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Abstract 

 

The Northern Territory (NT) of Australia is renowned for having a heavy burden of 

infectious diseases, due to the presence of a large and diverse group of distinct 

microbial pathogens that infect both the Indigenous and the non-Indigenous 

populations. However, for the most, the NT lacks the informative and interrogative 

laboratory methods that could be used to enhance epidemiological surveillance. This 

requires prompt attention and correction as a matter of urgency, especially in the case 

of sexually transmitted diseases, which are a substantial public health issue in the 

NT. The key areas of sexually transmitted diseases requiring improvement are, 

genotyping of Chlamydia trachomatis, and antimicrobial resistance surveillance of 

Neisseria gonorrhoeae. To address these issues this project aimed to 1) Determine if 

the addition of further genetic markers into the CtGEM typing method will increase 

the assay’s performance and justify the increased complexity of the method. 2) 

Incorporate 7 N. gonorrhoeae genotyping assays within the department of 

Serology/Molecular Biology of Territory Pathology. 3) Investigate the antimicrobial 

resistance patterns of Neisseria gonorrhoeae from 2016 to 2017. Bio-informatic tools 

were used to assess if the candidate genetic markers could enhance the CtGEM 

method performance. Furthermore, 1,348 N. gonorrhoeae characterised clinical 

specimens from the period of 2016-2017 were screened for resistance genes. The 

study’s results revealed that the CtGEM typing performance could not improve with 

the candidate targets and that incorporation of N. gonorrhoeae AMR surveillance 

methods in the NT is applicable and necessary due to the presence of resistant strains 

of N. gonorrhoeae. 
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Introduction 

 

Sexually Transmitted Infections 

 

Sexually transmitted infections (STIs) embody a substantial public health concern, 

due to the ever-increasing new cases being notified each year (Carmona et al 2018., 

2016). The pathogens involved in STIs can be bacterial, viral, mycological, and 

protozoan in nature (Sylverken et al., 2016). The most common sexually STIs from 

the above groups are chlamydia, gonorrhoea, trichomoniasis, syphilis, and more 

recently Mycoplasma genitalium infections (Newman et al., 2015, Edouard et al., 

2017). Risk factors for STIs include young age, drugs, low socio-economic status, 

sexual preferences and poor hygiene (Zhao et al., 2015). The highest notification 

rates of STIs exist in the developing countries, led by the South and South-East Asia 

region, then followed by Africa, and Latin America regions. The remaining incidents 

of STIs are notified from the developed countries, led by the United States of 

America, and followed by the countries of the European Union, and that of the 

Asian-Pacific region (Ortayli et al., 2014, Redmond et al., 2015). 

 

The severe complications of STIs (e.g. infertility, ectopic pregnancies, and 

ophthalmia neonatorum) are also of significance due to the associated large tertiary 

health-care costs (Korenromp et al., 2017). Furthermore, the resistance to first-line 

treatments from Mycoplasma genitalium and Neisseria gonorrhoeae also contributes 

to the pre-existing large costs (Krupp & Madhivanan, 2015). Due to these public 

health issues, there is now a global call for improved management of STIs, including 

enhancement of STI epidemiological surveillance (Wi et al., 2017). These programs 

aim to measure the frequency and prevalence of STIs in populations, as well as, 

detect both the cause and the source of the STI epidemics (Wi et al. 2017). 
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The STI burden of the Northern Territory of Australia 

 

The Northern Territory (NT) of Australia is renowned for having a heavy burden of 

infectious diseases, due to the presence of a large and diverse group of distinct 

microbial pathogens that infect both the Indigenous and non-Indigenous populations. 

However, for the most, the NT lacks informative and interrogative laboratory 

methods that could be used to enhance epidemiological surveillance. This requires 

prompt attention and correction. 

 

STIs are a substantial public health issue in the Northern Territory, with 75% of 

reported cases affecting individuals within the age group of 15 to 34, who live in the 

rural zones. (Sexual health and blood-borne virus unit, CDC, 2016). The most 

commonly reported STIs in these areas are chlamydia, gonorrhoea, genital herpes, 

and due to a recent outbreak-syphilis. From this group the two most frequently 

notified are chlamydia and gonorrhoea. (Sexual health and blood-borne virus unit, 

CDC, 2016). In 2017, the Aboriginal and Torres-Strait Islander population had a 

higher chlamydia notification rate than the non-Indigenous population, with 1586.1 

and 671.6 reports per 100,000 individuals respectively (Kirby Institute, 2017, Kirby 

Institute, 2018). Likewise, the 2017 gonorrhoeae notification rate was once again 

higher in the Aboriginal and Torres Strait Islander population than the non-

Indigenous population in the Northern Territory, having 1723.9 and 102.6 

notifications per 100,000 individuals respectively (Kirby Institute, 2017, Kirby 

Institute, 2018). 
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Chlamydia trachomatis 

 

C. trachomatis pathophysiology 

 

Chlamydia trachomatis are obligate intracellular human-specific pathogenic bacteria 

with a very specific life cycle. The C. trachomatis bacteria have a development stage 

that allows alteration between an extracellular infectious elementary body and a non-

infectious intracellular reticulate body (Elwell et al., 2016). The infection begins 

once the elementary bodies attach to specific receptors found on non-ciliated 

cuboidal or columnar epithelial cells of the host (Bastidas et al., 2013). The 

elementary body then, through the process of phagocytosis, finds refuge within a 

cytoplasmic vacuole, thus evading the host protective mechanisms (Mehlitz & Rudel, 

2013). While in this state, the elementary bodies alter into reticulate bodies within a 

membrane-bound compartment, also known as the ‘inclusion’. After several rounds 

of replication, the reticulate bodies begin to re-differentiate once again into 

elementary bodies, that then leave the host cell to infect other cells (Snavely, 2014). 

Figure 1.1 below describes the above process. 
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Figure 1.1: The life cycle of Chlamydia trachomatis: Figure 1.1 illustrates the very specific life-cycle of the 

C. trachomatis bacterium. From left to right the figure displays the stages of host-cell invasion, inclusion and 

elementary body establishment, persistence, and host-cell lysis for elementary body release. Image courtesy 

of: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4886739/.  

