
GalE1 amino acid sequences from N. meningitidis which were either mono- (contained a phenylalanine in the 
active site) or bi-functional (contained a serine or cysteine in the active site). Two distantly related protein alleles 
from N. meningitidis, GalE_41 and GalE_34, from a serogroup A and a serogroup C isolate, respectively, were 
most similar to protein alleles from N. subflava. The bi-functional alleles in clade 3 were associated with cc174 iso-
lates expressing serogroup Y capsules (allele 131), a variety of serogroup B isolates from various genetic lineages 
(alleles 46, 49 and 236), a cc1 isolate expressing serogroup A capsule (allele 50), and serogroup I and K expressing 
isolates (allele 4 and 5 respectively). GalE_236 was selected as a representative of the bi-functional alleles in clade 
3 for assessment of epimerase functionality. It was cloned, expressed as a His-tagged protein, assessed by HPLC 
and was shown to be bi-functional (Table 1).

Region D and Region D’ of encapsulated meningococci generally encode mono- and 
bi-functional GalE, respectively. In addition to Region D containing the galE1 allele, encapsulated menin-
gococci also possess the inverted repeat Region D’ which contains a truncated remnant galE2 in an operon with 
rfbBAC’ (Fig. 1). The galE2 pseudogene has lost the first 402 nucleotides but retains the last 615 nucleotides, con-
taining the active site motif which can be used to assign ancestral functionality. To unambiguously assign a func-
tion to galE2 alleles, galE1 and galE2 genes were manually curated in 1196 meningococci representing 10 common 
clonal complexes. This yielded 65 galE1 alleles and 24 galE2 alleles (data not shown). Of the 65 galE1 alleles 
in 1196 isolates, 75% were associated with mono-functionality (F300) with the remainder being bi-functional 
(S300). The GalE1 alleles from serogroups B, W and Y were predominantly mono-functional (Fisher’s exact 
test, two-tailed, p <  0.05). However, no significant association of GalE1 functionality was noted for serogroups 
A and C although the trend in this small dataset was towards mono-functionality (Supplementary Table S2). 
Bi-functional GalE1 alleles were associated with all serogroup E expressing isolates (Fisher’s exact test, two-tailed, 
p <  0.0001) due to the requirement for UDP-GalNAc for the synthesis of this capsule polymer. Of the 24 galE2 
alleles, 71% were associated with bi-functionality with the remainder being mono-functional. Overall, 92.4% of 
meningococcal strains carried a mono-functional galE1 and a bi-functional remnant galE2 allele. There is a strong 
retention (Fisher’s exact test, two-tailed, p <  0.05 for each serogroup) of separate ancestral functionality between 
galE1 and galE2 alleles in meningococcal isolates that expressed capsules other than serogroup E.

Recombination rates are highest in galE1, galE2 and tex in the cps island. Since meningococcal 
galE1 and galE2 are highly conserved at the nucleotide level, homologous recombination between the two genes 
may randomly switch functionality between galE1 and galE2 loci. To examine this further, recombination events 
per mutation (r/m) was used to calculate the number of recombination events relative to mutations (ρ/θ) and the 
recombination events relative to the number of mutations within galE1 and galE2 with respect to other cps island 
regions (Supplementary Table S3, Fig. 4). Recombination events occurred twice as often as point mutations in 
galE1, 1.5 times as often in ctrA-D and tex while recombination and mutation equally contributed to diversity 
within ctrG, galE2 and ctrEF. Diversity within NEIS0044, located on the boundary of Region D containing galE1, 
was equally driven by recombination and mutation, whereas diversity of NEIS0069 on the boundary of Region B 
was mostly caused by mutation (Fig. 4A). When recombination rates were corrected for local block boundaries, 
galE1, tex and galE2 had the highest recombination rates relative to the other genes in the cps locus (Fig. 4B). 
Therefore, although recombination does contribute to the diversity of galE1 and galE2 alleles, the exchange of 
functionality between the two loci is infrequent since the functional separation of the two loci is maintained in 
the clonal complexes that do not possess serogroup E.

Meningococcal galE2 represents a potential site for the capture of the cps island. The origin of 
Region D’ containing galE2 is currently unknown. While the majority of encapsulated meningococci contained 
galE2 with a motif consistent with an ancestral bi-functional activity, most cnl meningococci from various genetic 
lineages including cc53 and cc198 possessed bi-functional alleles (GalE_37, GalE_16 and GalE_116, GalE_161, 
GalE_281, GalE_362 alleles, GalE_378, and GalE_397). An alignment of the conserved portions of the galE1 and 

