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ABSTRACT 

The genus Neisseria includes two pathogenic species; Neisseria gonorrhoeae causing the sexually 

transmitted infection gonorrhoea and Neisseria meningitidis causing invasive meningococcal 

disease. This thesis examines N. gonorrhoeae using whole-genome sequencing (WGS) to 

understand aspects of genomic epidemiology, population structure and presence of Neisseria 

filamentous phages. In recent years global prevalence of gonorrhoea cases has markedly 

increased. One of the highest notification rates of gonorrhoea globally is found in remote 

Australian regions of Northern Territory, Western Australia, South Australia and Queensland. The 

overarching aim of this project was to describe the genomic epidemiology of N. gonorrhoeae in WA 

in an effort to understand the molecular epidemiology of the high gonorrhoea notification rates in 

remote regions and the persistence of antimicrobial resistant strains in urban/rural regions. The 

study examined two collections of isolates collected in years between 2011-2013 and 2017 from the 

largest Australian state with one of the highest gonorrhoea notification rate in the Pacific region, 

Western Australia (WA). 

In Aim 1, the recent isolation of a strain ExNg63 from a case of meningitis, led to the hypothesis 

that this isolate may have new virulence properties. To examine this further, genomic analysis 

indicated that this strain possesses the filamentous prophage (Meningococcal Disease Associated, 

MDA Ф), which was originally associated with the invasive genetic lineages of N. meningitidis. The 

genetic diversity and distribution of filamentous prophage was described in a collection of 

reference strains of the Neisseria genus and revealed that MDA Ф prophages are not restricted to 

N. meningitidis but are distributed in N. gonorrhoeae and some commensal Neisseria species. This 

observation suggests that the MDA Ф may have roles in other Neisseria spp. which are currently 

unknown.  

In Aim 2, the genomic epidemiology of a collection of 59 the of N. gonorrhoeae isolates from highly 

endemic remote WA was examined. A comparison of the phylogeny of this limited collection of 

isolates with an international dataset of 1000 isolates identified two unique genetic lineages from 

remote WA: Aus1 and Aus2. Both Aus1 and Aus2 lineages were antibiotic sensitive and distinct from 

AMR genetic lineages from urban/rural areas of WA which were likely to be imported from global 

networks.  

To determine whether the appearance of Aus1 and Aus2 in remote regions was a result of a 

transient incursion or long-term persistence in remote WA, the molecular epidemiology of N. 
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gonorrhoeae isolates cultured from cases of disease in 2017 was examined in Aim 3. The isolates 

were genotyped using the MassARRAY iPLEX array. This analysis showed that the majority of 

circulating strains in WA in 2017 belonged to a limited number of genotypes. While some genotypes 

were associated with AMR, other lineages acquired resistance determinants during the 12 months 

of the study period. Two broad circulating patterns were observed with multiple AMR lineages 

being detected in urban/rural health jurisdictions and AMS lineages predominating in the remote 

regions. From this analysis, we inferred that Aus1 and Aus2 lineages comprised the majority of AMS-

strains isolated from remote areas and were distinct from AMS-lineages in urban/rural health 

jurisdictions. To confirm that the Aus1 and Aus2 lineages were conserved between the two time 

points of the study, isolates from 2011-13 and 2017 were WGS sequenced and the phylogenies 

examined in Aim 4. Despite of appearance of new genetic AMS and AMR lineages in urban/rural 

regions of WA, the novel lineages Aus1 and Aus2 remained the most predominant in the remote 

areas. Using different molecular typing and phylogenetic tools we confirmed the persistence of 

the AMS lineages, Aus1 and Aus2, in remote areas N. gonorrhoeae lineages of over 7 years.  

WGS AMR analysis allowed the identification of travel-associated azithromycin resistant strains 

introduced into WA in 2017. We further utilised the depth of WGS raw reads for the prediction of 

23s rRNA mutant copy number. The data showed that the fraction of mutated 23s rRNA copies 

correlated with the azithromycin MICs obtained. WGS data was also utilised for typing the 

meningococcal vaccine antigens Bexsero® (fHbp, NHBA, NadA and PorA). The bioinformatic 

analysis suggested that NHBA peptide is the only intact antigen present N. gonorrhoeae that could 

potentially cross-react with the meningococcal vaccine Bexsero®. 

In conclusion, the advance of WGS and the new phylogenetic and genomic characterising 

approaches have revealed comprehensive insights into gonococcal epidemiology and 

pathogenesis. Using the latest phylogenetic and typing methods we have identified novel 

geographically restricted antibiotic lineages Aus1 and Aus2. We have also discovered a new 

potential mechanism of gonococcal pathogenesis, the MDA-like prophage in N. gonorrhoeae and 

in Neisseria commensals.  
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CHAPTER 1 – Introduction 

1.1 Overview of the study 
Neisseria gonorrhoeae is the causative agent of the second most commonly notified bacterial 

sexually transmitted infection gonorrhoea. Gonorrhoea is a major public health concern globally 

due to the development of resistance to the last line recommended antimicrobial therapy. 

Gonorrhoea is a notifiable infection in Australia. The main concerns regarding gonococcal 

infections in Australia are the increasing rate of infections, the antimicrobial resistance and the 

exceedingly high notification rate in remote Australian health jurisdictions (ten fold higher than 

notifications in urban/rural areas as in 2016) (Western Australian Health, 2018). 

In Western Australia, Australia's largest state by landmass but encompassing 10% of the total 

population, gonorrhoea notification rate was 31% higher than the national crude rate (as in 2016) 

(Western Australian Health, 2018). The rate is significantly higher in remote regions compared to 

urban and rural areas of the state. Antibiotic resistance (AMR) is mostly associated with N. 

gonorrhoeae isolates from urban areas. N. gonorrhoeae isolates from remote regions are 

preserving the efficacy of the therapeutic antimicrobials, despite the high notification rate 

(Western Australian Health, 2018). The capacity of N. gonorrhoeae to develop and retain 

antimicrobial resistance, besides, the introduction of antimicrobial resistant strains by travel are 

the main contributors to the increase in rates of antimicrobial resistance. AMR surveillance of N. 

gonorrhoeae requires well-planned strategies, from isolating the strain to choosing the most 

effective epidemiological test, to monitor circulating strains and prevent the spread of AMR strains 

to areas with high infection rates. 

This project aims to understand the different molecular typing methods of N. gonorrhoeae in WA 

to answer questions regarding increasing infection rats, AMR and the high rates of notification in 

remote regions. 

1.2  Outline of chapters 
In accordance to the University of Western Australia Higher Degree by Research Rules Act, this 

thesis is presented as series of chapters that include a review and four research papers: two were 

published and two were prepared as manuscripts for publication. This thesis is composed of seven 

chapters, as outlined below. 
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This chapter (Chapter 1) is a general introduction and provides an overview of the study and 

outlines the thesis structure. 

Chapter 2 has two sections: a review of literature and project aims. The literature review introduces 

the genus Neisseria and states the main features of this genus. Then it reviews studies on Neisseria 

gonorrhoeae the main focus of this thesis. N. gonorrhoeae review covers aspects of infection, 

transition risk factors and prevention. It also includes a section of N. gonorrhoeae epidemiology, 

treatment and AMR. The section on antimicrobial resistance expands to include the genetics and 

molecular markers of AMR. This section also includes a review of the most commonly used 

molecular typing approaches of N. gonorrhoeae. To understand the overall trend of N. gonorrhoeae 

molecular epidemiology meta-analysis of over 1900 publicly available whole genome sequence 

records of N. gonorrhoeae was performed using the different typing approaches. This analysis was 

then used to understand the emergence and spread of AMR lineages of N. gonorrhoeae. The 

literature review section contains a review of filamentous bacteriophage in Neisseria spp., as we 

identified a genomic element similar to the meningococcal disease associated filamentous 

bacteriophage (MDA φ) that was considered to be specific to N. meningitidis but was present in a 

strain of N. gonorrhoeae during whole genome sequence analysis. The second section describes 

the project aims and hypotheses. 

The aim of Chapter 3 was developed after identification of an element of over 90% sequence 

similarity to the meningococcal disease associated bacteriophage (MDA φ) in a gonococcal strain 

causing meningitis. We hypothesised that this MDA-like prophage in N. gonorrhoeae is more related 

to the meningococcal MDA φ than gonococcal Ngo φ filamentous phages and MDA φ carriage is 

not restricted to N. meningitidis. Chapter 3 describes genetic diversity and distribution of 

filamentous bacteriophage in a collection of 92 reference genomes of the genus Neisseria. It has 

been subject to peer-review and has been accepted for publication in Genome Biology and 

Evolution journal in February 2020. 

Chapter 4 provides a genomic comparison of 59 N. gonorrhoeae isolates from two distinct WA 

populations, remote and urban, in the years between 2011 and 2013. We hypothesised that the low 

rate of AMR and the high notification rate of gonorrhoea in remote WA regions is due to strain 

features and that N. gonorrhoeae strains circulating in remote areas are unique and unrelated to 

strains circulating in urban areas in WA. Chapter 4 has been subject to peer-review and was 

published in February 2018 in BMC Genomics journal.  
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Chapter 5 aims to investigate the increasing rates of gonorrhoea in WA since 2016 and spread of 

azithromycin resistant strains in both urban and remote regions. The chapter provides a 

representation of Western Australian state-wide molecular diversity of cultured N. gonorrhoeae 

isolates collected for AMR surveillance in 2017. The isolates were genotyped using iPLEX N. 

gonorrhoeae SNP typing technology that is based on 26 informative SNPs based on loci of Neisseria 

multilocus sequence typing (MLST) and molecular AMR determinants. The Western Australian 

Gonococcal surveillance isolates used in this project represents 22% of the total gonorrhoea 

notifications (n= 741/3341) in WA for the year.  

In Chapter 6 a subset of 2017 N. gonorrhoeae isolates were further analysed by WGS to assess 

perseverance of remote WA lineages and to investigate the emergence and spread azithromycin 

resistance. Chapter 6 also examines WGS isolates for the presence and diversity of the 

meningococcal Bexsero® vaccine antigens to predict cross-reactivity. Also, the WGS data were 

utilised to find molecular diagnostic targets to develop a specific, fast and cost-effective assay for 

detection of remote areas sensitive lineages. 