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4886739/
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C. trachomatis population structure & Disease 

 

Genetic studies of C. trachomatis have shown that this bacterium has evolved 

through reductive evolution and most likely from a non-pathogenic ancestor that at 

some point in time became specific to humans (Clarke, 2011). The genome of C. 

trachomatis consists of a 1-Mb chromosome and a 7-kb plasmid (Seth et al., 2013). 

Furthermore, the species phylogeny has been found to consist of four deeply 

branching lineages (T1, T2, Ocular, and LGV) that are strongly, but not exclusively, 

associated with the anatomical site of infection (Harris et al., 2012). 

 

Additionally, whole-genome studies have shown that recombination events are 

common in the Chlamydiaceae species. Furthermore, certain regions of the genome, 

including the clinically and epidemiologically relevant ompA gene that encodes for 

the major outer membrane protein (MOMP), display detectable recombination events 

(Joseph et al., 2011). Thus, recombination is most likely the major mechanism that 

contributed to the generation of multiple genotypes of C. trachomatis (Ferreira et al., 

2012). 

 

The Chlamydia trachomatis phylogeny consists of 15 genotypes, (A, Ba, B, C, D, E, 

F, G, H, I, J, K, L1, L2, and L3) (Giffard et al., 2016) (Figure 1.2). Depending upon 

the ompA genotype, C. trachomatis can cause either urogenital or ocular disease. 

Genotypes A, B, C, and Ba have been found to cause trachoma (Harris et al., 2012). 

Trachoma has been identified as the foremost cause of infectious agent associated 

preventable blindness worldwide (Mohammadpour et al., 2016). When untreated, 

trachoma causes visual impairment, which after a prolonged period of constant 

infection leads to irreversible blindness (Hu et al., 2013). In the rural areas of the NT, 

trachoma has been found to have a higher incidence in those aged 5-9 years, 

compared to the adult population (Kirby Institute, 2015). 
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The L1, L2, and L3 genotypes cause the disease known as ‘Lymphogranuloma 

venereum’(LGV), which is a highly invasive and life-threatening urogenital infection 

(Boutin et al., 2018). Genotypes D, E, F, G, H, Ia, J, and K are known to cause the 

non-invasive STI, chlamydia. However, the same genotypes, when gaining access to 

the ocular site, can cause the ocular disease para-trachoma (Khattab & Abdelfattah, 

2016). Para-trachoma is an acute mild ocular infection but not as severe as trachoma 

(Pinsent et al., 2018). Therefore, para-trachoma manifests by either transmission 

from urogenital infections, or of maternal transmission at delivery (Giffard et al., 

2016). However, there have been variants of genotypes B, C, and Ba found in 

Australia that are related to ocular disease and classed into the urogenital lineage. 

Such variants are of significance in paediatric cases of C. trachomatis (Andersson et 

al., 2016). 
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Figure 1.2: C. trachomatis phylogeny: Figure 1.2 displays the maximum likelihood of the C. trachomatis 

using a genome-wide orthologous single nucleotide polymorphism (SNP) matrix of the ompA gene. The 

phylogenetic tree illustrates the lymphogranuloma venereum, urogenital, and ocular lineages, as well as, the 

novel Australian variants of ocular genotypes Ba (Blue), C (Green), B (purple) that are responsible for 

trachoma incidents and yet reside with the urogenital lineages. Images courtesy of: 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4773424/.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4773424/
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Paediatric infections of C. trachomatis 

 

Paediatric infections of C. trachomatis are challenging and of great significance 

especially when the positive result originates from urogenital specimens 

(Hammerschlag, 2011). The nucleic acid amplification tests (NAATs) for C. 

trachomatis, although very sensitive, do not distinguish living material from dead 

material (Janssen et al. 2016). Therefore, in paediatric cases, false positives are of 

significance as a positive chlamydia diagnostic test can be strong evidence of sexual 

contact (Meyer, 2016). In the NT, any positive chlamydia result from paediatric 

urogenital specimens will cause a mandatory notification to NT Government child 

protection authorities, which will investigate for possible sexual assault. (Northern 

Territory Government. Sexual health and blood-borne viruses unit surveillance, 

2014). 

 

Furthermore, due to unclear reports of child sexual assaults in remote communities of 

the NT, interventions that aimed to protect the young and vulnerable population were 

employed by the Australian Commonwealth Government. Thus, NT health-service 

providers may screen children for STIs when disclosure of sexual abuse is absent 

(Anderson et al. 2013). Therefore, a positive result may be the only evidence of 

sexual contact. However, there are two possible mechanisms for the generation of 

false-positive STI diagnoses. The first involves the contamination of the clinical 

specimen from environmental STI agent contaminants, whereas the second involves 

the contamination of the urogenital tract in the absenteeism of sexual intercourse 

(Andersson et al. 2014, Giffard et al. 2017).  

 

Investigations performed by Andersson et al. (2014) proved that while the 

contamination with the nucleic acid of STI agents was evident in the rest-room 

facilities of some of the NT primary health clinics, the probability of this material 

being carried over into the collected specimens for diagnostic testing was low, but 

not zero. Furthermore, Giffard et al. (2017), demonstrated that contact between 

contaminated fingers and urine specimens could contaminate the specimen, resulting 

in a positive C. trachomatis test. These findings highlight the importance of the 
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careful collection of urogenital specimens from young children for STI testing. 

Moreover, Giffard et al. (2016) investigated the possibility of C. trachomatis 

autoinoculation and infection of the urogenital site from an ocular infection in rural 

areas of Central and Northern Australia, where trachoma is endemic. (Edouard et al. 

2017). The results revealed that trachoma genotypes were not circulating in the 

sexual networks of the remote NT. This highlights the need for the incorporation of 

appropriate genotyping methods for surveillance of chlamydia diagnosis in young 

children of regions such as the NT where ocular and urogenital infections of C. 

trachomatis may continue to be endemic. 

 

Targets and Methods that resolve the C. trachomatis population 

structure 

 

The methods that resolve the C. trachomatis population structure branch into two 

categories, which are: 1) those that rely on serological testing and 2) those that rely 

on molecular testing (Muralidhar, 2015). 