involved in interaction with the bound ligands are indicated by stick representation. A mesh surface is shown 
for Tyr299. (C) The active site region of GalE from H. sapiens in complex with NADH and UDP-GlcNAc (PDB 
code 1HZJ)17. The bound ligands and side chains for residues involved in interaction with the bound ligands are 
indicated by stick representation. A mesh surface is shown for Cys307. (D) The active site region of the PHYRE2 
predicted structure of GalE from N. meningitidis MC58. The conserved side chains for residues implicated in 
interaction with the substrates are indicated by stick representation. A mesh surface is shown for Phe300. (F) 
The active site region of the PHYRE2 predicted structure of GalE from N. gonorrhoeae FA1090. The conserved 
side chains for residues implicated in interaction with the substrates are indicated by stick representation. A 
mesh surface is shown for Ser299.
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galE2 alleles revealed a bi-furcated phylogeny with the bi-functional galE1/galE2 alleles and mono-functional 
alleles forming separate clusters (Fig. 5). Interestingly, the galE alleles from cnl meningococci clustered with 
the bi-functional galE2 alleles. This observation generated the hypothesis that the galE2 of Region D’ in path-
ogenic meningococci is a remnant of galE from the original cnl locus of the ancestral recipient genome during 
the capture of the cps island. The cnl site is always located between two boundaries: NEIS0044 upstream of the 
galE1-rfbBAC cluster and NEIS0069 downstream of tex (Fig. 1). The capture of the cps island was postulated to 
lead to the deletion of the 5′  end of galE-tex- NEIS1357 in the cnl locus to create NEIS0044-rfbCAB’-galE2 linked 
to the cps island ending at the downstream boundary of NEIS0069. In this model, the cps island HGT event would 
require the introduction of Region A-C-E-D-B by recombination into the galE of the cnl locus.

One outcome of this model would be the expectation of strong linkage disequilibrium between the two galE 
loci with a strong association with serogroup as these would be linked en bloc during the HGT event. A plot of 
the association of galE1 and galE2 allelic pairs with serogroup in 1196 isolates representing each of the 10 clonal 
complexes showed that each clonal complex was characterized by a predominant galE1/serogroup/galE2 com-
bination (Supplementary Fig. S3). In summary, 84.2% of cc1 is represented by GalE139/GalE230, 74.2% of cc11 is 
represented by GalE110/GalE28, 46.6% of cc22 is represented by GalE18/GalE213, 88.8% of cc23 is represented by 
GalE127/GalE223, 73.2% of cc41/44 is represented by GalE120/GalE213, 65.3% of cc60 is represented by GalE110/
GalE213, and 78.4% of cc269 is represented by GalE1120/GalE27. A strong associative property with clonal complex 
was observed for galE1/galE2 allelic pairs (Cramer’s V coefficient, V =  0.985), tex (V =  0.963), ctrE (V =  0.948) 
and ctrF (V =  0.770) suggesting that the correlation of alleles in the cps island with a specific clonal complex was 
formed independently during the acquisition of the cps island into the founder of each clonal complex.

This hypothetical model for the acquisition of the cps island in modern clonal complexes also predicted that 
the original organization of the cps island upon acquisition could have been NEIS0044-Region D’ (containing 
galE2 bi-functional)-E-C-A-D (galE1 mono-functional)-B. However, the most common arrangement found in 
closed genomes of strains MC58 and FAM18 has NEIS0044 followed by Region D containing galE- A- C- E- 
D’- B- NEIS0069 (Fig. 6) which suggests that the synthesis cassette, A-C-E, may undergo inversion in this site. 
Colony PCR confirmed that both cps island arrangements were detectable in plate grown cultures of strains 
MC58, FAM18 and NMB (Supplementary Fig. S4). Complete sequencing of these PCR products did not detect 
recombination events within the galE1 and galE2 genes which is consistent with potential breakpoints in the 
flanking rfbBAC gene clusters of Region D and Region D’. However, since the paired rfbBAC and rfbBAC’ regions 
in each strain was almost identical, the recombination site was not detected.

Meningococcal galE1 and tex represent potential sites for homologous recombination dur-
ing serogroup switching events. Mustapha et al.12 have recently described the recombination events 
detected upon the integration of the serogroup W cassette into the cc11 lineage which originally expressed 
serogroup C (Fig. 1). They showed that the left hand boundary for the integration of Region A for serogroup 
W synthesis occurred in galE1 while galE2 remained unchanged. To examine whether this is a common 
occurrence in serogroup switching, the association of the galE1/galE2 allelic pairs with serogroup was plot-
ted (Supplementary Fig. S3). The dominating serogroup in each lineage is strongly associated with only one 
galE1/galE2 allelic pair. For example, 93.5% of cc11:serogroup C isolates possessed GalE1_27/GalE2_8 allelic 
pair whereas 100% of cc11:serogroup W isolates possessed GalE1_10/GalE2_8. Capsule switching events which 

Figure 4. Recombination and mutation rates across the cps locus genes. Parsed ClonalFrame output 
detailing the origin of the rates of change for each locus. Panel A shows the relative rate of occurrence of 
recombination and mutation for each locus such that a value greater than 1.0 on the vertical axis (ρ/θ) indicates 
a higher frequency of recombination than mutation. Panel B shows the intensity of recombination for each locus 
as inferred by ClonalOrigin such that high values on the vertical axis (ρs/θs) indicate hotspots for recombination.

 
128



www.nature.com/scientificreports/

8Scientific RepoRts | 7:44442 | DOI: 10.1038/srep44442

involved the acquisition of serogroup B into cc11 displayed a similar pattern with 75% retaining GalE2_8 while 
the allele of GalE1 with Region A had been changed. Similarly, 16 events in cc60:serogroup E strains involving 
the acquisition of serogroup B synthetic regions showed a similar pattern of variation in GalE1 with conservation 
of the GalE2 alleles (Supplementary Table S4). Although the library of 1196 isolates contained 65 unique GalE1/
GalE2 allelic pairs, only four GalE1/GalE2 pairs were found in multiple clonal complexes (Supplementary Fig. 3) 
suggesting that these exchanges had recombination boundaries outside of the galE1/galE2 pairs.