Chapter 7 provides a general discussion and study conclusion. In this chapter, study aims are 

summarised and critically discussed including limitations and implications for future research. 
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CHAPTER 2 – Literature Review 

2.1 The Neisseria genus 
Neisseria is a genus of Gram-negative, oxidase-positive, non-spore forming fastidious bacteria 

belonging to the Neisseriaceae family. The genus is named after the German physician Albert 

Neisser after his discovery in 1879 of gonococcus (Neisseria gonorrhoeae) in the leukocytes in a 

urethral smear from a patient with gonorrhoea (Ligon, 2005). The species of the Neisseria genus 

are mainly diplococci in morphology with flattened opposing sides which makes them appear 

coffee bean shaped under the microscope. Historically, Neisseria species have been distinguished 

using phenotypic and biochemical approaches. However, both methods however poorly resolve 

the interrelationship of species and limit the identification of new species. Molecular 

characterisation of Neisseria spp. has been difficult due to the genetic similarity and extensive 

shared sequence polymorphism of different species, which has occurred as a result of shared 

ancestry and horizontal gene transfer. The sequence analysis of ribosomal genes and core genome 

sequence however, has proved to be an effective approach in distinguishing and identifying 

different species within the Neisseria genus (Figure 2-1) (Bennett et al., 2012; Diallo et al., 2019). 

Although most members of Neisseria are non-pathogenic, the genus includes two major human-

restricted pathogenic species : Neisseria meningitidis and N. gonorrhoeae (Liu et al., 2015). N. 

meningitidis (or the meningococcus) colonises the human nasopharynx of 10-30 % of young adults 

and opportunistically causes invasive meningococcal disease (Peterson et al., 2019). N. 

gonorrhoeae (or the gonococcus) causes the sexually transmitted infection known as gonorrhoea. 

The gonococcus is always considered a human pathogen as it readily induces polymorphonuclear 

leukocyte (PMN) inflammation and damages infection sites (Seifert, 2019). Human commensal 

Neisseria spp., such as N. lactamica and N. cinerea, colonize mucosal membranes of the upper 

respiratory tract of children and adults (Denning et al., 1991; Dorey et al., 2019; Liu et al., 2015; Patti 

et al., 2018).  

Neisseria have a circular chromosome between 2.2 and 2.3 megabases. The average chromosome 

GC content of Neisseria is 48-56 % (Rotman et al., 2014). The pathogenic Neisseria spp., N. 

meningitidis and N. gonorrhoeae, are considered sister taxa as they share around 95% of their genes. 

Although N. meningitidis is known to have a greater allelic diversity than N. gonorrhoeae within their 

pan-genome, antigenically N. gonorrhoeae is more diverse (Bennett et al., 2012; Maiden et al., 2016; 
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Snyder et al., 2005; Vigué et al., 2019). The vast majority of the core genes of pathogenic Neisseria 

are also shared with the commensal species N. lactamica.  

 

Figure 2-1: Phylogenetic relationship of Neisseria species 

Neighbor-joining tree illustrating the relationship between Neisseria species, generated from the concatenated 
sequences of the complete 51 ribosomal loci using approach described by Diallo et al., 2019 (Diallo et al., 2019). Preformed 
using the iTOL tool implemented at PubMLST database using a selected dataset of 160 isolates (Jolley et al., 2018; Letunic 
et al., 2016). This is an unpublished original figure made by the applicant. 

 

However, N. lactamica does not have the genes involved in capsule synthesis, transport and 

metabolism which are found in the pathogenic species, and may also have different regulatory 

gene networks (Bennett et al., 2010; Claus et al., 2007; Harrison et al., 2017b; Rotman et al., 2014; 

Snyder et al., 2006). As a result of genetic instability, pathogenic Neisseria spp. have highly plastic 

genomes. Four major genetic mechanisms have contributed to this plasticity: phase variation; 

antigenic variation; transformation; and hypermutation (Alfsnes et al., 2014; Cehovin et al., 2017; 

Rotman et al., 2014). Multiple genetic islands and plasmids have been described in the pathogenic 

Neisseria. For example, the horizontally acquired gonococcal genetic island (GGI), a 57 kb 

chromosomally integrated island, is found in some N. gonorrhoeae and N. meningitidis genetic 

lineages (Hamilton et al., 2005; Woodhams et al., 2012) and a 39-42 kb conjugative plasmid is found 
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in N. gonorrhoeae, which may carry the tetM gene conferring tetracycline resistance (Pachulec et 

al., 2010). Furthermore, nearly all N. gonorrhoeae carry a 4.2 kb cryptic plasmid (Korch et al., 1985; 

Roberts et al., 1979) and some isolates carry a β-lactamase plasmid (Dillon et al., 1989; Müller et al., 

2011; Pagotto et al., 2000; Trembizki et al., 2014a). Chromosomally integrated bacteriophages 

(prophages) have been found in pathogenic Neisseria; the 8 kb filamentous prophage MDA φ have 

been associated with some hypervirulent lineages of N. meningitidis (Bille et al., 2017; Kawai et al., 

2005; Piekarowicz et al., 2007; Remmele et al., 2014). 

 

2.2 N. gonorrhoeae infections 
N. gonorrhoeae is the etiological agent of the sexually transmitted infection gonorrhoea. It is a 

human-restricted pathogen, typically identified in clinical smears as intracellular diplococci within 

neutrophils (Seifert, 2019). N. gonorrhoeae usually infects mucous membranes of the urethra and 

the uterine cervix. Men with gonorrhoea may present with penile discharge and dysuria. Although 

infections in women are often asymptomatic some women may present with a mucopurulent 

discharge or pelvic pain. The organism can infect the extragenital mucous membranes of the anus, 

oropharynx and conjunctiva (Comninos et al., 2019). Ascending genital gonococcal infection may 

result in pelvic inflammatory disease (PID) in women and inflammation of the epididymis and the 

testicles in men. Disseminated gonococcal infection (DGI) may develop in 1-3% of mucosal 

gonococcal infections presenting as arthritis, skin lesions, bacteraemia or meningitis (Miller, 2006).  

2.3 Epidemiology 
Every year N. gonorrhoeae is estimated to cause 78 million new cases of gonorrhoea globally. The 

highest estimates are reported in the Western Pacific Region and South East Asia with 35.2 million 

and 11.4 million cases of gonorrhoea, respectively (Newman et al., 2015). However, the reported 

prevalence may be vastly underestimated. In addition to the high proportion of asymptomatic 

cervical infections in women and asymptomatic infections in the rectum and pharynx, the under 

reporting of gonorrhoea many also be due to insufficient case reporting and lack of laboratory 

testing in regions with limited resources (Dukers-Muijrers et al., 2015; Hsieh et al., 2009; Lutz, 2015; 

Pillay et al., 2018). The estimated incidence of gonorrhoea is higher in men than in women 

worldwide with male to female ratio of 1.3:1 (Newman et al., 2015). However, contrasting male to 

female ratios are found in different sexual networks or populations. For example, Australian 

remote indigenous communities that are geographically isolated from other residential groups has 
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a ratio of 0.9:1 compared with 3:1 in the non-Indigenous Australian populations (Kirby Institute, 

2017). 

The incidence of gonorrhoea has increased significantly in many countries in recent years 

(Kirkcaldy et al., 2019). Between 2013 and 2017 in Australia, the incidence increased by 80% (65.5 to 

118.0 per 100 000) (Kirby Institute, 2018). Similarly, between 2009 and 2017, reported gonorrhoea 

cases increased by 75% in the US (from 98.1 to 171.9 per 100,000) (Centers for Disease Control and 

Prevention, 2018). In Canada, the incidence increased by 65% between 2010 and 2015 (from 33.5 to 

55.4 per 100,000) (Choudhri et al., 2018), and in China, the incidence increased by 36% (from 7 to 

9.59 per 100,000) between 2015 and 2018 (Peng et al., 2019; Yue et al., 2019). In Europe, the 

incidence of reported gonorrhoea has increased in the majority of European countries with an 

overall increase of 53.1% (from 14.5 per 100,000 in 2013 to 22.2 per 100,000 population) in 2017. The 

highest gonococcal prevalence in 2018 in Europe was in the UK at 74 per 100,000 (European Centre 

for Disease Prevention and Control, 2019). 

In developed countries the prevalence of gonorrhoea is disproportionately greater amongst some 

specific population groups when compared to the general population. These groups include MSM 

(Glick et al., 2012; Hess et al., 2017; Stahlman et al., 2015; Stenger et al., 2017), transgender people 

(Hiransuthikul et al., 2019; McNulty et al., 2017; Pitasi et al., 2019; Poteat et al., 2015), racial/ethnic 

communities and indigenous populations (Furegato et al., 2016; Kirby Institute, 2018; Laumann et 

al., 1999; MacPhail et al., 2018; Winscott et al., 2010), male and female sex workers (Callander et al., 

2018; Narayanan et al., 2013; Poteat et al., 2015; Vuylsteke et al., 2012) and in individuals with travel-

associated infections (Lusk et al., 2013; Weinstock et al., 2009). 

Gonococcal transmission usually occurs by having unprotected genital, anal or oral sexual contact 

with a person with genital gonorrhoea. Vertical transmission of the organism to a newborn during 

delivery may also occur when a mother is colonised or infected with N. gonorrhoeae possibly 

resulting in acute neonatal conjunctivitis. Recent studies have indicated the possibility of a new 

gonorrhoea transmission paradigm (throat-to-throat and throat-to-anus) from a person with 

oropharyngeal gonorrhoea as a result of tongue kissing, oro-penile sex, oro-anal sex and sexual 

activities that includes using salvia as a lubricant (Chow et al., 2016b; Cornelisse et al., 2019). 

Gonorrhoea may be asymptomatic in 30-50% of women with cervical gonorrhoea and in 5-10% of 

men with urethral infection. Anal and oropharyngeal gonorrhoea are rarely symptomatic 

(Budkaew et al., 2019; Juhlin, 1980; Kent et al., 2005). Asymptomatic gonorrhoea is common 

amongst men who have sex with men (MSM) and transgender people (World Health Organization, 
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2011). Individuals with asymptomatic gonorrhoea remain infectious for many months and may act 

as major reservoirs for sustained spread of N. gonorrhoea (Chow et al., 2016a). 