 

Serotyping 

 

Traditional typing of C. trachomatis had been based on serotyping via 

immunofluorescence, enzyme-immunoassay and radio-immunoassay (Weil et al., 

2009). Serotyping involves the characterisation of MOMP using specific antibodies. 

However, due to the requirement of the proliferation of C. trachomatis in cell 

cultures, and the limited panels of monoclonal antibodies, the method was quickly 

replaced by the molecular typing methods (Centres for Disease Control and 

Prevention 2014).  
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Molecular Typing 

 

The major molecular typing methods for C. trachomatis include restriction-fragment 

length polymorphism (RFLP), PCR-sequencing, High-Resolution Melt analysis 

(HRM), and whole-genome sequencing (WGS) (Dhawan et al., 2017). The molecular 

typing of C. trachomatis relies upon the ompA gene sequence analysis. The gene has 

four highly polymorphic variable domains (VDs) (Bandea et al. 2001). The sequence 

alterations of the amino acids in the VD regions account for the differences among C. 

trachomatis genotypes and have enabled the identification of 15 C. trachomatis 

genotypes. Genotypes A, B, C, and Ba were associated with trachoma, whereas 

genotypes D–K with non-invasive urogenital (UGT) infections, and the L1, L2, and 

L3 genotypes with the highly invasive lymphogranuloma venereum (LGV) (Dhawan 

et al., 2017).  

 

Sequencing 

 

Compared with other genotyping methods, sequencing has shown a higher resolution 

and is also able to detect even the slightest variations in the C. trachomatis ompA 

gene (Eder et al., 2017). Furthermore, methods such as multi-locus variable number 

tandem repeats analysis (MLVA) and multi-locus sequence-typing (MLST) were 

developed to understand the C. trachomatis population genetic structure, species 

diversity, and the relationship between disease and genotype (Pannekoek et al. 2008). 

Genotyping of C. trachomatis via MLVA and MLST methods is frequently 

preferable due to their discriminatory power being superior to serotyping (Peuchant 

et al., 2012, Pannekoek et al. 2008). 
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Whole-Genome Sequencing 

 

Whole-Genome Sequencing (WGS) is the current gold-standard method for 

understanding the evolution, diversity and epidemiology of C. trachomatis. WGS can 

provide maximum phylogenetic resolution, an in-depth understanding of the 

population structure, and patterns of infection (Kwong et al., 2015). The whole-

genome sequencing investigations have also confirmed that ompA should not be 

solely used for phylogenetic studies due to the extensive recombination within the 

ompA genotypes. However, WGS requires a substantial amount of nucleic acid, thus 

making large-scale comparative genomic studies challenging (Versteeg et al., 2018). 

However, the development of culture-independent methods that yield large amounts 

of nucleic acid directly from clinical samples solved this issue (Taylor et al., 2018).  

 

CtGEM typing-A recently described HRM-based method 

 

The CtGEM genotyping method enables the detection and resolution of both the 

ocular strains and the major phylogenetic lineages, as well as, the newly identified 

Australian strains (Giffard et al., 2018). The method was developed in response to 

the need for surveillance of C. trachomatis in urogenital specimens obtained from 

young children of the NT, where the detection of a urogenital strain in a paediatric 

specimen will initiate a sexual assault investigation and government mediation that 

removes the child from the care of the parents (Giffard et al., 2018, Andersson et al., 

2014). 

 

The CtGEM method uses the high-resolution melting analysis (HRM) technology for 

the analysis of two markers that had been found to have a high combinatorial 

resolving power from the computerised comparison of a 65 genome-wide 

orthologous SNP matrix of C. trachomatis that relied on a maximised Simpson’s 

Index of Diversity (D) (Giffard et al., 2018). The HRM assays have proven to be 

ideal candidates for genotyping of Chlamydia trachomatis, due to their informative 

and discriminatory power being comparable to that of sequencing (Köksal et al., 
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2016). In contrast to sequencing, HRM is robust, cost-effective, and uses generic 

instrumentation (e.g. real-time PCR) for the discrimination of genotypes through the 

process of DNA melting (Schuller et al., 2010). 

 

DNA melting is the method by which double-stranded (ds) DNA transitions to 

single-stranded (ss) DNA in response to a controlled temperature increase (White & 

Cantsilieris 2017). The thermal denaturing behaviour of a ds-DNA relies upon the 

nucleotide base composition (GC content). However, the GC content is not the only 

factor influencing this transition, as the nucleotide distribution can also have an 

equivalent effect upon DNA melting (Khandelwal & Bhyravabhotla, 2010). 

Nonetheless, the temperature where half of all the ds-DNA has become ss-DNA is 

known as the melting temperature (Tm). The Tm is influenced by sequence length and 

per cent GC content (%G+C) due to the extra hydrogen bond between GC pairs 

compared with AT pairs. Therefore, sequence variations can lead to both a different 

melting behaviour and melting temperature, thus being able to be detected by 

monitoring the melting process (Tong &Giffard 2012). HRM requires a saturating 

fluorescent DNA binding dye such as Reso-Light that can bind to every available 

position of the double-stranded DNA (Erali & Wittwer, 2010). Furthermore, HRM is 

a sensitive method, thus when seeking a rare variant in a large number of samples, 

screening via HRM will drastically reduce both the workload and the result turn-

around time. In the case of known mutations, these can be targeted via either small 

amplicon melting or unlabelled probe melting (White, Cantsilieris 2017).  

 

Additionally, the HRM workflow for screening is relatively straightforward as the 

samples can be amplified either in a 96 or a 384 well plate and then undergo melting. 

After melting, the results are analysed with appropriate software (e.g. Gene-

Scanning, Roche Diagnostics Australia) that enable the allocation of melting curves 

with overlapping profiles (Lochlainn et al. 2011). As a result, HRM is considered as 

a comparative analysis due to the melt-curves of unknown samples being compared 

to that of a control sample that defines the baseline (White & Cantsilieris 2017). 