Discussion
The acquisition of the cps island by HGT into an ancestral non-pathogenic meningococcal lineage carrying a cnl 
locus similar to cc53 and cc198 isolates of N. meningitidis has been proposed by Schoen et al.6 and others21,22–25. 
This hypothetical model proposes that the modern arrangement of the cps island is the outcome of at least two 
recombination events that resulted in the capture of Region A-C and Region B, located upstream and downstream 
of Region E (tex), respectively, in the capsule null locus of non-pathogenic meningococci8–10,26. In this study, we 

Figure 5. Phylogenetic tree of galE1 and galE2 alleles from N. meningitidis. The phylogenetic tree was 
constructed using the Neighbor-Joining method with 1000 bootstraps and evolutionary distances were 
calculated by the maximum composite likelihood method. In order to generate the tree, the alignment of 
the nucleotides was performed using MUSCLE after trimming the galE1 and galE2 alleles to the last 615 
nucleotides. The colours indicate the functionality of the protein associated with the alleles; the filled and empty 
circles indicates galE1 and galE2 alleles respectively. The asterisks indicate galE1 alleles (given in brackets) from 
cnl isolates.
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Figure 6. Proposed hypothetical model of events in the capture and re-organisation of the cps island in 
meningococci. (A) A hypothetical E-C-A-D-B cassette, containing a mono-functional galE1, was formed in 
an ancestral isolate (donor). This was recombined into a recipient strain containing a cnl locus to create the 
arrangement of the cps island found in modern pathogenic N. meningitidis in which the A-C-E cassette is 
flanked by the repetitive regions D and D’. (B) The D’-E-C-A-D cassette may undergo inversion via homologous 
recombination since Region D and D’ are able to form a hair-pin loop. (C) Serogroup switching involves the 
replacement of one serogroup synthetic cassette (eg. Serogroup C) with another (eg. Serogroup W). Multiple 
recombination events have been shown to occur within galE1, tex and galE2 in multiple studies (see text).
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provide evidence for a second hypothetical model which suggests, that once the ancestral cps island was formed, 
this structure became the donor sequence for en bloc transfer into the modern clonal complexes of N. menin-
gitidis. Evidence for this hypothetical model is based upon the observation that the galE1 and galE2 alleles are 
phylogenetically distinct due to different enzymatic functions, and that these phylogenetic relationships can be 
traced through capsule null loci and in cps islands in the various clonal complexes of N. meningitidis.

Gonococci have a requirement for UDP-GalNAc which is a component of the gonococcal LOS27. The 
gonococcal GalE epimerase was shown to be bi-functional with the capacity to synthesise both UDP-Gal and 
UDP-GalNAc whereas the meningococcal GalE could only produce UDP-Gal. Exchanging a pivotal amino 
acid in the active site cleft (F300 in meningococci and S299 in gonococci) enabled the exchange of mono- and 
bi-functionality of the enzymes suggesting that the identity of the amino acid positioned at the mouth of the 
active site cleft determined the functional phenotype of the epimerase. Ishiyama et al.28 proposed that changing 
the amino acid at this position of the active site cleft of GalE epimerase determined the ability of the UDP-linked 
N-acetyl-sugar to rotate and undergo epimerisation. Although there are other non-conserved amino acid posi-
tions within neisserial GalE variants, none of these were shown to influence the cleft leading to the active site 
(Fig. 3). Therefore, the use of the six amino acid residue motif surrounding the active site cleft residue of F300 
(meningococci)/S299 (gonococci) or equivalent in commensal Neisseria spp. was considered sufficient to assign 
functionality to the galE alleles.

Functional and phylogenetic analysis of galE1 revealed that all Neisseria spp. possessed the gene, but that the 
functionality of the epimerase was predicted to vary across species (Fig. 2). Although the role of UDP-Gal and 
UDP-GalNAc is well described for the pathogenic Neisseria spp., very little is known regarding other species. 
Immunotyping studies have proposed that N. cinerea, N. polysaccharea and N. lactamica, which possess putative 
bi-functional galE1 alleles, synthesise a LOS containing Gal and GalNAc residues but no structural studies have 
been done to confirm this29–31. The bi-functional meningococcal galE1 alleles (Supplementary Fig. S2), were 
found in the presence of serogroup A, B, E, Y, I and K synthetic cassettes. A representative of this group, GalE_236 
allele, had an equilibrium similar to that of the bi-functional allele of N. gonorrhoeae, thereby suggesting that 
the synthesis of UDP-GalNAc is the favoured outcome for this reaction (Table 1). This allele was found in N. 
meningitidis strain NMB which was shown to synthesise UDP-GalNAc by Lee et al.32. Although UDP-GalNAc is 
not present in LOS of this isolate33, it may be involved in another synthetic pathway such as protein glycosylation 
which has been recently detected in commensal Neisseria spp.34,35. However, since the GalNAc lipopolysaccharide 
transferase, lgtD, has been found in some isolates of meningococci, the capacity to add GalNAc to LOS could 
occur if these strains also possessed a bi-functional galE136. The phylogeny of the meningococcal galE alleles 
(Fig. 5) suggests that bi-functional galE1 alleles found in serogroups A/B/C/Y/W may have arisen sporadically 
through recombination with the galE2 remanent or through point mutation of the active site of the galE1 allele 
(Fig. 4). In contrast, the bi-functional galE1_14 allele found in serogroup E- expressing isolates is phylogenetically 
distant from these bi-functional galE1 alleles (Fig. 5) suggesting a separate heritage potentially with the closest 
relative, N. weaveri (Fig. 1).