Sexually active individuals, mainly adolescents and young adults (18-24 years), are at the highest 

risk of gonorrhoea. The risk of men acquiring urethral gonorrhoea from women is approximately 

20% after a single vaginal contact. The risk of women acquiring gonorrhoea from an infected male 

partner is estimated to be around 60% per contact. The risk of gonorrhoea acquisition increases 

when a person has a second sexually transmitted infection or during chemsex play (using illegal 

drugs to intensify and extend sexual sessions) (Kohli et al., 2019; Mimiaga et al., 2009). In women 

the risk of gonorrhoea acquisition increase when engaged in sexual contact during menstruation; 

thought to be due to an elevated vaginal pH (McLaughlin et al., 2019). 

As it is a sexually transmitted infection, sexual networks can play an important role in the 

transmission of gonorrhoea. Core groups include sexual networks of MSM, heterosexuals, 

racial/ethnic communities and indigenous populations. Bridging groups include people such as 

men who have sex with men and women (MSMW) and sex workers transferring the infection 

between different core groups (O’Reilly et al., 2015). In addition, gonococcal infection may increase 

the risk of transmission and acquisition of the human immunodeficiency virus HIV (A Jarvis et al., 

2012; Klotman et al., 2008; Peterman et al., 2015). The escalation in sexually transmitted infections 

(STIs) has been a burden on the cost of public health. For example, in the USA each year there are 

more than 19.7 million new cases STDs costing the US healthcare system approximately $16 billion. 

As the STIs, particularly HIV, require lifelong treatment and care, they are expensive to the 

healthcare system and include other costs such as indirect costs (i.e., infertility) and prevention 

costs resulting in a substantially higher estimated economic burden (Owusu-Edusei Jr et al., 2013). 

Currently, there is no effective vaccine for preventing gonorrhoea (Edwards et al., 2018). This is 

due to several factors: the hypervariability of the major surface components of N. gonorrhoeae; the 

ability of N. gonorrhoeae restating complement and evading evade host innate defenses; the 

inability of the host to develop immunity after infection and the lack of a small animal model that 

correlates with the human infection. Also, there are no known correlates of protection in the 

natural model of the human so bench marking a vaccine for implementation will be very difficult. 

 Effective gonorrhoea prevention strategies include condom use, regular screening of high-risk 

people, and early detection and treatment for individuals and partners. As a measure of 

prevention, higher precaution should be taken when being exposed to saliva during sexual 
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practises, as saliva, could be a source of N. gonorrhoeae infection (Chow et al., 2016b; Chow et al., 

2016c; Fairley et al., 2019). 

2.4 Treatment of N. gonorrhoeae and antimicrobial resistance (AMR) 
N. gonorrhoeae can only be treated with antibiotics. Since 1935, a wide range of antibiotics has been 

used to treat gonorrhoea including the sulphonamides, penicillins, tetracyclines, spectinomycin, 

fluroquinolones, azithromycin and extended-spectrum cephalosporins (ESCs). Over time N. 

gonorrhoeae has developed resistance to all antimicrobial agents used for treatment, and 

consequently most are no longer recommended (Figure 2-2) (Goire et al., 2014; Tapsall et al., 2009; 

Unemo et al., 2019b). As a result of antimicrobial resistance (AMR) there have been multiple 

changes in the recommended empiric treatment of gonorrhoea. The Centers for Disease Control 

and Prevention (CDC) and the World Health Organization (WHO) recommend that for an antibiotic 

to be used as empiric treatment, it should have a minimum 95% cure rate of the population infected 

in any particular setting. In 2010, to slow the emergence and transmission of resistant N. 

gonorrhoeae the empiric treatment recommended for gonorrhoea was updated to include dual 

therapy consisting of ceftriaxone (250mg intramuscularly) and azithromycin (1 or 2g orally) (World 

Health Organization, 2016).  

Multi-drug resistant (MDR) N. gonorrhoeae is defined as an isolate that is resistant to one antibiotic 

agent that is recommended for empiric treatment (ceftriaxone, azithromycin and spectinomycin) 

plus resistant to two or more classes of antibiotics less frequently used for gonococcal treatment 

(penicillins, fluroquinolones, aminoglycosides and carbapenems) (Tapsall et al., 2009). MDR N. 

gonorrhoeae have been reported globally due to the emergence of oral ESCs (cefixime) resistance 

(Unemo et al., 2010; Wang et al., 2003; Yokoi et al., 2007). Cefixime resistance in N. gonorrhoeae 

has resulted in many treatment failures globally. Consequently in 2012 oral ESCs were discontinued 

as a recommended empiric therapy in Japan, Australia, Europe, and USA (Australian Gonococcal 

Surveillance Programme, 2011; Forsyth et al., 2011; Maldonado et al., 2012; Tapsall, 2009; Unemo, 

2012; Unemo et al., 2012a; Unemo et al., 2010; Wang et al., 2003; Yokoi et al., 2007).  

Extensively drug-resistant (XDR) N. gonorrhoeae are defined as isolates that are resistant to two or 

more antimicrobial classes that are recommended for empiric treatment plus resistant to three or 

more classes of antibiotics less frequently used for gonococcal treatment (Tapsall et al., 2009). 

Prior to 2010, both injectable (ceftriaxone) and oral (cefixime) ESCs were the first-in-line treatment 

but eventually resulted in dual resistance . In 2010, use of cefixime was discontinued due to the 
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increasing rate of treatment failures and the dual therapy of ceftriaxone and azithromycin was 

recommended (Tapsall et al., 2009).  

 

Figure 2-2: History of gonorrhoea treatment and antimicrobial resistance emergence 

The figure shows the year of introduction of each antibiotic into clinical use and the length of the bar represents the time 
period from when the therapy started to be used until when clinical and/or in vitro resistance threatening the 
effectiveness of that specific antimicrobial therapy emerged. In vitro verified antimicrobial resistance (AMR) 
determinants are also shown. Figure adapted from Unemo et al., 2019 with license number 4716220855556 and license 
date Nov 25, 2019 (Unemo et al., 2019b) 

 

The first ceftriaxone resistant N. gonorrhoeae (CefR, MIC breakpoint ≥ 0.25) was isolated in Japan 

in 2009 (strain H041) (Ohnishi et al., 2011a). Since then, CefR isolates have been reported in France 

(strain F89 in 2010) (Unemo et al., 2012a), Spain (strain F89 in 2012) (Cámara et al., 2012), Australia 

(strain A8806 in 2013) (Lahra et al., 2014), Japan (strains GU140106 in 2014 and strain FC428 in 2015) 

(Deguchi et al., 2016; Nakayama et al., 2016), Canada (strain 47707 in 2017) (Lefebvre et al., 2018), 

Denmark (strain GK124 in 2017) (Terkelsen et al., 2017) and Singapore (strain 18DG342 in 2018) (Ko 

et al., 2019). Unfortunately as CefR appeared, azithromycin resistance (AziR) (MIC ≥ 2 mg/L) 
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prevalence has increased and in many regions has reached levels exceeding the 5% prevalence 

threshold (Unemo et al., 2019a). 

The appearance of XDR N. gonorrhoeae strains, although sporadic and rare, is increasing. Combined 

resistance to the dual therapy agents, ceftriaxone and azithromycin, has been recently reported in 

in many countries. The first strain was reported from the UK in 2018 (strain WHO Q) causing a 

treatment failure. WHO Q is CefR (MIC 0·25-0·5 mg/L) and has high-level azithromycin resistance 

(Azi HLR, MIC ≥256 mg/L) associated with travel to Southeast Asia (Eyre et al., 2018). Two strains 

related to WHO Q were reported at the same year in Australia (A2735, A2543), one of which was 

associated with South-East Asia travel (Jennison et al., 2019; Whiley et al., 2018a). China also has 

reported in 2018 an XDR strain (GC250) with combined resistance to both ceftriaxone (MIC =0.5 

mg/L) and azithromycin (MIC = 2 mg/L) in 2018 (Yuan et al., 2019). In 2019 the British Association 

for Sexual Health and HIV (BASHH) was the first public health body to update the gonorrhoea 

treatment guideline in response to the increasing rates of azithromycin resistance. Dual therapy 

with ceftriaxone and azithromycin was replaced with a ceftriaxone dose elevated to 1g delivered 

as an injectable monotherapy. The BASHH gonorrhoea treatment guidelines also encourages the 

use of ciprofloxacin in preference to ceftriaxone if isolates from all infected anatomical sites of the 

patient are ciprofloxacin susceptible (Fifer et al., 2019; Mensforth et al., 2019). Monitoring AMR 

and appropriate treatment are essential to preserve last line gonococcal therapy. 

 

2.4.1 The genetics of N. gonorrhoeae antimicrobial resistance (AMR) 
The gonococcus is naturally transformable and has the capacity to acquire DNA from the 

environment, which is recombined into the host genome. Genetic variation also occurs through 

random mutations. These mechanisms have led to the acquisition of antimicrobial resistance 

(AMR) to all known antimicrobials used for treatment (Table 2-1) (Eyre et al., 2017; Unemo et al., 

2014). Many mechanisms contribute to AMR in gonococci. The AMR determinants are primarily 

chromosomally mediated. However two genes, blaTEM and tetM, are plasmid-borne and are 

responsible for resistance to penicillin and tetracycline, respectively (Gascoyne-Binzi et al., 1991; 

Morse et al., 1986; Ohnishi et al., 2010a; Palmer et al., 2000). The tetM encodes a protein that blocks 

binding of tetracycline to the target ribosome, which results in high-level tetracycline resistance 

(Gascoyne-Binzi et al., 1991; Morse et al., 1986). The blaTEM encodes a β-lactamase enzyme that 

hydrolyses the cyclic amide bond in the β-lactam ring (Bergström et al., 1978). Chromosomally 

mediated tetracycline resistance is due to modifications in the rspJ gene resulting in reduced 
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affinity of 30S ribosome for tetracycline (Hu et al., 2005). Resistance to β-lactams can also be 

chromosomally mediated by mutations in the ponA gene that encode variant forms of penicillin 

binding protein -1 (PBP1), which confers decreased binding affinity to the β-lactams (including 

penicillins and the ESCs) (Zhao et al., 2009). In addition, mosaicisms in penA (encode penicillin 

binding protein -2 (PBP2)), which are acquired by natural transformation from antibiotic resistant 

commensal Neisseria spp. also decreases, the susceptibility to β-lactams (Bharat et al., 2015; Ito et 

al., 2005; Ohnishi et al., 2011a; Spratt, 1988; Unemo et al., 2012a; Unemo et al., 2014). 