Finally, most real-time PCR platforms provide the option to perform an extended 

melt-program to gain more data points. Therefore, the temperature control accuracy 
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and the fluorescence measurement are what define the resolving power of a platform 

(White & Cantsilieris 2017). The greatest limitation of HRM is that not all variants 

can be detected, as mutations that do not alter the GC content are not easily 

detectable (Tong & Giffard 2012).  

 

CtGEM demonstrates the above knowledge through the HRM analysis of two 

markers. The first marker was identified from the C. trachomatis B_Jali20 genome 

and was termed region 1 (rg1), while the second marker was identified from the 

ompA gene, and was named opf. The rg1 fragment was found to resolve the C. 

trachomatis phylogeny into four ompA haplotypes (GA, GT, GC and AT) (see Figure 

1.3), whereas the opf fragment resolves the phylogeny into eight ompA haplotypes 

(A, BaD, BF, CHIJK, E, G, Lx, L3) (see Figure 1.4). When combined, the two 

markers resolve the phylogeny into 20 genotypes (see Figure 1.5) that detect and 

discriminate the ocular, T1, T2, and LGV lineages, as well as, the new ocular 

Australian variants (AusB, AusBa, and AusC) that reside within the urogenital 

lineages (see Figure 1.5) (Giffard et al., 2018).  

 

Limitations of CtGEM include 1) genetic variation, due to the method having being 

developed from known genetic variations, thus currently unknown variants may not 

be identified. 2) poor nucleic acid yield from the clinical specimens, and 3) the 

method cannot fully discriminate the CHIJK genotypes amongst each other (Giffard 

et al., 2018). 
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Figure 1.3: Region1 (rg1) HRM analysis: Figure1.3 displays the sequence alignment of the four haplotypes 

of region1 (GA, GC, GT, AT). The grey zones represent the primer sequences, whereas the yellow zone 

represent the probe attachment point. The figure also illustrates the melt-curve profile of the rg1 haplotypes. 

Image courtesy of: https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0195454.  

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0195454
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Figure 1.4: OmpA fragment (opf) HRM analysis: Figure1.4 illustrates the sequence alignment of the 

ompA fragment haplotypes. The grey zones represent the primer sequences. The figure also displays the 

melt-curve profile of the ompA fragment haplotypes. Image courtesy of: 

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0195454.  

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0195454
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Figure 1.5: Resolution of the C. trachomatis phylogeny via CtGEM typing: Figure1.5 illustrates the 

individual and combined ability of the rg1 and opf fragments to resolve the C. trachomatis phylogeny. Image 

courtesy of: https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0195454.  

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0195454
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Neisseria gonorrhoeae 

 

Gonorrhoea, one of the oldest human-specific bacterial diseases, is ranked second in 

STI notification data worldwide and of the Northern Territory (Sexual health and 

blood-borne virus unit, CDC, 2016). Gonorrhoea is passed from one individual to 

another via sexual intercourse (Workowski & Bolan, 2015). The transmission of N. 

gonorrhoeae is of great concern, not only due to the morbidity of the disease but also 

due to the infection having the ability to increase the susceptibility to HIV in a non-

infected individual and to increase the spread of HIV in an infected individual (Gross 

& Tyring 2011). Furthermore, infants will have a 30-50% risk of contracting 

gonococcal conjunctivitis, if the mother has an active infection of gonorrhoea. The 

clinical presentations of gonorrhoea, although distinct in males and females, can be 

divided into five groups, which are: 1) Urogenital infection, 2) Pharyngeal infection, 

3) Rectal infection, 4) Conjunctival infection, 5) Disseminated infection. From these 

groups, the pharyngeal and rectal infection is frequently reported in the Men who 

have Sex with Men (MSM) group. The conjunctival infection in the neonatal 

population, the urogenital infection almost equally in both females and males, 

whereas the disseminated gonococcal infection (DGI) is a very rare complication of 

infection with Neisseria gonorrhoeae and mostly found in young men (Skolnik, 

Clouse & Woodward 2013). 

 

Treatment of Neisseria gonorrhoeae 

 

Treatment of gonorrhoea has changed several times in recent decades due to the N. 

gonorrhoeae bacteria having displayed resistance to every class of antibiotics 

(Unemo & Schaffer 2014). Due to the rapid rise in resistance and high prevalence of 

gonorrhoea, the Centre for Disease Control (CDC) and the World Health 

Organisation (WHO) founded programs for surveying the antibiotic resistance of 

Neisseria gonorrhoeae. The CDC program is known as the Gonococcal Isolate 

Surveillance Project (GISP), whereas the WHO program is known as the Gonococcal 

Antimicrobial Surveillance Project (GASP) (Weston & Papp 2017, Wi et al., 2017). 

The most recent treatment change was in August 2012 whereby the recommended 
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treatment regimen for most countries changed from treatment with ceftriaxone only 

to dual therapy with azithromycin and ceftriaxone (Wi et al. 2017). In Australia, the 

National Neisseria Network (NNN), is part of the GASP and provides laboratory-

based investigations for the pathogenic Neisseria species (Mowlaboccus et al., 2017). 

In Australia, gonorrhoea is mostly detected in the MSM group who live in urban 

areas, and in the heterosexual Aboriginal individuals that live in rural areas of 

northern and central Australia (Whiley et al., 2017). Treatment in most parts of 

Australia consists of dual therapy with 500 mg of intramuscular injection of 

ceftriaxone plus 1.0 g of oral azithromycin (CAZ pack). However, for the rural areas 

of the NT and Western Australia, the treatment regime is 3g of oral amoxicillin, 1g 

of probenecid, and 1g of azithromycin (ZAP pack) (Figure 1.6). This is because 

penicillin and azithromycin antimicrobial resistance in those areas is surprisingly 

low, enabling use of the oral ZAP treatment in place of ceftriaxone injection (Whiley 

et al., 2017). 

 

 
Figure 1.6: CAZ and ZAP regions of the Northern Territory. Figure 1.6 depicts the CAZ 

(navy-blue) and ZAP (light-blue) geographical locations of the Northern Territory. Image 

retrieved from: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5572890/#R23.  