The phylogenetic relationship of the bi-functional galE2 alleles from pathogenic meningococci and the galE 
alleles in the cnl of non-pathogenic isolates led to the hypothesis that Region D’ was the original locus into which 
the cps island recombined (Fig. 6A). Since statistical association analysis demonstrated linkage disequilibrium 
between galE1 and galE2 as well as galE1/galE2 pairs within each clonal complex, this suggested that the pairing 
of galE1 with galE2 occurred upon the acquisition of the cps island into the cnl locus of the ancestral strain of each 
clonal complex. One event that could result in this arrangement is the illegitimate recombination of an ancestral 
cps island consisting of Region A-C-E-D-B into galE on the left boundary and NEIS0069 on the right boundary of 
the recipient cnl locus (Fig. 6A). The strong associative properties of the galE1/galE2 (Region A), tex (Region E) 
and ctrEF (Region B) alleles with clonal complex supports the concept of en bloc transfer and provides an expla-
nation for the creation of Region D’ due to an illegitimate recombination event that truncates the galE allele of the 
cnl locus to become the remnant galE2 locus (Fig. 6A).

The initial organisation of the cps locus predicted by this model is NEIS0044-region D’(galE2)- E- C- A- (galE1)
D- B- NEIS0069 which is the same as that of the closed genome of strain B194023. However, the closed genomes 
of strains MC58 and FAM18 are reported as NEIS0044-region D (galE1)- A- C- E- (galE2) D’- B- NEIS0069, 
suggesting that an inversion of the A-C-E block between region D and region D’ could occur. This was confirmed 
by directional PCR of the cps locus using plate grown strains MC58 and FAM18 (Supplementary Fig. S4). Since 
single colony PCR revealed that each colony contained a mixture of cps orientations (data not shown), it appears 
that this process is dynamic, occurring during chromosomal replication when single stranded DNA is present 
for RecA mediated homologous recombination (Fig. 6B). Unless the duplicated Region D’ is deleted, the locus is 
not able to be fixed in any particular orientation. Colony immunoblots of strain NMB which is not phase variable 
for capsule expression did not detect any mixed phenotypes consistent with previous studies on the expression 
of capsule by this strain (data not shown37–39). It is interesting to note that the cps island is inserted 54 kb down-
stream of the origin of replication which is surrounded by a number of genomic inversions40. In E. coli, Ivanova  
et al.41 have recently shown that inversions surrounding the origin of replication occur to resolve collisions 
between highly transcribed genes and the direction of chromosomal replication, thus improving fitness. It is 
currently unclear whether this mechanism applies to this situation in N. meningitidis but is worth considering in 
future investigations of this region.

The proposed en bloc model for the transfer of the cps island into meningococcal clonal complexes relies upon 
the concept previously advanced by Schoen et al.6,7,42 that the mosaic structure is created in an ancestral menin-
gococcal isolate. Recently, Harrison et al (personal communication) have detected similar cps islands consisting of 
regions A-C-E-D-B, and lacking Region D’, in commensal Neisseria spp. which could also be a source of the donor 
element for the en bloc transfer hypothesis. Currently the PubMLST database does not contain meningococcal 
isolates lacking Region D’ as the majority of isolates represented in this collection have been isolated from cases 
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of disease. It will be interesting to examine a larger collection of non-disease causing meningococcal isolates for 
the presence of strains bearing incomplete cps islands as these may provide further evidence for the model. This 
model was also used to examine serogroup switching, which from the observations of Mustapha et al.12 disrupt 
the linkage disequilibrium of galE1 and galE2. An examination of other serogroup switching events in the data-
base indicated that this was a general phenomenon associated with this HGT event.

In conclusion, we propose evidence for a hypothetical model in which the acquisition of the cps island via 
HGT results in the loss of UDP-GalNAc synthesis from UDP-GlcNAc in most pathogenic meningococcal iso-
lates, except for those expressing serogroup E capsules. UDP-GlcNAc is an entry metabolite for the synthesis 
of cell wall components, peptidoglycan and lipid A, in addition to sialic acid found in serogroup B, C, W and Y 
capsular types. Presumptively, the inactivation of the bi-functional galE allele of the cnl locus and replacement 
with a mono-functional galE1 allele releases a pool of UDP-GlcNAc that can be redirected into the sialic acid 
capsule biosynthesis pathway while minimising the metabolic fitness cost associated with the acquisition of the 
cps island in pathogenic meningococci. However, other accessory changes to central metabolism are likely to be 
required. Mustapha et al.12 noted that the capsule switching event in cc11 from serogroup C to W included cen-
tral metabolic genes such as the pyruvate kinase. In addition, Schoen et al.43 found that the central metabolism 
of pathogenic meningococci is diverse and that multiple adaptive changes to metabolism have occurred thus 
providing a framework in which to test our theory regarding the fitness costs associated with the acquisition of 
the cps synthesis pathway.