Mutations in topoisomerase-encoding genes gyrA and parC confer fluoroquinolone resistance 

(Belland et al., 1994; Unemo et al., 2016b). Spectinomycin resistance is mediated by mutations 16S 

rRNA and rspE genes (Unemo et al., 2013). Resistance to azithromycin is mediated by a mutation in 

the 23S rRNA gene, where the number of mutated copies is correlated to increasing MICs 

(Chisholm et al., 2010; Ng et al., 2002). High-level azithromycin resistance (Azi HLR) is mediated by 

a 23S rRNA A2059G mutation (Chisholm et al., 2010), while low-level azithromycin resistance (Azi 

R) (MIC 1-8 mg/L) is mediated by a 23S rRNA C2611T mutation (Ng et al., 2002). Mutations and 

mosaicism in the efflux pump transcriptional regulator, mtrR, and its cognate binding site in the 

mtrCDE promoter can result in over-expression of the MtrCDE efflux pump system and may result 

in AziR and MDR phenotypes (Cousin Jr et al., 2003; Demczuk et al., 2016; Jacobsson et al., 2016; 

Ohneck et al., 2011; Unemo et al., 2016b; Warner et al., 2008; Zarantonelli et al., 2001). MDR can be 

mediated by reduction in permeability of the outer membrane by mutations in porB1b gene which 

encodes a porin (Goire et al., 2014; Ng et al., 2002). Understanding the mechanisms of resistance, 

as well as describing resistance determinants, helps in controlling the spread of antimicrobial 

resistance. 

2.5 N. gonorrhoeae identification and typing 
Gonorrhoea is diagnosed by the identification of N. gonorrhoeae using culture-based methods or 

nucleic acid amplification tests (NAATs). N. gonorrhoeae has fastidious growth requirements and 

grows best in a moist atmosphere containing 5–10% carbon dioxide at 35-37C°. Sample collection, 

transport and storage are critical for maintaining N. gonorrhoeae viability (Serra-Pladevall et al., 

2018; Sng et al., 1982). Conventional microscopy and culture can be used for gonorrhoea diagnosis 

when accompanied with other biochemical confirmatory tests. It has the advantage of providing 

isolates for further antimicrobial susceptibility testing which is important for the treatment of the 

patient and AMR surveillance. In recent years, NAATs have largely replaced culture-based methods 

due to their enhanced sensitivity and specificity, ease of use, and rapid results. Culture is not the 
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first choice particularly in resource-limited settings and in settings where proper transport and 

specimen storage are not possible, such as in some African nations  and remote settings such as 

the Australian outback (Guy et al., 2018; Parkes-Ratanshi et al., 2019). The disadvantage of using 

NAATs for detection of N. gonorrhoeae is susceptibility testing cannot be performed (Bignell et al., 

2013; Centers for Disease Control and Prevention, 2014). 

2.5.1 Molecular tests for the detection of AMR 
Since culture-based diagnosis of gonorrhoea is being rapidly replaced by NAATs, molecular assays 

have been developed for the prediction of antimicrobial susceptibility by detection of mutations 

in certain genes associated with resistance (Balashov et al., 2013; Buckley et al., 2015; Donà et al., 

2018; Fredlund et al., 2004; Goire et al., 2014; Perera et al., 2017; Peterson et al., 2015a, 2015b; Tapsall 

et al., 2006; Trembizki et al., 2015; Whiley et al., 2017). The use of molecular assays to predict 

antimicrobial susceptibility has been applied in some countries to enhance antimicrobial resistance 

(AMR) surveillance. It has been proposed results could also be used for personalized antibiotic 

prescribing and using antimicrobial agents that are less than 95% effective (i.e. ciprofloxacin, 

penicillin) (Buckley et al., 2015; Fayemiwo et al., 2011; Goire et al., 2011; Peterson et al., 2015a; Speers 

et al., 2014). Molecular techniques however cannot replace the culture-based testing of AMR. The 

specificity and sensitivity of these molecular tests in predicting minimum inhibitory concentration 

(MICs) is suboptimal and NAATs cannot detect resistance caused by new mutations and unknown 

factors (Eyre et al., 2019a). Cross reaction with pharyngeal Neisseria commensal spp. reduces the 

specificity of the assays and results in false positives (i.e. by cross matching with commensals), but 

this can be overcome by additional N. gonorrhoeae confirmatory tests (Goire et al., 2014; Low et 

al., 2016).  

2.5.2 Typing methods of N. gonorrhoeae and associated epidemiological data 
Typing N. gonorrhoeae together with epidemiological information and AMR surveillance are 

essential for an enhanced understanding of evolving epidemiology, antimicrobial resistance 

emergence and prevalence, developing new cures and vaccines, control, and prevention. Several 

methods have been described that generate a phenotype and genotype N. gonorrhoeae (Unemo 

et al., 2011a). Traditional non-DNA phenotypic typing methods are based on gonococcal nutritional 

requirements (auxotyping) (Carifo et al., 1973; Catlin, 1973), serovar determination is based on 

variability of the porin protein (PorB), and culture-based antimicrobial susceptibility testing (Knapp 

et al., 1984; Sandstrom et al., 1980). During the eighties and nineties an “A/S class”, determined by 

combining the auxotype (A) and the serovar (S); was frequently used (Backman et al., 1987; 

Fredlund et al., 2004; Morris et al., 2008; Ng et al., 1995; Palmer et al., 2005). The antimicrobial 
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susceptibility tests performed as a standardised antibiogram can be used to type isolates. Though 

easy to perform, antibiograms cannot discriminate between different isolates reliably and 

therefore are not recommended as a primary typing method (Unemo et al., 2011a). 

Several gel-based gonococcal typing methods have been developed over the past two decades 

relying on the analysis of genomic or amplified DNA fragments by gel electrophoresis. These 

methods include characterization of rRNA genes (ribotyping) (Khaki et al., 2009; Li et al., 1995; Ng 

et al., 1993), analysis of plasmid content (Carballo et al., 1994; Gascoyne-Binzi et al., 1993; Palmer 

et al., 2000; Yeung et al., 1988), and restriction fragment length polymorphism (RFLP) assays using 

pulsed-field gel electrophoresis (PFGE) for separation of the whole genome (Falk et al., 1984; Falk 

et al., 1988; O’Reilly et al., 2015; Sathirareuangchai et al., 2015).  However, gel-based typing methods 

results are based on subjective visual analysis that can’t be standardized and compared between 

different laboratories. The techniques are labour intensive and consequently, they are not used 

routinely in typing N. gonorrhoeae in recent years (Khaki et al., 2009; Marquez et al., 1996; Ng et 

al., 1993; Pagotto et al., 2000; Smalla et al., 2015).  

Many nucleotide sequence-based typing methods have been developed, ranging from typing the 

sequence of a fragment of a single gene to analysing the whole genome sequence. The advance in 

sequencing technologies and the significant reduction in sequencing costs have made the use of 

the high-throughput DNA sequence-based typing approaches more accessible. The Bacterial 

Isolate Genome Sequence Database (BIGSdb) platform hosts the Neisseria PubMLST databases 

(https://pubmlst.org/neisseria/). The databases are publicly accessible for depositing, analysing and 

comparing Neisseria DNA sequences and genomes. There are two separate but linked databases; 

the sequence and profile definitions database and the Neisseria isolates database. The Neisseria 

PubMLST sequence and profile definitions database is used for assigning, storing and analysing 

allele and profile data of Neisseria species. The Neisseria PubMLST isolates database, which hosts 

more than 52000 sequences of Neisseria species including more than 20000 whole genome 

sequences, allows gene by gene comparison of isolates.  

The PubMLST uses a standardised nomenclature. Each locus name starts with the prefix ‘NEIS’ 

(from Neisseria) followed by an integer. For each specific locus, a number is given to each distinct 

allele. Each locus can be analysed solely or in combination with other loci either by user-defined or 

predefined schemes available in the database. Profiles or sequence types are defined by a unique 

combination of alleles. For instance, the Multi-Locus Sequence Typing (MLST) scheme is based on 

seven housekeeping loci, and the combination of the housekeeping alleles defines the sequence 
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type (ST). A ST deposited in the PubMLST database should have a corresponding record in the 

isolate database. The database also allows gene by gene analysis of other genetic features of 

Neisseria such as genetic islands, plasmids and antibiotic resistance determinants. The PubMLST 

database is a highly accessible resource, which allows storing and analysing an abundant amount 

of Neisseria spp. sequence data.  

Today the most frequently used typing schemes used for discriminating N. gonorrhoeae are multi-

locus sequence typing (MLST), Neisseria gonorrhoeae multi-antigen sequence typing (NG-MAST), 

N. gonorrhoeae sequence typing for antibiotic resistance (NG-STAR), single nucleotide 

polymorphisms (SNPs) based phylogenetic typing, and more recently the N. gonorrhoeae core 

genome scheme (cgMLST N. gonorrhoeae) (Harrison et al., 2020). 

2.5.2.1 Multi-locus sequence typing (MLST) 

Neisseria MLST was developed in 1998 by Maiden et al. (Maiden et al., 1998) and was initially applied 

to describing the population structure of N. meningitidis. To discriminate isolates, the method relies 

on sequence variation within internal fragments of seven conserved housekeeping genes that are 

not under selective pressure and are well distributed around the genome. The housekeeping genes 

used in this scheme are abcZ, adk, aroE, fumC, gdh, pdhC, pgm. The Neisseria MLST approach is 

frequently used for typing N. gonorrhoeae to investigate the global and long-term epidemiology 

and AMR evolution and emergence in gonococci (Bennett et al., 2007). In the PubMLST database 

there are over 4,000 gonococcal records with 310 gonococcal MLST sequence types (STs) (as of 

Feb 2020). Twenty STs account for 70% (n=3079/4413) of the isolates in the database (Table 2-1). 