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5572890/#R23
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N. gonorrhoeae population structure and Antimicrobial resistance 

 

N. gonorrhoeae has been suggested to encompass at least five genetic subpopulations 

originating from various geographical locations, with groups 1-2 containing the 

majority of the resistant strains of current antibiotics treatments (Ezewudo et al., 

2015). Antimicrobial resistance (AMR) in N. gonorrhoeae has been acknowledged 

as a significant public health problem of global importance (WHO 2012, CDC 2012). 

However, the overall scale of the N. gonorrhoeae AMR is yet unknown in many 

countries due to the significant lack of global AMR surveillance data (Goire et al., 

2014).  

 

Gonococci have been shown to develop AMR through either gene transfer or by 

specific mutations. The AMR genes can be spread quickly by being transferred 

between gonococci by either transformation or conjugal transmission of plasmids 

(Unemo & Shafer, 2014). Furthermore, gonococci can acquire low- and high-level 

resistance via mutations that decrease or inhibit the binding of antibiotics to their 

targets (Unemo & Shafer, 2011). However, the alterations must only modify the 

active-site of the antibiotic target only to lower the affinity of the antibiotic and not 

to affect the function of the enzyme(s) crucial for bacterial viability (Unemo & 

Shafer, 2014). Thefore the majority of the AMR mechanisms of N. gonorrhoeae do 

not result in reduced biological fitness, which enables the perseverance of AMR 

strains (Kunz et al., 2012). 

 

Global Surveillance of N. gonorrhoeae antimicrobial resistance 

 

The WHO GASP data of 2009–2014 revealed widespread resistance to penicillins, 

tetracyclines, ciprofloxacin, increase in resistance to azithromycin, and the 

emergence of decreased susceptibility/resistance to extended-spectrum 

cephalosporins (ESCs). From the countries that survey the susceptibility to 

azithromycin (n = 58), and ESCs (n = 77), 81%, and 66% of countries, respectively, 

reported resistant isolates for at least one year from 2009–2014 (Wi et al., 2017).  
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Extended-Spectrum Cephalosporins 

 

The WHO global N. gonorrhoeae ESC resistance data of 2014 (Figure 1.7) revealed 

that most of the ceftriaxone resistances were reported from China, Japan, Korea, 

India, Indonesia, Malaysia, Norway, Greenland, the Netherlands, and Romania 

(resistance of 6-30%). The second highest rates of resistance were reported from the 

countries of the European Union, South Africa, America, Canada, Mongolia, Chile, 

Argentina, Uruguay, Pakistan, Vietnam, Australia, and New Zealand (resistance of 

0.1-5%) (Wi et al., 2017).  

 

Azithromycin 

 

The WHO global N. gonorrhoeae azithromycin resistance data of 2014 (Figure 1.8) 

revealed that the majority of the azithromycin resistances were reported from Uganda 

(resistance of 71-100%), and Peru, Ireland, Greece (resistance of 31-70%). The 

second highest rates of azithromycin resistance had been reported by Russia, Italy, 

Norway, France, Spain, Romania, Indonesia, Japan, Mongolia, Cote d’ Ivoire, and 

South Africa (resistance of 6-30%). Lower rates of azithromycin resistance were 

reported from China, India, Greenland, Canada, America, Argentina, Pakistan, 

Sweden, Germany, United Kingdom, Australia, and New Zealand (Resistance of 0.1-

5%) (Wi et al., 2017). 
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Figure 1.7: 2014 Geographical distribution of the N. gonorrhoeae ESCs resistance. Figure 1.8 illustrates 

the global distribution and resistance % of the ESC resistance of N. gonorrhoea based upon the WHO GASP 

data of 2014. Image courtesy of: 

https://journals.plos.org/plosmedicine/article?id=10.1371/journal.pmed.1002344#pmed.1002344.ref035.  

Figure 1.8: 2014 Geographical distribution of the N. gonorrhoeae Azithromycin resistance. Figure 1.9 

illustrates the global distribution and resistance % of the azithromycin resistance of N. gonorrhoea based 

upon the WHO GASP data of 2014. Image courtesy of: 

https://journals.plos.org/plosmedicine/article?id=10.1371/journal.pmed.1002344#pmed.1002344.ref035.  

https://journals.plos.org/plosmedicine/article?id=10.1371/journal.pmed.1002344#pmed.1002344.ref035
https://journals.plos.org/plosmedicine/article?id=10.1371/journal.pmed.1002344#pmed.1002344.ref035


31 
 

N. gonorrhoeae Antimicrobial Resistance Mechanisms 

 

Penicillin Resistance 

 

Plasmid-mediated penicillin resistance 

 

The β-Lactam antibiotics inhibit the creation of peptidoglycan cross-links in the 

bacterial cell wall by attaching to the β-lactam ring of the transpeptidase enzymes 

(penicillin-binding proteins or PBPs), resulting in bactericidal activity (Kong, 

Schneper & Mathee, 2010). The N. gonorrhoeae plasmid-mediated penicillin-

resistant strains harbour plasmids with a blaTEM-1 gene, encoding for TEM-1-type β-

lactamase, which hydrolyses the cyclic amide bond, thus rendering penicillin 

inactive. After the initial identification of N. gonorrhoeae strains with β-lactamase-

producing plasmids back in 1976, these were quickly spread internationally (Unemo 

& Shafer 2014). Currently, the N. gonorrhoeae strains having the Asian and African 

plasmids are globally widespread (Zheng et al., 2015). Further types of β-lactamase-

producing plasmids include the Toronto, Rio, Nîmes, New Zealand, Australian, and 

Johannesburg plasmids (Whiley et al., 2014). Literature shows that the Asian 

plasmid appears to be the ancestral plasmid from which all other plasmids evolved, 

via deletions or insertions (Muhammad et al., 2014). Hence, these β-lactamase-

producing plasmids can be characterised as deletion progenies of the Asian plasmid 

(Australian, African, Toronto, Rio, Johannesburg) or insertion progenies of the Asian 

plasmid (New Zealand, Nîmes) (Muhammad et al., 2014). 
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Chromosomally-mediated penicillin resistance  

 