Materials and Methods
Bacterial strains and growth conditions. Meningococcal strains were cultured under aerobic conditions 
with 5% CO2 at 37 °C on GC agar (GCA) or GC broth (GCB) (Oxoid) supplemented with 0.4% glucose, 0.01% 
glutamine, 0.2 mg of cocarboxylase per litre, and 5 mg of Fe(NO3)3 per litre. The wild-type strains and constructed 
mutants used in this study are shown in Supplementary Table S5. Antibiotic selection for meningococcal mutants 
was performed on GCA containing 100 μ g/ml of kanamycin (sulfate salt), 60 μ g/ml of spectinomycin, 5 μ g/ml of 
tetracycline or 2 μ g/ml of erythromycin (Sigma). Escherichia coli DH5α  was used as a host for all DNA manip-
ulations and Rosetta™  (DE3) as a host for all protein expression. E. coli strains were routinely grown on Luria-
Bertani broth (LBB) and agar (LBA, Oxoid) which, where appropriate, was supplemented with antibiotics at the 
following concentrations: ampicillin at 100 μ g/ml, spectinomycin at 50 μ g/ml, kanamycin at 50 μ g/ml, erythromy-
cin at 300 μ g/ml, tetracycline at 12.5 μ g/ml and chloramphenicol at 30 μ g/ml (Sigma).

Construction of expression strains. The plasmids constructed and used in this study 
are listed in Supplementary  Table  S5. Genomic DNA was isolated from N. gonorrhoeae strain 
FA1090 and N. meningitidis strains NMB and MC58 using the PurelinkTM genomic DNA purifi-
cation kit (Invitrogen) according to manufacturer’s instructions. The gene galE was amplified with 
the primers KAP580 (5 ′  -GGAATTCCATATGAAAAAAATTCTCGTTACCG-3 ′  )  and KAP581  
(5′ -CGCGGATCCTTAATCGTCGTAGCCATTCGG-3′ ) for MC58, KAP582 (5′ -GGAATTCCATATGAC 
CGTCCTGAT TACCG-3 ′  )  and KAP583 (5 ′  -CGCGGATCCT TAATCCCCATATCTGCCG-3 ′  )  
for FA1090 and KAP563 (5′ GGAATTCCATATGCCCTATACGGAAGATATG-3′ ) and KAP564 (5′ 
-CGCGGATCCTTAATCCCCATATCCGTTGGG-3′ ) for NMB, such that there was a 5′  NdeI site overlapping 
the start codon and a 3′  BamHI site downstream of the stop codon incorporated into the PCR fragment. Each 
PCR product was directionally cloned into the NdeI and BamHI sites of pET15b, resulting in the 5′  fusion of the 
open reading frame with a hexahistidine motif, resulting in plasmids pCMK730, pCMK729 and pCMK771. The 
galE of N. gonorrhoeae and N. meningitidis that have been cloned into pET15b were sequenced and their sequence 
found to be identical to the native gene.

The cloned galE  of N. gonorrhoeae  strain FA1090 and N. meningitidis  strain MC58 were 
mutagenised using site directed mutagenesis to change a single nucleotide.  The primers  
KAP427 (5′ -CGACTTGGCGTGTTTCTATGCCGACCC-3′ ) and KAP428 (5′ -GGGTCGGCATAGAAA 
CACGCCAAGTCG-3′ ) to mutate the gonococcal galE, and KAP429 (5′ -GGTGATTTGGCGTGCT 
CCTATGCCGACCC-3′ ) and KAP430 (5′ -GGGTCGGCATAGGAGCACGCCAAATCACC-3′ ) to mutate 
the meningococcal galE were used to amplify the plasmids pCMK729 and pCMK730 respectively using the 
non-strand displacing polymerase Phusion (New England Biolabs). The template DNA was digested with DpnI, 
prior to transformation into DH5α . The resulting plasmids were sequenced and confirmed to contain only the 
introduced mutation. These plasmids were called pCMK733 and pCMK734 respectively.

Expression strains were constructed by transforming the plasmids pCMK729, pCMK730, pCMK771, 
pCMK733 and pCMK734 into BL21-DE3 Rosetta. Inducible protein expression from these strains were con-
firmed by growing the strains to mid-log phase in 10 ml LBB, splitting the culture in two, and inducing one culture 
with 0.3 mM IPTG for 1 hr. The cells from 1 ml of each culture was collected by centrifugation and resuspended 
in 100 μ l of distilled water to which 25 μ l of 5x Laemelli loading buffer was added. The samples were boiled for 
10 mins prior to separation on 12% SDS-PAGE at 150 V, then stained with Coomassie Blue R250. Expression 
was determined by the presence of a band of increased intensity present in the induced sample compared to the 
un-induced sample at the correct molecular weight.