MLST typing relies upon slowly evolving loci which make it suitable for global and long-term 

epidemiology. The five most frequently identified MLST STs are ST1901, ST7363, ST9363, ST1579 

and ST1918 (as Jan, 2020). MLST ST1901 (n=988/4413, 23% of the total database) appeared between 

1992 to 2017. Isolates of ST1901 were mostly from the USA (n=416/988, 42%), the UK (n=350/988, 

35.4%) and Japan (n=59/988, 6%) (Anselmo et al., 2015; Bennett et al., 2007; Chung et al., 2008; De 

Silva et al., 2016; Ezewudo et al., 2015; Grad et al., 2016; Grad et al., 2014; Yahara et al., 2018). MLST 

ST9363 (n=289/4413, 6.6% of the total database) appeared between 2000 to 2017 and were mostly 

collected from the UK (n=182/289, 63%) and the USA (n=83/289, 28.7%) (De Silva et al., 2016; Grad 

et al., 2016; Grad et al., 2014; Harrison et al., 2017a). MLST ST7363 (n=279/4413, 6.41% of the total 

database) appeared between 1993 to 2017, and were mostly from UK (n=107/279, 38.4%) and Japan 

(n=93/279, 33%) (Abrams et al., 2015; Chen et al., 2011; De Silva et al., 2016; Ezewudo et al., 2015; 

Harrison et al., 2017a; Yahara et al., 2018). MLST ST1579 (n=159/4413, 3.6% of the total database) 
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appeared between 1998 to 2016, and was mostly from the UK (n=94/159, 59%), the USA (n=25/159, 

16%) and Japan (26/159, 16.4%) (Bennett et al., 2007; Grad et al., 2016; Grad et al., 2014; Yahara et al., 

2018). MLST ST1918 (n=152/4413, 2.7% of the total database) appeared between 1982 to 2014, and 

was reported from the UK. Only one ST1981 was reported from outside the UK, in Slovenia in 2010 

(Bennett et al., 2007; De Silva et al., 2016; Didelot et al., 2016). The distribution of these lineages 

may be biased due to the fact that the majority of the gonococcal isolates in PubMLST database 

are from Europe (n=2549/4413, 58%), North America (n=887/4413, 20%) and Asia ( n=429/4413, 9%) 

and under-represents Africa, Oceania and South America (n=275/4413, 6.2%). Furthermore, isolates 

from these regions are not representatives of the total gonococcal populations within a region as 

the majority of isolates would have been submitted to PubMLST to answer a specific question (eg. 

such as cataloguing AMR strains (Grad et al., 2016; Grad et al., 2014; Yahara et al., 2018) or 

investigating gonorrhoea outbreaks in a specific community (De Silva et al., 2016; Didelot et al., 

2016). Gonococcal isolates from Africa, Oceania and South America are underrepresented with 169, 

100 and 6 isolates, respectively (Al Suwayyid et al., 2018; Cehovin et al., 2018; Kivata et al., 2019). 

Though the PubMLST database is overrepresented with gonococcal records from European 

countries (2922/5583, 50%), an association between MLST STs and geographical location is evident. 

For example, MLST ST7363 was the predominant ST in Asia and MLST ST1918, which has been 

circulating in Europe for over 30 years, has not been reported from other continents. 

2.5.2.2 N. gonorrhoeae multi-antigen sequence typing (NG-MAST)  

N.gonorrhoeae multi-antigen sequence typing (NG-MAST) was described in 2004 by Martin et al. 

(Martin et al., 2004). The scheme relies on sequencing internal regions of two of the most variable 

outer membrane proteins of N. gonorrhoeae: porB which encodes the major outer membrane 

protein and tbpB which encodes subunit B of transferrin binding protein. Each locus is assigned an 

allelic number and the combination of these alleles assigned a unique NG-MAST ST. The two genes 

are under selective pressure since both proteins are presented on the bacterial surface and interact 

with the selective pressure of the host immune system.  The problem with using a typing scheme 

that is based on hypervariable loci is that researchers will end up with an increasing number of STs. 

This will make related strains artificially look different and will hinder proper interpretation. NG-

MAST is a highly discriminative typing method and has been successful in tracking rapid changes 

in the global epidemiology of N. gonorrhoeae by identifying circulating strains in different 

geographic regions (Lee et al., 2016). NG-MAST is frequently used in AMR studies for different 

purposes: to investigate the regional distribution of antibiotic resistant strains, to monitor the 

global spread of STs associated with specific antibiograms and to investigate evolution of AMR 
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lineages (Chisholm et al., 2013; Martin et al., 2004; O’Reilly et al., 2015). The method is supported 

by an online database, http://www.ng-mast.net, which is used for assigning, storing and analysing 

alleles and profile data. To use the database, alleles from identified conserved motifs of the genes 

need to be trimmed to a specific length then submitted. To obtain an NG-MAST ST the submitted 

alleles are compared to existing alleles in the database.  

In 2016 the NGMASTER platform was developed by Kwong et al. (Kwong et al., 2016). The platform 

is a command-line platform for performing NG-MAST typing from assembled N. gonorrhoeae 

genomes. The source code is downloaded from Github (https://github.com/MDU-PHL/ngmaster). 

NGMASTER uses alleles and profile definitions in the NG-MAST online database and is a useful tool 

for analysing WGS data in epidemiological studies (Kwong et al., 2016). 

Currently there are 19,602 gonococcal NG-MAST profiles in the NG-MAST database. The large 

number of NG-MAST STs impede proper interpretation of isolate typing, i.e. due to a SNP variance 

in a hypervariable locus closely related strains will have different NG-MAST STs. To overcome this 

issue, multiple studies combine the NG-MAST STs with a phylogenetic analysis of a concatenated 

NG-MAST loci sequence to examine isolate linkage (Allen et al., 2014; Attram et al., 2019; Chisholm 

et al., 2016; Shaskolskiy et al., 2018; Wan et al., 2018). The European Centre for Disease Prevention 

and Control (ECDC) established NG-MAST profile genogrouping to improve interpretation. The NG-

MAST genogroup is defined as STs which have ≥99.4% (875 bp) similarity to the concatenated 

sequences of the porB and tbpB alleles (880 bp) of the central NG-MAST ST in the genogroup. 

Genogroups are named after the most frequently occurring NG-MAST ST within each group. For 

example, G1407 is the genogroup in which ST1407 is the predominant ST (Chisholm et al., 2013; 

European Centre for Disease Prevention and Control, 2018).  

The NG-MAST typing scheme currently under development at the Neisseria PubMLST database will 

provide in silico NG-MAST ST determination with the added advantage of comparison with NG-

MAST ST of over 4,000 N. gonorrhoeae WGS records. In addition, the database will allow isolate 

comparison using other typing schemes simultaneously. An additional NG-MAST genogrouping 

scheme with ECDC genogrouping criteria should be considered by the Neisseria PubMLST to 

enhance NG-MAST typing for N. gonorrhoeae. The approach of N. meningitidis clonal complex 

(MLST) scheme at PubMLST where MLST sequence types (STs) are grouped into clonal complexes 

by their similarity to a central MLST ST could also be applied for grouping NG-MAST STs.  
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Among 4413 gonococcal WGS isolates at the PubMLST database there are 1192 NG-MAST STs (Feb 

2020). The three most frequent NG-MAST STs are ST1407, ST2992 and ST255. NG-MAST ST1407 

(n=380/4413, 8.8% of the total database) was identified from 2000 to 2017. ST1407 was 

predominantly collected from the USA (n=160/380, 42%) and the UK (n=148/380, 39%) (Anselmo et 

al., 2015; De Silva et al., 2016; Ezewudo et al., 2015; Grad et al., 2016; Grad et al., 2014; Hess et al., 

2012; Ison et al., 2011; Pandori et al., 2009a; Yahara et al., 2018). Notably, ST1407 first appeared in 

the USA collection before 2005, but then dispersed globally. NG-MAST ST1407 is currently 

prevalent in many European countries including Spain, France, Sweden and Russia (Carannante et 

al., 2017; Chisholm et al., 2013; Cobo et al., 2019; European Centre for Disease Prevention and 

Control, 2018, 2019; Golparian et al., 2014; Kubanov et al., 2018) and was also reported in Canada 

and Japan (Demczuk et al., 2015; Shigemura et al., 2015; Takayama et al., 2014). NG-MAST ST2992 

isolates (n=294/4413, 6.8% of the total database) were identified in the years between 2001 and 

2018, originating in the UK (n=249/294, 85%) (Buono et al., 2012; De Silva et al., 2016; Grad et al., 

2016; Grad et al., 2014; Mlynarczyk-Bonikowska et al., 2018; Wu et al., 2011). NG-MAST ST225 

(n=189/4413, 6.8% of the total database) was reported from the UK (n=132/189, 70%) identified in 

the years between 2001 and 2018 (Mlynarczyk-Bonikowska et al., 2018). It was also reported in the 

USA and Australia (Goire et al., 2012; Whiley et al., 2007). Both ST2992 and ST225 are frequently 

reported in European countries since 2001 (Chisholm et al., 2013; Cobo et al., 2016; European Centre 

for Disease Prevention and Control, 2018, 2019; Mlynarczyk-Bonikowska et al., 2018).  

2.5.2.3 N. gonorrhoeae sequence typing for antimicrobial resistance (NG-STAR) 

N. gonorrhoeae sequence typing for antimicrobial resistance (NG-STAR) was developed in 2017 by 

the Public Health Agency of Canada as a part of a Genomics Research and Development Initiative 

(Demczuk et al., 2017). NG-STAR was developed for tracking the transmission of antimicrobial 

resistance in N. gonorrhoeae. The method is based on profiling seven loci that are known to be 

associated with resistance in three antibiotic classes (cephalosporins, macrolides and 

fluoroquinolones). The loci used are penA, mtrR, porB, ponA, gyrA, parC and 23S rRNA. The concept 

of NG-STAR profiling is similar to MLST and NG-MAST where each locus is assigned an allelic 

number with standardized nomenclature and the combination of these alleles is assigned a unique 

ST. NG-STAR is supported by an online database (https://ngstar.canada.ca). Users can upload 

sequences of any length to obtain a ST. If a novel allele or allelic combination is identified users can 

contact the database curator who will assign new alleles and profiles. The database, as from Feb 

2020, contained 1,993 NG-STAR profiles. 
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The PubMLST database is currently developing a NG-STAR scheme for N. gonorrhoeae. The most 

frequently identified NG-STAR STs in the PubMLST database are (in order from the most frequent) 

90, 63, 26, 239, 178, 158 and 299 with record numbers ranging from 382 to 88 isolates for each 

profile. Based on the cgMLST analysis of N. gonorrhoeae genomes available at the PubMLST 

database, clustering of NG-STAR STs can be observed (Figure 2-3). Association with antimicrobial 

resistance or susceptibility with other STs has been described by Demczuk et al. in 2017 (Demczuk 

et al., 2017) . However, with the increasing numbers of identified NG-STAR and NG-MAST STs, an 

approach to group similar STs will simplify and facilitate STs interpretation, comparison and 

tracking. AMR surveillance and monitoring the spread of MDR/XDR strains particularly by WGS is 

an essential strategy to preserve the available antibiotic treatment options.  