Chromosomally-mediated penicillin resistance in gonococci originates from 

mutations that change the PBPs, which intensify the efflux and reduce the influx of 

penicillin (Shafer & Folster, 2006). The chromosomally-mediated penicillin-resistant 

gonococci have 5 to 9 alterations in the penA gene, which encodes for the penicillin-

binding protein 2 (PBP2) (Unemo & Shafer, 2014). The mutations reduce the 

acylation rates of PBP2, thus causing a 6- to 8- fold decrease in the susceptibility 

towards penicillin. Gonococci attained these penA mutations through a 

transformation of the penA gene from the commensal Neisseria spp. that had a PBP2 

with reduced penicillin acylation (Zapun, Morlot & Taha, 2016). The most 

commonly found PBP2 mutation in chromosomally-mediated penicillin-resistant 

gonococci is the insertion of aspartate Asp345a. The Asp345a is located on a β-

hairpin loop close to the active site, which is a requirement for the mutated PBP2 

enzyme to retain activity with its natural substrate (Fedarovich et al., 2014). This 

suggests that only the insertion of aspartate can discriminate against β-lactam 

antimicrobials without stopping the PBP2 transpeptidase action for viability (Unemo 

& Shafer 2014). Furthermore, mosaic-penA genes that contain 60 to 70 amino acid 

variations and provide resistance to both ESCs and penicillins have also been 

described (Tomberg et al., 2013). 

 

Although the PBP2 mutation represents the main mechanism for chromosomally-

mediated decreased susceptibility to penicillin, the high-level penicillin resistance 

strains also harbour a single mutation in the ponA gene that encodes the PBP1(Costa 

et al., 2017). Furthermore, penicillin minimum inhibitory concentrations (MICs) can 

increase by specific mutations affecting the MtrCDE efflux pump system, which is 

responsible for transferring the penicillins outside the cell (Rouquette et al., 2018), as 

well as, from mutations affecting the permeability of the outer membrane porin 

PorB1b (Unemo & Shafer 2014). Finally, a non-transformable penicillin resistance 

known as “factor X,” can increase the MICs of penicillin 3- to 6-fold (Unemo & 

Nicholas, 2012). 

 



33 
 

Macrolide Resistance 

 

 

Macrolides bind to the 50S ribosomal sub-unit, thus preventing the movement of the 

peptidyl-tRNA, and obstructing the peptide exit channel of the 50S sub-units through 

interactions with the 23S rRNA. This causes the release of incomplete polypeptides 

from the ribosomes and has a bacteriostatic effect (Kanoh & Rubin, 2010). 

Resistance to macrolides can result from either a change in the ribosomal target by 

an rRNA methylase-associated modification of the 23S rRNA or specific mutations 

in the 23S rRNA (Shigemura et al., 2015). The rRNA methylases can cause 

macrolide resistance by blocking the macrolide binding to 23S rRNA (Shigemura et 

al., 2015). Furthermore, the macrolide-lincosamide-streptogramin B resistance genes 

(erm genes) can provide high-level resistance to erythromycin and low-level 

resistance to azithromycin when other resistance determinants, such as the mtrR 

mutations or a mef-encoded efflux pump, are absent (Chisholm, Dave & Ison, 2010).  

 

Additionally, specific mutations of the macrolide target, 23S rRNA, have also 

contributed to both low-level resistance (C2611T mutation) and high-level resistance 

(A2059G mutation) to erythromycin and azithromycin (Trembizki et al., 2015). The 

MICs of macrolides against these resistant isolates depend upon how many of the 

four 23S rRNA gene alleles contain the specific mutation (Unemo & Shafer, 2014). 

For example, if the A2059G mutation is present in three out of four or in all four 23S 

rRNA gene alleles, this would result in increased-levels of azithromycin resistance. 

However, strains with only one A2059G mutant allele can be susceptible to 

azithromycin but can quickly develop high-level azithromycin resistance upon 

treatment with sub-inhibitory concentrations of azithromycin (Unemo & Shafer, 

2014). Finally, N. gonorrhoeae resistance to macrolides due to overexpressed efflux 

pumps (MtrCDE, MacAB and mef-encoded) can increase the MICs of macrolides 

(Golparian et al., 2014). 
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Cephalosporin Resistance 

 

Cephalosporins, like β-lactam antimicrobials, inhibit the cross-links of the 

peptidoglycan by binding of the β-lactam ring to the PBPs and having a bactericidal 

activity. Cephalosporin resistance in N. gonorrhoeae is mostly due to mutations that 

alter the PBPs, but also from a decreased influx and increased efflux of 

cephalosporin (Barry & Klausner, 2009). The ESC resistance factors in N. 

gonorrhoeae arise from alterations in the penA gene encoding the PBP2, with 

moderate and highly ESC-resistant N. gonorrhoeae strains usually harbouring a 

mosaic gene that has 60-70 amino acid alterations. The mosaic penA alleles are 

believed to have appeared from a DNA transformation that was followed by 

recombination events of partial penA genes from the commensal Neisseria species of 

the oropharynx (Unemo & Shafer, 2014). Fortunately, the mosaic-penA allele 

increases the MIC of cefixime more than that of ceftriaxone (Unemo et al., 2012). 

 

However, N. gonorrhoeae strains that display high-level resistance to all ESCs 

contain a mosaic-penA with 12 amino acid mutations compared to mosaic-penA 

allele-X, which was related to the early cefixime resistance and treatment failures 

(Ohnishi et al., 2010). Recently, three out of twelve mutations (A311V, T483S, and 

V316P) led to a significant rise in the MICs of cefixime and ceftriaxone (Tomberg et 

al., 2013). Two such resistant gonococcal strains have been isolated in France, Spain 

and belonged to the MLST ST1901 and the NG-MAST ST1406 (Unemo & Shafer, 

2014). The ST1406 has been specified as a multidrug-resistant clone accounting for a 

large proportion of the resistance to ESCs in many countries worldwide (Unemo & 

Nicholas, 2012). The isolates also had an XXXIV mosaic-penA allele type gene with 

an extra A501P alteration (Tomberg et al., 2013). Furthermore, studies have also 

demonstrated that ceftriaxone-resistant N. gonorrhoeae have also been detected in 

Australia in 2013 and 2017 (Lahra, Ryder & Whiley, 2014, Lahra et al., 2018). The 

2013 case genetic analyses revealed that the N. gonorrhoeae (A8806) isolate was 

similar to the H041 isolate from Japan. In contrast to the H041, the A8806 had a 

mosaic-PBP2 with two out of three key substitutions that caused the ceftriaxone 
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Figure 1.9: N. gonorrhoeae AMR mechanisms. Figure 1.9 summarises the mechanisms by which N. 

gonorrhoeae acquires or develops resistance towards penicillins, macrolides, cephalosporins, tetracyclines, 

sulphonamides, and quinolones. Image retrieved from https://assets.thermofisher.com/TFS-

Assets/MBD/Vector-Information/Culture-35-1-Antibiotic-Resistance-Neisseria-Gonorrhoeae-LT2170A-

EN.pdf.  

resistance of the H041 (A311V and T483S, but not T316P) (Lahra, Ryder & Whiley, 

2014).  