Expression of His-tagged GalE was confirmed by Western immunoblot. Whole cell lysates (750 ng) were sep-
arated by 15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) by standard methods 
and transferred to nitrocellulose membranes. The membranes were blocked overnight with 2% BSA in TBS, then 
incubated with the monoclonal mouse anti-His IgG (Sigma) primary antibody at 1:1,000 dilution. Horse radish 
peroxidase-conjugated anti-Rabbit IgG and anti-Mouse IgG secondary antibodies (Santa Cruz Biotechnology) 
was used for detection and the membrane was developed with an ECL kit (GE Healthcare).
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Protein purification. E. coli strains expressing meningococcal GalE proteins (both native and mutagen-
ised) were grown overnight with shaking in 10 ml LBB containing 100μ g/ml ampicillin. An aliquot of 100μ l was 
used to inoculate 10 ml LBB containing 100 μ g/ml ampicillin the following day and the strains grown to OD600 
0.6–0.8 at which time protein expression was induced by the addition of IPTG to a final concentration of 0.3 mM. 
Induction occurred for 3 hr at 37 °C prior to the purification of protein using the Wizard HisLinkTM Spin Protein 
Purification System (Promega) as per manufacturer’s instructions. The gonococcal GalE could not be purified in 
this way due to the formation of inclusion bodies. Strains expressing the gonococcal GalE proteins were grown 
overnight with shaking in 10 ml LBB containing 100μ g/ml Ampicillin. An aliquot of 1 ml was used to inoculate 
1 L LBB containing 100μ g/ml Ampicillin the following day and the strains grown to OD600 0.6–0.8 at which time 
protein expression was induced by the addition of IPTG to a final concentration of 0.3 mM. Induction occurred 
for 3 hr at 37 °C prior to the collection of all bacterial cells by centrifugation at 3000 rcf for 15 mins at 4 °C. The 
pellet was resuspended in 50 ml binding buffer (20 mM sodium phosphate, 0.5 M NaCl and 20 mM imidazole, pH 
7.4) and sonicated 1 min on, 1 min off for 40 mins. Cell debris was removed by centrifugation and the supernatant 
applied to a HisTrapTM FF column. The column was washed with 10 volumes of binding buffer and the protein 
eluted in 10 volumes of elution buffer (20 mM sodium phosphate, 0.5 M NaCl and 500 mM imidazole, pH 7.4).

The purified proteins were dialysed against 100 volumes of dialysis buffer (10% glycerol, 20 mM Tris/HCl, 
pH 7.9), changed three times. The gonococcal GalE proteins were concentrated to 100 μ l using a centricon-10 
(Millipore, Germany). Protein concentrations were determined by Bradford assay and glycerol was added to a 
final concentration of 50% (v/v) to stabilize the enzyme.

High Performance Liquid Chromotography. Activity of the gonococcal and meningococcal GalE pro-
teins, and the site directed mutagenised proteins was done using methods described in Dong et al.44. Briefly, the 
activated sugar substrates (UDP-Glc, UDP-Gal, UDP-GlcNAc and UDP-GalNAc, 1 mM) were incubated with 
200 ng of purified protein in 20 mM Tris-HCl, 4 mM Mg2+, and 1 mM NAD+ (pH 8.0) in a final volume of 50 μ l. 
The reactions were performed at 37 °C for 2 h and were terminated by heating at 100 °C for 5 min. The products 
from the reaction were run on HPLC using a UV detector and compared to UDP-Glc, UDP-Gal, UDP-GlcNAc 
and UDP-GalNAc standards.

Phylogenetic analysis of galE1 and galE2 alleles from N. meningitidis. A dataset of 194 isolates of 
Neisseria spp. was selected from the Bacterial Isolate Genome Sequence Database (BIGSDB) located at PubMLST 
(http:pubmlst.org/neisseria)45 and described in Supplementary Table S1. This dataset was selected to include the 
most common alleles of and provide the maximal diversity for NEIS0048 and NEISS0062 across 133 N. menin-
gitidis isolates, 16 N. gonorrhoeae isolates, 17 N. lactamica isolates, seven N. cinerea isolates, six N. polysaccharea 
isolates, four N. oralis isolates42,46, four N. elongata isolates, four N. subflava isolates and one isolate each from 
the Neisseria species N. bergeri, N. animalis and N. weaveri. All of these genomes were sequenced on an Illumina 
Genome Analyser II platform and assembled according to Jolley and Maiden45. However, because Region D and 
D’ are duplicated regions, each contig was manually checked and exported as XMFA files containing aligned 
sequence blocks and then converted to a fastA format for import into MEGA version 5.047 and Splitstree48.

The galE1 and galE2 alleles were downloaded from the Neisseria PubMLST database (http://pubmlst.org/
neisseria/)45 as NEIS0048 and NEIS0062 respectively. The phylogeny of the GalE1 peptide sequences was recon-
structed using the neighbor-joining method using the MEGA software package47 with the following parameters: 
Bootstrap (1000 replicates), using a Poisson model and gamma distribution (parameter set to 1). For the phylog-
eny of the conserved regions of the galE1 and galE2 alleles, the sequences were trimmed using UGENE and the 
final 615 nucleotides were aligned using MUSCLE. Phylogenetic analysis was conducted by the neighbor-joining 
method using 1000 bootstrap tests. Evolutionary distances were calculated by the maximum composite likelihood 
method. The analysis was conducted with MEGA6.06.

Clonal Frame analysis of recombination relative to mutation. The distribution of NEIS0048 and 
NEIS0062 was assessed in 1196 pathogenic meningococcal isolates summarised in Supplementary Table S2. 
Aligned sequences were analysed using the default parameters of ClonalFrame49 and the output parsed using the 
ParseCF script written by Barry Hall. Values calculated by ClonalFrame and ParseCF include the mutation rate (θ ),  
the mutation rate per site (θ /number of sites), the corrected recombination rate for local block boundaries (ρ /
number of sites), the estimate of recombination relative to that of mutation (r/m) and the estimate of the number 
of recombination events relative to mutations (ρ /θ ).