2.5.2.4 Whole Genome Sequencing (WGS) based typing approaches of N. gonorrhoeae 

Whole genome sequencing (WGS), which is now readily available, rapid, and inexpensive, enables 

more comprehensive and in-depth isolate characterization that assists in understanding the 

diversity, phylogenies and population dynamics of N. gonorrhoeae. By using WGS the N. 

gonorrhoeae core genome can be used as a typing tool to identify the molecular relationship 

between isolates. WGS analysis can be conducted by either generating de novo assembly 

(Bankevich et al., 2012; Jackman et al., 2017; Luo et al., 2012; Zerbino, 2010) or identifying 

polymorphisms directly from raw sequencing reads (Li, 2011). 

The core genome is defined as the orthologous genes shared between all isolates in a data set with 

the elimination of potential recombinant regions of the genome. Multiple platforms are available 

to infer core genomes in silico from de novo genome assemblies, including, but not limited, to 

Harvest, EDGAR, GET_HOMOLOGUES, Panseq and the BIGSdb (Blom et al., 2009; Contreras-

Moreira et al., 2013; Jolley et al., 2018; Laing et al., 2010; Treangen et al., 2014). Single nucleotide 

polymorphisms (SNPs) identification based on WGS is another important method for comparative 

genomics. SNPs can be extracted from genome alignments (Page et al., 2016) or directly from raw 

sequence reads and are subsequently concatenated to create a phylogeny (Li, 2011). Another 

approach for defining clusters of N. gonorrhoeae is to investigate population structure (Chen et al., 

2007). BAPS, hierBAPS and fineSTRUCTURE tools are used to infer population structure of N. 

gonorrhoeae from the core genome alignment (Cheng et al., 2013; Corander et al., 2008; Ezewudo 

et al., 2015; Lawson et al., 2012; Lee et al., 2017; Porras-Hurtado et al., 2013; Schubert et al., 2019; 

Yan et al., 2018). Core genome SNP based analysis and population genetics approaches have been 

increasingly used for outbreak investigations, sexual networks analysis, local and global 
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epidemiology and for AMR emergence, evolution and geographical network studies. Recent WGS 

studies on N. gonorrhoeae have suggested N. gonorrhoeae is weakly clonal and has a structured 

genetic population (Al Suwayyid et al., 2018; Ezewudo et al., 2015; Lee et al., 2017; Peng et al., 2019; 

Sánchez-Busó et al., 2018; Schubert et al., 2019).  

A predefined N. gonorrhoeae core genome typing scheme using a gene-by-gene approach with 

1,658 core loci (N. gonorrhoeae cgMLST) is under development in the PubMLST database. cgMLST 

is being used to clarify the deep phylogenetic associations between the clusters identified by 

MLST, NG-MAST and NG-STAR typing thus creating a unified definition for cgMLST N. gonorrhoeae 

clusters (Figure 2-3). To illustrate this, we performed an analysis on 1,990 N. gonorrhoeae WGS 

records of the five most identified MLST STs (ST1901, ST9363, ST7363, ST1918, ST1579) and MLST 

STs associated with extremely drug resistant (XDR) strains in addition to WHO reference strains 

(Jolley et al., 2018; Unemo et al., 2016b; Zhou et al., 2018). The cgMLST N. gonorrhoeae phylogeny 

indicates that there is some geographical separation that is more apparent in Asian isolates than 

in European and North American isolates. 

Different clusters of MLST STs were identified where ST1901 appeared to be the central ST for a 

large divergent cluster. ST7363 has three distinct clusters that showed a strong geographical link; 

a European cluster, an Asian cluster containing the XDR strains H041and A8806 (Ohnishi et al., 

2011a) and an Oceania cluster. ST1579 also showed some geographical structuring with distinct 

Asian, North American and European/ North American clusters. ST1903 showed three clusters 

African, Asian/Oceania cluster and an Asian cluster including the XDR strain FC428 (Nakayama et 

al., 2016). Each ST9363 and ST1918 was represented by one main cluster, ST1918 only from Europe 

while isolates in ST9363 cluster were reported from both Europe and North America. NG-MAST 

and NG-STAR schemes were discriminative, having 414 STs and 182 different STs respectively 

(Figure 2-3). GrapeTree analysis at PubMLST would improve if loci alleles could be plotted on the 

generated minimal spanning tree as metadata. For instance, by adding this feature, the 

associations between penA alleles and different cgMLST clusters can be recovered visually. 

In summary, analysing slowly evolving loci such as those in the N. gonorrhoeae MLST typing scheme 

is a suitable approach to identify clusters in longitudinal or global epidemiological studies (Osnes 

et al., 2020). However, the discrimination ability of N. gonorrhoeae MLST typing method is 

suboptimal, because multiple independent clusters can have the same MLST ST due to large scale 

homologous recombination events between strains (Al Suwayyid et al., 2018). The accuracy of the 

typing scheme can be improved by combining MLST STs with a method that is based on highly 
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variable loci such as NG-MAST or by using the MLST STs to define clades in phylogenetic trees 

based on a larger set of core genes. 

NG-MAST has been used for both epidemiological and evolutionary studies (Mlynarczyk-

Bonikowska et al., 2018; Thakur et al., 2014). Despite the few well reported STs such as NGMAST 

ST-1407 and ST-225, the hypervariability of NG-MAST loci makes related strains look different, i.e., 

a SNP difference will result in a different ST. A phylogeny based on NG-MAST loci or grouping NG-

MAST STs based on sequence similarity will better define NG-MAST types. 

NG-STAR has been developed to answer questions related to antimicrobial resistance in N. 

gonorrhoeae. Similar to NG-MAST the variability of NG-STAR loci results in a large number of STs 

which requires further grouping tool if analysing large, global, or longitudinal datasets. 

The increasing availability and affordability of WGS of isolates in addition to the development of 

phylogenetic tools in association with large databases has increasingly become the method of 

choice for answering many questions relating to epidemiology, contact tracing, treatment failure, 

outbreak investigation, medico-legal cases, characterising lineages, phylogeny, and genomic 

population grouping.   

This brief analysis suggests that N. gonorrhoeae phylogenies can be recovered by combining 

different typing methods and metadata. N. gonorrhoeae typing using different typing schemes is 

easily and rapidly achievable using the open-access PubMLST database (Jolley et al., 2018). 

Harrison et al. have shown that the usage of subsets of hundreds of core genes has improved the 

accuracy and sensitivity of phylogenies by sampling larger regions of the genome that account for 

the skewing of phylogenies by large scale recombination events. This new scheme has been 

implemented on PubMLST and enables large-scale but fast computation of phylogenies at 

different resolutions without the need for reference genomes (Harrison et al., 2020). 
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Figure 2-3: Genetic relationships of the most common MLST lineages in N. gonorrhoeae  

Minimum-spanning tree of 1,990 Neisseria gonorrhoeae isolates of the most frequent MLST STs and/or MLST STs 
associated with extremely drug resistant (XDR) strains (1901,9363,7363,1918, 1579, 1903, 7365 and 12039) based on allelic 
profiles generated from core genome MLST of 1658 genes visualised by GrapeTree analysis tool implemented at 
PubMLST database (Jolley et al., 2018; Zhou et al., 2018). Overlayed by continent (Panel A), MLST ST (Panel B), NG-MAST 
ST (Panel C) and NG-STAR ST (Panel D). Size of the node is proportional to the number of isolates. Nodes are coloured 
based on Continent (Panel A), MLST STs (Panel B), NG-MAST STs (Panel C) and NG-STAR STs (Panel D), unassigned value 
coloured white. Arrows indicate the XDR strains (strain name-country of isolation- year); H041-Japan- 2009 (Ohnishi et 
al., 2011a), F89-France-2010 (Unemo et al., 2012a), A8806-Australia-2013 (Lahra et al., 2014), FC428 -Japan-2015 (Nakayama 
et al., 2016) WHO-Q-UK-2018 (Eyre et al., 2018) and GC250-China-2018 (Yuan et al., 2019) in addition to WHO reference 
strains (Unemo et al., 2016b) . This is an unpublished original figure made by the applicant. 

 

2.5.2.5 Alternative molecular typing platforms  

SRST2 is a molecular typing command-line approach developed in 2014 by Inouye et al. (Inouye et 

al., 2014). The method is designed for the detection of genes, alleles and STs by mapping raw 

sequence reads to given sequence databases. The generated pileup and score files allow 

visualizing quality of reads as well as quantifying read depth (number of reads at a single locus) 

and coverage (per cent of the gene length that was covered). It is a valuable tool for recognising 

proportion of mixed alleles (multi-copy locus) and for novel allele designation. 

The iPLEX genotyping system is a SNP-based typing system using Agena Bioscience iPLEX 

genotyping technology (Oeth et al., 2009). Two iPLEX schemes have been developed by Trembizki 

and colleges for N. gonorrhoeae SNP typing: iPLEX-MLST and iPLEX-AMR. The iPLEX-MLST method 

is based on the N. gonorrhoeae MLST that targets 14 informative SNPs previously shown to predict 
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MLST STs (Trembizki et al., 2014c). The iPLEX-AMR method targets 11 chromosomal antimicrobial 

resistance mutations on the gonococcal 23S rRNA, gyrA, mtrR, penA and ponA genes (Trembizki et 

al., 2016b). The SNP profile obtained from the iPLEX-MLST and iPLEX-AMR is used to determine a 

genotype. This method is successfully used in many public health studies in Australia to understand 

molecular epidemiology and N. gonorrhoeae AMR (Hanrahan et al., 2019; Lahra et al., 2017b; Lahra 

et al., 2016; Trembizki et al., 2014c; Trembizki et al., 2016b; Whiley et al., 2018b; Whiley et al., 2017). 