 

The A8806 strain also had the same MLST type as H041 (ST7363) but differed in 

the NG-MAST type (ST4015) (Lahra, Ryder &Whiley, 2014). The 2017-2018 

incidents of ceftriaxone-resistant N. gonorrhoeae involved the N. gonorrhoeae strain 

FC428 (Lahra et al., 2018). The FC428 contains a mosaic penA-allele, nominated as 

penA-60.001, and encodes for mutations A311V and T483S that are linked with N. 

gonorrhoeae ceftriaxone resistance in both A8806 and H041 strains (Nakayama et 

al., 2016, Lahra et al., 2018). Moreover, The FC428 strain has been internationally 

spread by having incidents identified in Canada and Denmark (Lefebvre et al., 2018, 

Terkelsen et al., 2018). As with all other resistances, cephalosporin resistance also 

has a global distribution with most affected countries being Greenland, Norway, 

Ukraine, India, China, Japan, Indonesia, Malaysia, Denmark, and The Netherlands 

(Unemo & Shafer, 2014, Lahra et al., 2018). Figure 1.9 below summarises the above 

resistance mechanisms. 

 

 

https://assets.thermofisher.com/TFS-Assets/MBD/Vector-Information/Culture-35-1-Antibiotic-Resistance-Neisseria-Gonorrhoeae-LT2170A-EN.pdf
https://assets.thermofisher.com/TFS-Assets/MBD/Vector-Information/Culture-35-1-Antibiotic-Resistance-Neisseria-Gonorrhoeae-LT2170A-EN.pdf
https://assets.thermofisher.com/TFS-Assets/MBD/Vector-Information/Culture-35-1-Antibiotic-Resistance-Neisseria-Gonorrhoeae-LT2170A-EN.pdf
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The above highlight that investigation of N. gonorrhoeae AMR has become a critical 

section of all strategies that aim to combat the rise of resistance, as gonorrhoea 

treatment guidelines are created under the condition of an antibiotic should be 

excluded for clinical use when a 5% resistant isolates threshold is breached ("WHO | 

Global action plan to control the spread and impact of antimicrobial resistance in 

Neisseria gonorrhoeae", 2012). However, while gonorrhoea diagnosis is now based 

on NAAT methods, the antibiotic sensitivity still relies on culture-based methods, 

which are difficult to implement in rural settings where gonorrhoeae is prevalent, but 

the organism viability for culture-based methods is low. Due to this, the Centres for 

Disease Control and Prevention (CDC), and World Health Organization (WHO) and 

have requested for the development of molecular assays for enhancement of 

antimicrobial resistance surveillance (Centres for Disease Control and Prevention, 

2012, ("WHO | Global action plan to control the spread and impact of antimicrobial 

resistance in Neisseria gonorrhoeae", 2012).  

 

N. gonorrhoeae AMR Real-time PCR assays 

 

Currently, there are sophisticated technologies such as multi-locus sequence typing 

(MLST), multi-antigen sequence typing (NG-MAST), and the iPlex Mass-Array 

Sequenom, which enable the epidemiological surveillance of AMR Neisseria 

gonorrhoeae (Aanensen & Spratt, 2005, Martin et al., 2004, Trembizki et al., 2015). 

However, such methods are expensive, laborious, and not all diagnostic facilities 

have the necessary staff, financial or infrastructural resources to support such 

methods. Therefore, these underprivileged diagnostic facilities seek methods that 

require less expensive, platforms, reagents, and are performed promptly with a 

medium to high throughput. Fortunately, due to the early recognition of this issue 

researchers focused upon developing N. gonorrhoeae AMR methods tailored to real-

time PCR instruments.  
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Penicillinase-Producing Neisseria gonorrhoeae (PPNg) Assay 

 

The PPNg assay surveys for resistance towards the penicillin class of antibiotics. 

Furthermore, the PPNg assay was created in response to the occurrence of the 

Australian plasmid, which was negative by a previously described PPNg-PCR (Goire 

et al., 2011, Trembizki et al., 2014). The sequencing results revealed a 1,885-bp 

deletion that included the target region of the original PPNg-PCR and thus accounted 

for false-negative results. The modified PPNg assay focuses on nucleotides 6,160 to 

6,313 of the Asian plasmid type of N. gonorrhoeae and flanks the start of the 

transposon Tn2, which is conserved across all registered gonococcal plasmids. This 

target acts as an indirect indicator for the penicillinase gene by focusing on the 

section of DNA on the gonococcal plasmids that carry the PPNg gene and not the 

penicillinase gene (Buckley et al., 2015). 

 

Mosaic Penicillin-Binding Protein 2 (PBP2) 

 

Emerging N. gonorrhoeae resistance to ESCs is primarily linked with a mosaic-

penicillin-binding protein 2 (PBP2). Strains harbouring a mosaic-PBP2 usually 

display resistance to cefixime, ceftriaxone, ciprofloxacin and tetracyclines. The 

previously identified ceftriaxone-resistant strains, including the A8806, F89, and 

H041 strains, were variants of the mosaic-PBP2 protein. The mosaic-PBP2 PCR 

assay detects only the mosaic-PBP2 strains. The assay targets nucleotides 801-1020 

of the mosaic-penA gene, whereas the probe has been designed to detect mutations 

occurring at nucleotides 968-989 of the N. gonorrhoeae mosaic-penA gene (Whiley 

et al., 2017). 
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Neisseria gonorrhoeae A8806  

 

The N. gonorrhoeae A8806 real-time PCR assay targets the mosaic-PBP2 gene with 

the two key substitution sequences (A311V and T483S) that are unique to the A8806 

strain N. gonorrhoeae strain that was resistant to ceftriaxone, penicillin, and 

ciprofloxacin (Whiley et al., 2017). 