PCR amplification of cps island inversion. KAP727 (5′ -GAAGAATACCGCGAACTGACGC-3′ ) is a for-
ward primer specific to the 5′  end of NEIS0044; KAP730 (5′ -AGTTGGAAGAGCGCAAAGCCG-3′ ) is a forward 
primer specific to the 5′  end of tex (NEIS0059); KAP735 (5′ -TTCAGACGGCAAGAGGGTACG-3′ ) is a reverse 
primer specific to the 3′  end of ctrE (NEIS0066). The PCR was performed using Phusion® High-Fidelity DNA 
Polymerase (New England Biolabs). PCR conditions for the assay were 2 min at 98 °C followed by 35 cycles of 98 °C 
for 10 seconds, 65 °C for 30 seconds and 72 °C for 10 minutes with a final extension time of 10 minutes at 72 °C.
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Neisseria meningitidis (meningococcus) is the causative

agent of invasive meningococcal disease that manifests as

life-threatening septicaemia and/ormeningitis. This review

provides a brief overview of the prevention of the disease

and also highlights the importance of whole genome se-

quencing (WGS) in detecting outbreaks ofmeningococci in

Australia. The use of WGS in identifying the emergence of

a penicillin-resistant cluster of meningococci is Western

Australia is used as an example for advocating the imple-

mentation of WGS on the routine surveillance in Australia.

Invasive meningococcal disease

Neisseria meningitidis, also known as the meningococcus (plural:

meningococci), is a Gram-negative diplococcus that asymptomat-

ically colonises the nasopharynx of approximately 10–30% of the

adult population1. Occasionally, the bacterium crosses the epithe-

lial layer and invades the host, causing invasive meningococcal

disease (IMD) if the correct immune response is not elicited. IMD

generally manifests as septicaemia and/or meningitis. Incidence of

IMD follows a bimodal distribution with the first peak occurring in

infants, due to lack of a mature immune system, and the second

peak occurring in teenage years and early adulthoodwhen the rate

of transmission is highest due to lifestyle factors2. The onset of the

disease is rapid and death may occur within 24 hours if the recom-

mended antibiotics are not administered. Although IMD is rare, the

mortality rate is approximately 10% and approximately 15% of

survivors suffer from permanent sequelae such as limb loss and

neurologicaldisability3,4. Invasive strainsofN.meningitidisexpress

a polysaccharide capsule, which is used to classify the bacteria

phenotypically into one of 12 serogroups – A, B, C, E, G, I, K, L, W,

X, Y andZ5. IMD is predominantly causedby six serogroups (A, B, C,

W, X and Y) and the distribution of these serogroups varies

geographically and temporally6,7.

Prevention of IMD

IMD can be prevented through vaccination. Although there is no

vaccine available against the most recent disease-causing ser-

ogroup X, conjugate polysaccharide vaccines targeting the capsule

have beenused to control endemic IMDcausedby serogroupsA, C,

W and Y for the past decades8. However, the majority of IMD cases

in developed countries, including Australia, has been caused

by meningococcal serogroup B (MenB)9. Vaccine development

against MenB has been hampered as the capsule polysaccharide

elicits autoantibodies in humans. As of now, twomulti-component

vaccines against serogroup B disease have been developed,

which target specific sub-capsular surface antigens expressed by

N. meningitidis. These vaccines are Bexsero� (also known as

4CMenB)10 and Trumenba� (also known as rLP2086)11. Although

bothMenB vaccines have been licenced for use in theUnited States

and the United Kingdom, Bexsero� is the only MenB vaccine

available in Australia. Since themajority of cases (>65%) in Australia

were caused by MenB post the implementation of the meningo-

coccal C conjugate vaccine on the national immunisation pro-

gramme (NIP) in 2003, inclusion of the Bexsero� vaccine on the

NIP has been proposed to protect the Australian population from

MenB infections. However, this focus has now shifted as there

has been a switch in the predominant meningococcal serogroup

in Australia where the majority of cases are currently caused by

meningococcal serogroup W (MenW)9.

The MLST scheme

In addition to serogroup classification, meningococci can be clas-

sified genotypically into sequence types (STs) using multilocus

sequence typing (MLST) of seven housekeeping genes12. The

internal fragments of the seven genes (abcZ, adk, aroE, fumC,

gdh, pdhC and pgm) are sequenced and an allele number is

arbitrarily assigned to each different sequence for each locus. Each

ST thus corresponds to a unique combination of seven integers.

STs that are identical at four ormore loci are grouped into the same

clonal complex (cc), which is a direct measure of genetic lineage.

Some clonal complexes are more commonly associated with dis-

ease thanwith carriage and are thus termedhypervirulent lineages.

Examples of such lineages are cc1, cc5, cc11, cc32 and cc41/4413.
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In contrast to the MLST scheme, serogroup classification is not

lineage specific and meningococci expressing different serogroup

capsules may belong to the same cc. For instance, meningococci

belonging to cc11 have been isolated as expressing either a ser-

ogroup B, serogroup C or serogroup W capsule14.

Characterising Neisseria meningitidis using

whole genome sequencing

In Australia, diagnostic laboratories report the serogroup of all

culturable meningococci from IMD cases to the National Neisseria

Network. However, MLST profiles of meningococci are not

reported as this actionwould require the amplification of the seven

housekeeping loci by polymerase chain reaction (PCR) followed by

sequencing of the fragments, which is not cost-effective. Although

serogroup distribution is helpful for disease surveillance, this

information is inadequate in regards to monitoring outbreaks and

expansion of genetically relatedmeningococci around the country.

With theadventofnextgenerationsequencing technologies,whole

genome sequencing (WGS) has become relatively inexpensive

and less time-consuming compared to conventional sequencing

methods. In contrast to MLST profiling, which allows for lineage

identification, WGS provides a better resolution and allows strain-

to-strain differentiation. Furthermore, MLST profiles can be

obtained from WGS data without the need for individual PCR on

the MLST loci.