The method is inexpensive (less than 10 AUD per isolate), rapid (over 350 isolates can be 

characterised in a single day) and has good discrimination that allows identification of different N. 

gonorrhoeae clusters associated with different sexual networks or AMR profiles. However, the 

method does not have a universal nomenclature system therefore limiting comparison of results 

reported in different studies. 

Gen2Epi is a command-line pipeline developed in 2019 by Singh and colleges for public Health 

analysis of N. gonorrhoeae epidemiology (Singh et al., 2019). Gen2Epi is used to generate full-length 

genome and plasmids assemblies, to predict molecular epidemiological markers (MLST, NG-MAST 

and NG-STAR STs) as well as to identify AMR determinants automatically and simultaneously. This 

pipeline is publicly available, and it could be useful for a public health laboratory routinely 

sequencing N. gonorrhoeae isolates. 

2.6 Molecular epidemiology of antimicrobial resistant N. gonorrhoeae 
The use of antibiotic therapy is thought to have resulted in the evolution of two major lineages, 

(Sánchez-Busó et al., 2019). The first is an MDR genetic lineage that is characterised by frequent 

recombination, multiple chromosomal AMR determinants and is found in higher-risk groups, such 

as MSM, that may be exposed to frequent antibiotic treatments. The second is a genetic lineage 

more associated with antibiotic susceptible strains, which is more clonal and associated with lower 

risk groups with a higher female ratio that are more associated with asymptomatic infections 

(Sánchez-Busó et al., 2019). Many resistances are sporadic and the genetic lineages they are 

associated with are varied. However, there are only a few genetic lineages that have travelled the 

world; these are NG-MAST genogroup 1407, strain H041, strain FC428 and most recently strain 

WHO Q. 

The most globally reported lineage associated with ESCs reduced susceptibility/resistance is the 

gonococcal lineage of NG-MAST genogroup G1407, MLST ST1901 and NG-STAR ST90 (Carannante 

et al., 2019; Chen et al., 2018; Chisholm et al., 2013; Gianecini et al., 2017; Harris et al., 2018; Hess et 

al., 2012; Heymans et al., 2012; Huang et al., 2010; Kubanov et al., 2016; H. Lee et al., 2019; Lewis et 
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al., 2013; Li, 2012; Morita-Ishihara et al., 2014; Pandori et al., 2009b; Ryan et al., 2018; Unemo et al., 

2012a; Unemo et al., 2012b; Unemo et al., 2011b; Zheng et al., 2019). This linage is linked to mosaic 

penA 34.001 mosaic variants; this allele was only reported to be associated with resistance cefixime 

but not ceftriaxone. Isolates of these combined STs showed higher diversity in terms of clustering 

and geographical location than other cgMLST clusters, which could be explained by sustained 

transmitting and global dissemination of this lineage. The ceftriaxone resistant strain F89 is related 

to this lineage and appeared in France 2010 (Tomberg et al., 2017; Unemo et al., 2012a). The cgMLST 

cluster of F89 includes a small number of isolates from Europe in the years 2008 to 2011 suggesting 

that no further global transmission of the ceftriaxone resistant strain has occurred (Figure 2-3).  

The first ceftriaxone resistant strain (H041) was reported from Japan in 2009 then a related strain 

(A8806) was reported from Australia in 2103 (Lahra et al., 2014; Ohnishi et al., 2011b; Shimuta et al., 

2013). Isolates of MLST ST7363 that are associated are frequently with ESCs reduced 

susceptibility/resistance reported from Asian countries (H. Lee et al., 2019; Ohnishi et al., 2010b; 

Shimuta et al., 2015; Whiley et al., 2011; Yahara et al., 2018). H041 and A8806 showed close 

clustering with the Asian MLST ST7363 cluster in the cgMLST minimal spanning tree (Figure 2-3).  

The FC428 clone of MLST ST1903, NG-MAST ST3435, NG-STAR ST233 and mosaic penA 60.001, was 

first identified in Japan 2015 associated with ceftriaxone resistance. This was followed by wide-

spread international dissemination to France, Singapore, Denmark, Ireland, the UK and Australia 

(Eyre et al., 2019b; Golparian et al., 2018; Ko et al., 2019; Lahra et al., 2018; Poncin et al., 2019; 

Terkelsen et al., 2017; Y. Yang et al., 2019). The FC428 clone, which has reduced susceptibility to 

azithromycin (MIC=1), first appeared in 2017 in Canada (Lefebvre et al., 2018) and China (Yuan et 

al., 2019). Then in 2018, an XDR strain GC250 genetically related to an FC428 clone that has also 

developed resistance to azithromycin (MIC=2) was reported in China (Yuan et al., 2019). FC428 

clone of N. gonorrhoeae is an example of travel-associated AMR gonorrhoea as international 

transmission of these strains has been linked to travel to South-east Asia (Berenger et al., 2019; 

Chen et al., 2019; Eyre et al., 2019b; Golparian et al., 2018; Ko et al., 2019; Lahra et al., 2018; K. Lee 

et al., 2019; Lefebvre et al., 2018; Nakayama et al., 2016; Poncin et al., 2018; Poncin et al., 2019; F. 

Yang et al., 2019). The penA 60.001 allele in this clone is reported to be acquired by interspecies 

recombination from the commensal N. cinerea (Igawa et al., 2018). 

Another concerning clone is an XDR clone that has a combined resistance to ceftriaxone plus high-

level resistance to azithromycin (Azi HLR) of MLST ST12039, NG-MAST ST16848, NG-STAR ST996 

and penA 60.001 that was isolated in the UK (WHO Q) and Australia in 2018 (Jennison et al., 2019). 
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The first recorded isolate of MLST ST12039 (ExNg321, PubMLST ID 45034) with Azi HLR was 

reported from Australia in 2015 with NG-MAST ST4850, NG-STAR ST202 and non-mosaic penA 2.002 

(Al Suwayyid et al., 2018). Azi HLR isolates of this clone with non-mosaic penA 2.002 were also 

reported in China in 2017 (Y. Yang et al., 2019). There are less than 50 allelic mismatches between 

WHO Q and ExNg321 which suggests that the WHO Q clone may have emerged from the same Azi 

HLR lineage and developed ceftriaxone resistance by the acquisition of penA 60.001 mosaic allele 

from co-inhabiting Neisseria strains (Igawa et al., 2018).  

The possibility of the development of ESCs reduced-susceptibility/resistance from an Azi HLR clone 

is of concern. MLST ST10899 and NG-MAST ST1866 clone is a successful Azi HLR clone widely 

spread in China and also reported in Taiwan and Canada that could be only one step from being an 

XDR strain (Demczuk et al., 2016; Ezewudo et al., 2015; Jiang et al., 2017; Liu et al., 2019; Ni et al., 

2016; Wan et al., 2018). In contrast to ESCs , azithromycin reduced-susceptibility/resistance is more 

likely to develop in multiple lineages independently by mutations or recombination allowing wider 

distribution of AziR strains (Grad et al., 2016). 

2.7  Identification of MDA-like element in N. gonorrhoeae  
Genome Comparator plugin at PubMLST database facilitates interspecies gene by gene genomics 

comparison by examining groups of shared genes in any number of isolates across any number of 

genes. This approach allowed identification of an element of high similarity to the Meningococcal 

Disease Associated phage (MDA φ) in N. gonorrhoeae isolates during whole genome comparison 

of a collection of N. gonorrhoeae isolates. Here we provide a review of filamentous prophage in 

Neisseria species to introduce one of the project aims of this thesis.  

2.7.1.1 Filamentous bacteriophage biology and life cycle  

Filamentous bacteriophages of the genius Inovirus are thin filamentous phages that contains 

circular ssDNA genome (Day, 2011; Mai-Prochnow et al., 2015). These phages mainly infect Gram-

negative bacteria in which they replicate and shed phage particles from growing and dividing cells 

without killing the host (Mai-Prochnow et al., 2015; Rakonjac et al., 2011). Filamentous 

bacteriophages contribute to the host phenotype, for example, CTX φ of Vibrio cholerae can 

transform non-toxogenic strains to toxigenic (Waldor et al., 1996). There are two groups of 

Inovirus: integrative “temperate” phages that can integrate their DNA within the host 

chromosome, and non-integrative phages such as M13 (Mai-Prochnow et al., 2015; Rakonjac et al., 

2011). Temperate filamentous phages, such as CTXφ of Vibrio cholerae and MDA φ of N. 

meningitidis, infect the host cell through pili and then replicate in the cytoplasm, after which they 
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integrate into the host genome to form a prophage (Campos et al., 2003; Meyer et al., 2016). Under 

induction conditions, the prophages release a replicative particle through rolling circle replication 

that is packaged into the virion and then released out of the host cell using a self- or host-encoded 

secretin (Bille et al., 2005; Davis et al., 2002; Meyer et al., 2016) (Figure 2-4). In addition to the 

morphological classification of Inovirus, the synteny of core genes and their sizes can be used to 

putatively identify the phages, as gene order tends to be the conserved feature rather than 

nucleotide sequence or amino acid similarity (Mai-Prochnow et al., 2015). Genes and genomes of 

Inovirus are organized in three modules based on function; replication genes, structural genes and 

assembly and secretion genes (Mai-Prochnow et al., 2015) (Figure 2-4).  
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Figure 2-4: Genomic organization, morphology and lifecycle of temperate filamentous 
phage of the genius Inovirus 

Panel A: Filamentous phage genome of Inovirus is organized in three modules based on function: replication genes; 
structural genes and assembly/secretion genes. This is an unpublished original figure made by the applicant. 

Panel B: Filamentous phage morphology. The Inovirus has a circular ssDNA. The major outer membrane protein is P8. 
Proteins P3 and P6 are responsible for attachment and entry into the bacterial host. P7 and P9 proteins are responsible 
for assembly and release of the phage from the bacteria.  