Genomes of N. meningitidis can be analysed on the freely acces-

sible PubMLST website (https://pubmlst.org/neisseria) using the

Bacterial IsolateGenomeSequenceDatabase (BIGSdb)platform15.

Once the WGS data are obtained from the sequencing platform

(e.g. Illumina Miseq), the nucleotide sequences need to be assem-

bled into contigs using an assembly software (e.g. SPAdes or

VELVET) before using the BIGSdb Genome Comparator tool on

the website. The core genome of the meningococcus has been

characterised and is defined by 1605 core loci16. Comparison of

meningococcal core genomes has previously been used to char-

acterise N. meningitidis isolates causing outbreaks and epi-

demics14,17. With the collaboration of PathWest and under the

supervision of A/Prof Charlene Kahler (UWA), I was able to imple-

ment one such analysis in Australia, as described below.

WGS reveals emerging cluster of penicillin-

resistant N. meningitidis in Australia

In our recent study18, we used WGS as a tool to characterise the

increasing number of invasive MenW isolates in Western Australia

(WA). The first MenW case was recorded in 2013, which was

followed by two cases in 2014 and three cases in 2015. In 2016, a

significant increase in MenW incidence was detected and 13 such

cases were reported then. We cultured the meningococci from all

19 cases, extracted and sequenced the genomic DNA. Analysis of

the MLST loci revealed that all 19 MenW isolates belonged to the

cc11 lineagealthough fourdifferent STswere identified.Byaligning

the nucleotide sequences of the core genome of each isolate, a

phylogenetic treewas constructed to investigate similarities among

the isolates (Figure 1). From the branching, we observed that the

isolates fell into two main clusters, which we labelled as A and

B. Cluster A comprised 8 isolates and Cluster B contained 10

isolates. Onemeningococcal strain (ExNm672), whichwas isolated

from a traveller from Asia who had just arrived in WA, failed to

cluster as its genome was significantly different from the WA

isolates. Cluster A contained only ST-11 isolates whereas Cluster

B contained all four STs identified in the collection. All meningo-

cocci in Cluster B were isolated in 2016. The spread of a single

clone fromCluster B (ST-12351) in KalgoorlieWA led to the one-off

MenW vaccination program during Dec 2016–Apr 2017.

Interestingly, all isolates in Cluster A were sensitive to penicillin

(MIC: �0.06 mg/L) whilst isolates in Cluster B showed reduced

susceptibility to penicillin. The majority of isolates in Cluster B

(9 out of 10) were resistant to penicillin (MIC: �0.5mg/L). By

comparing core genomes of the Cluster A isolates to the Cluster B

isolates, we identified the penA locus that encodes a protein

involved in peptidoglycan biosynthesis as the major contributor

to this difference in penicillin susceptibility. Cluster A isolates

harboured thepenA_59 allelewhereasClusterB isolatesharboured

the penA_253 allele. These alleles differ at 101 nucleotides and the

encoded peptides differ at 25 amino acid positions. Exchange of

penA_59 to penA_253 in all Cluster A isolates resulted in reduced

susceptibility to penicillin that confirmed the role played by this

allele in conferring resistance to penicillin. This finding is of global

concern because the penA_253 allele has been detected in at least

fivemeningococcal isolates in Europe and although treatmentwith

penicillin is still effective against penicillin-intermediate strains,

low-dose treatment regimens may fail for cases involving menin-

gococci with a penicillin MIC�0.5 mg/L19.

Conclusion and future direction

IMDis adebilitatingdiseasewithsignificantmorbidity andmortality

that can be controlled through vaccination. Although the menin-

gococcal vaccine on the NIP in Australia protects only against

meningococcal serogroup C, MenACWY and MenB vaccines are

available on the private market. With the remarkable progress of

next generation sequencing techniques, WGS has become the

most cost-effective method for typing invasive meningococci for
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surveillance. By analysing WGS data of meningococci circulating in

Western Australia, we detected the expansion of a MenW:cc11

clone in Kalgoorlie, which led to immediate vaccination of the

community. Furthermore, we exploited WGS to identify the emer-

gence of a penicillin-resistant clade of meningococci in WA that

has prompted the screening of the penA_253 allele around the

world as the establishment of this allele in the meningococcal

population may have an impact on treatment regimens around

the world. ImplementingWGS analysis as a routine surveillance for

monitoring meningococci in Australia will undoubtedly allow us

to detect local outbreaks instantly, which will allow urgent actions

such as emergency vaccination and will also help improve inter-

vention strategies on a global level in the event where a cluster of

antimicrobial resistant meningococci is detected.
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Figure 1. Neighbour-joining tree using the core genome of invasive MenW:cc11 strains isolated in Western Australia during 2013–2016. The
dendrogram represents a neighbour-joining tree (500 bootstraps) generated using the core genome sequences of the meningococci. All isolates
possessed the samePorA:FetAprofile. The resistance phenotype topenicillinG (PenG) for each isolate is provided. TheCLSI andEUCASTguidelines
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in red. Twoclusters, A andB,wereobserved that contain isolates that differ in penicillin resistanceprofile.Of the1605core-genome loci, aminimumof
244 loci are different betweenCluster A andClusterB. Themore recentClusterBappeared in early 2016andcontainspenicillin-resistant isolates. The
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