Panel C: Temperate filamentous phage life cycle. Infecting the host cell occur through pili and then replicate in the 
cytoplasm, after which they integrate into the host genome to form a prophage. Under induction conditions the 
prophages release a replicative particle through rolling circle replication that is packaged into the virion and then 
released out of the host cell using a self- or host-encoded secretin. 
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2.7.1.2  Filamentous bacteriophage in Neisseria 

Several filamentous prophages have been identified in the genus Neisseria. Detailed in silico 

genomic analysis of Neisseria genomes by Kawai el al. (Kawai et al., 2005) defined four subtypes of 

Neisseria filamentous phages (Nf1to Nf4). Nf1, Nf2 and Nf3 were reported to be present exclusively 

in N. meningitidis and Nf4 was present only in N. gonorrhoeae. Meningococcal Disease Associated 

phage (MDA φ) corresponds to the meningococcal Nf1 subtype (Bille et al., 2005; Kawai et al., 

2005). N. gonorrhoeae Nf4 prophages have been designated Ngoφ6 to Ngoφ9 (Piekarowicz et al., 

2006). The gonococcal Ngoφ6 is an active prophage and can be detected in phage preparations as 

a circular single positive strand of DNA (replicative form) (Piekarowicz et al., 2006). A constructed 

Ngoφ6 phagemid (designated pBS:: Ngoφ6) was able to produce virions that can infect and 

replicate in a number of Gram-negative bacteria (Piekarowicz et al., 2014). Nf4 of N. gonorrhoeae is 

distinctive from other subtypes of Neisseria prophages, but Ngo9 is a chimaera formed from Nf1 

and Nf4 temperate phages and does not have the three organization modules of filamentous 

phage (Piekarowicz et al., 2006). 

2.7.1.3 Role Nf1 phage in meningococcal virulence 

The MDA φ, corresponding to the Nf1 subtype, was first described in 2005 by Bille et al. (Bille et al., 

2005) as being associated with invasive N. meningitidis clonal complexes. The 8kb MDA φ genome 

is highly conserved among N. meningitidis isolates and has a similar genetic organization to other 

filamentous phages such as M13 or CTXφ (Bille et al., 2005; Meyer et al., 2016). The MDA genomic 

element encodes a functional filamentous phage that can enter a productive cycle and produce 

infectious virions which are released using host-encoded secretin PilQ and infect other 

meningococcal strains through interaction with type IV pili (Bille et al., 2008; Bille et al., 2005; Kawai 

et al., 2005; Meyer et al., 2016).  

Though it is uncommon for a bacterial strain to carry more than one copy of the same phage type, 

multiple copies of MDA φ were detected in some strains of N. meningitidis such as FAM18 and MC58 

(Bille et al., 2005; Kawai et al., 2005). It has been shown that the possession and genetic copy 

number of integrated MDA φ correlated with hypervirulent N. meningitidis clades isolated from 

invasive meningococcal disease. MDA φ duplication was observed in a variant of N. meningitidis 

Z5463 and this was correlated with the production of elevated levels of phage proteins compared 

to parental isolate (Omer et al., 2011). Bille and colleagues in 2017 inferred the increased 

invasiveness of the MDA φ positive meningococci to the enhanced ability of these strains to 

colonize host cells by the MDA φ pili-like elements (Bille et al., 2017). MDA φ stabilizes bacteria-to-
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bacteria interactions by forming bundles of the phage that extend from the bacterial surface 

resulting in stable meningococcal mucosal colonization of the nasopharynx (Bille et al., 2017). 

Accordingly, the improved carriage is believed to increase the incidence of bloodstream invasion 

associated with infection, while facilitating the spread and persistence of the MDA φ carrying strain 

in the bacterial population.  

2.8 Project aims  
 

2.8.1 Hypothesis of the study  
We identified an isolate from a rare case of gonococcal disseminated disease and hypothesised 

that this isolate may have had genetic changes associated with this novel presentation. To test this 

hypothesis, we conducted a thorough investigation of the genetic content of this isolate (chapter 

3). 

The notification rates of gonorrhoea in Western Australian remote regions are 10-fold higher than 

the rates of gonorrhoea in rural Western Australian regions. In addition, we had observed an 

increase in gonorrhoea in Western Australia in both rural and remote regions since 2015 (Western 

Australian Health, 2018). We hypothesised that the rise in cases was either due to 

(a)  The circulating N. gonorrhoeae strains in remote regions may belong to different genomic 

clades and may have different genetic features than strains circulating in rural WA leading to the 

higher rates in remote regions. 

(b)  The circulation of strains from rural areas into regional jurisdictions via travel. 

(c) Increased local transmission of endogenous isolates. 

This hypothesis was addressed in Chapters 4,5 and 6. 

2.8.2 Aim 1 Analysis of bacteriophages in Neisseria spp. (Chapter 3) 
We recently recovered a gonococcal isolate (ExNg63) from a rare case of gonococcal meningitis 

and whole genome sequence comparisons revealed that this isolate possessed a region with 90% 

similarity to Nf1 found in N. meningitidis. Sanger sequencing confirmed that the entire Nf1-like 

sequence was intact in the genome of ExNg63. This is the first indication that Nf1 prophages may 

not be restricted to N. meningitidis; however, four different filamentous prophages have been 

described in the genome of FA1090 (Ngo6, Ngo7, Ngo8 and Ngo9) these share around 50 % 

similarity with Nf1 from Z2491 N. meningitidis strain. Therefore, to understand the genetic diversity 
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and distribution of Nf1 prophages, this project aimed to examine the distribution, prevalence and 

genetic diversity of filamentous phage in Neisseria.  

 

2.8.3 Aim 2. Epidemiology of gonococcal strains in Western Australia from 2011-2013 

(Chapter 4) 
Gonorrhoea is the second most commonly notified bacterial sexually transmitted infection in 

Australia. Australia has one of the highest reported gonorrhoea notification rates worldwide 

(Unemo et al., 2016a). The rate of notification is not uniformly distributed in Australian regions. 

Australian states and territories are divided into remote and metropolitan areas, based on the 

distance to the closest service centres and the population density. Communities living in remote 

regions of the Northern Territory and remote Western Australia have the highest notification rate 

of gonorrhoea in Australia (Roberts-Witteveen et al., 2014). The proportion of indigenous people 

in remote Australian regions is 15-49% of the population in remote areas when compared to 1% -6% 

of population in urban rural regions. Australian indigenous populations live in tight knit 

communities and have a highly structured kinship system which facilitates the rapid spread of 

infectious disease and STIs through frequent contact between people in the community (Scougall, 

2008). Even though indigenous status data were not extracted in this study, this is an important 

factor contributing to the very high rates of gonorrhoea infections in remote regions.  

In 2015, gonorrhoea notifications were reported to be 959 per 100,000 population of people living 

in the remote WA Kimberley region, compared to 85 per 100,000 population for Western Australia. 

The prevalence of AMR amongst gonococcal isolates in metropolitan areas of WA is similar to 

global levels, with 20% of isolates being penicillin and ciprofloxacin resistant; while ESC decreased 

susceptibility and azithromycin resistant isolates are sporadically reported (Lahra, 2015; Lahra et 

al., 2017a). In contrast, the prevalence of AMR amongst isolates from the remote areas of WA is 

lower at 2–3% for penicillin and ciprofloxacin resistance while no resistance to ESCs or azithromycin 

has been detected (Lahra, 2015; Lahra et al., 2017a). The lack of AMR in isolates from remote 

regions of Australia may be explained by the limited international contacts and by recent studies 

utilizing NG-MAST and MLST that have revealed gonococcal isolates in the remote areas are 

genetically distinct from metropolitan isolates which may be due to the different risk groups in 

each area: men who have sex with men (MSM) networks from the metropolitan areas versus the 

heterosexual indigenous communities living in remote areas (O’Reilly et al., 2015; Trembizki et al., 

2016b).  
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This part of the project aimed to elucidate the genomic epidemiology and population structure of 

N. gonorrhoeae in WA using isolates collected from 2011 to 2013. Moreover, the study aimed to 

determine the association between the N. gonorrhoeae types found in WA according to the 

molecular typing schemes and their antimicrobial susceptibility.  

2.8.4 Aim 3. Western Australian state-wide epidemiology of N. gonorrhoeae in 2017 

(Chapter 5) 
There has been an increase in gonorrhoea notifications in Western Australia (WA) since 2016. At 

the same time, the proportion of sensitive isolates in urban WA also increased. Also, the number 

of azithromycin resistant isolates increased compared to the previous years. Though the 

notification rate of gonorrhoea plateaued in urban areas, the increase in notification continued in 

the remote areas of WA.  

An Australian nationwide study by Trembizk et al. (Trembizki et al., 2016b) using MassARRAY iPLEX 

N. gonorrhoeae genotyping technology demonstrated that few strain types of N. gonorrhoeae 

contributed the majority of gonococcal infections in Australia (Trembizki et al., 2016b). These 

common strain types were shared between states and territories and associated with different 

sexual networks. The most common strain type In Western Australia (S3)  was also common in 

other Australian regions where  indigenous population concentrated; Northern Territory, 

Queensland and South Australia  (Trembizki et al., 2016b).  

The aim of this project is to use genotyping data of all N. gonorrhoeae isolates collected in Western 

Australia in 2017 (n=741) in addition to geocoding of public health data to identify outbreak 

patterns across the remote and urban regions of WA. The study also aims to compare MassARRAY 

iPLEX genotypes collected in this study to genotypes identified in previous studies to determine 

sustainability of strains in WA and commonality of strains found in WA and in other Australian 

states and territories (Hanrahan et al., 2019; Lahra et al., 2017b; Lahra et al., 2016; Trembizki et al., 

2014c; Trembizki et al., 2016b; Whiley et al., 2018b; Whiley et al., 2017).  We received the initial 

genotyping data by MassARRAY iPLEX genotyping technology and we will match this to the 

associated meta-data collected by our collaborators at the WA Health Department.  

2.8.5 Aim 4. Examining N. gonorrhoeae antimicrobial resistance, population structure, 

diagnostic targets and vaccine antigens by comparative genomics (Chapter 6) 
This project aims to assess perseverance of remote WA lineages and to understand the molecular 

basis of azithromycin resistance in WA by analysing A subset of N. gonorrhoeae isolates from 2017 

by WGS. The study also aimed to evaluate presence and diversity of the meningococcal Bexsero® 
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vaccine antigens to predict cross-reactivity. In addition, it aimed to find molecular diagnostic 

targets to develop a specific, fast and cost-effective assay for detection of remote areas sensitive 

lineages. 

  