 

23S 2059 & 2611 Azithromycin Resistant N. gonorrhoeae Assays 

 

The 23S 2059, 23S 2611 azithromycin resistant real-time PCR assays target the N. 

gonorrhoeae 23S rRNA A2059G and C2611T mutations that have been found to 

confer moderate to high-resistance towards azithromycin. Both the 2059 and 2611 

assays were developed with two sets of probes and primers. The probes have a 100% 

match with the wild-type gonococcal 23S rRNA sequence. In doing so, any changes 

in the assay target region result in a decrease in melting temperature that could be 

observed upon melt-curve analysis and therefore detect the resistant variant 

(Trembizki et al., 2015). 

 

Neisseria gonorrhoeae FC428 Assay 

 

The FC428 Neisseria gonorrhoeae PCR assay targets the variation of the A311V of 

the penA 60.001 gene that is specific to this strain of N. gonorrhoeae. The mutation 

is responsible for both ceftriaxone and multi-drug resistance. The assay utilises a 

single set of primers and two allele-specific probes to facilitate the detection of the 

penA gene of FC428. The primers flank the A311V mutation, probe one was 

designed to detect the A311V alteration, whereas probe 2 was developed for 

detection of the wild-type A311 sequence and act as a “blocker” probe to prevent 

binding of probe 1 with the wild-type sequence, thus avoiding the generation of 

false-positive reactions (Whiley et al., 2018). 

 



39 
 

Neisseria gonorrhoeae 14 SNP Genotyping assay 

 

The 14 SNP is a genotyping assay for N. gonorrhoeae that uses 14 single nucleotide 

polymorphisms (SNPs) that have been derived from gonococcal housekeeping genes 

to provide a cost-effective and relatively robust alternative to Multi-Locus Sequence 

Typing (MLST). Thus, instead of sequencing seven house-keeping genes like in the 

MLST method, the 14-SNP method uses both the HRM and Allele-Specific PCR 

(ASP) technologies to characterise the Neisseria gonorrhoeae isolates (Whiley et al., 

2012). 

 

Applications of Molecular Surveillance Methods in the NT 

 

In 2017, Whiley et al. (2017) performed an AMR surveillance of the 2014 positive-

characterised NAAT N. gonorrhoeae specimens of the NT. The study showed that 1) 

resistance towards azithromycin was low (0.2%). 2)  0.6% of specimens had 

chromosomally-mediated penicillin resistance and were detected in the CAZ regions. 

3) 3.7% of the samples in the CAZ region of NT were found to harbour plasmid-

mediated resistance to the penicillin class of antibiotics, whereas the ZAP regions 

testing showed that only 1.0% of samples had this resistance trait. Furthermore, the 

results of the study indicated that molecular methods could enhance N. gonorrhoeae 

AMR surveillance in remote regions where bacterial culture is not feasible. The data 

also increased the evidence of the NT dual treatment regimens being appropriate, 

having found no ceftriaxone resistance, minor azithromycin resistance, and less than 

5% penicillin resistance in the ZAP regions (Whiley et al., 2017). 

 

However, the detection of mosaic-PBP2 N. gonorrhoeae strains poses a direct threat 

to the use of ZAP packs, because these strains were able to spread rapidly soon after 

their discovery in Japan (2001) and became an internationally successful clone. To 

highlight this even further, a study of N. gonorrhoeae isolates from Australia in 2012 

revealed that chromosomally mediated penicillin-resistant strains represented 8.9% 
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of all isolates and had spread to every Australian state except for the NT (Trembizki 

et al., 2016).  

 

Single Nucleotide Polymorphisms – A Common Target for CtGEM and 

N. gonorrhoeae AMR assays 

 

The CtGEM and N. gonorrhoeae AMR assays are similar in the sense that these 

methods target single nucleotide polymorphisms (SNPs), which are the simplest form 

of DNA variation (Shastry, 2009). These relatively simple changes occur throughout 

the genome and can arise from either an event of transition or an event of 

transversion (Guo et al., 2017). SNPs account for the diversity among populations, 

genome evolution, and influencing gene expression, with the later enabling AMR 

development (Shastry, 2009). Therefore, by gaining the ability to identify and 

analyse the effects of such SNPs in the genome, a patient’s prognosis could be 

improved (Bloss, Jeste & Schork, 2010). Furthermore, this new knowledge will 

provide the foundations towards the advent of useful SNP markers for both 

diagnostic assay design and epidemiological, evolutionary studies (White & 

Cantsilieris, 2017). 

 

These days, there is an increase in the volume of gene sequencing data that are 

readily available for download from online databases. These data through the use of 

sophisticated bioinformatics tools (e.g. MinimumSNPs) can be “mined” for 

informative sets of SNPs. The Minimum SNPs program was designed to provide a 

collection of methods for extraction of informative sets of SNPs from comparative 

sequence data (Robertson, 2004), and was used for the development of both the 

CtGEM and the N. gonorrhoeae 14-SNP assays (Giffard et al., 2018, Whiley et al. 

2013). 
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After identification of informative SNPs, real-time polymerase chain reaction (rt-

PCR)-based assays can be designed such as the CtGEM and N. gonorrhoeae 14 

SNPs that enable the facilitation of accurate and informative genotyping for specific 

variants of human pathogens. In the occasion of requiring genotyping for few 

specific sequence variants in multiple specimens, assays such as HRM and TaqMan-

based assays have become the most attractive option as these methods use the 

principles of real-time PCR as a stepping stone before SNP interrogation and 

analysis (Schuller et al., 2010). 

 

Research project aims 
 

In the Northern Territory, there are currently no local diagnostic laboratories that can 

offer methods of rapid epidemiological surveillance of N. gonorrhoeae AMR and C. 

trachomatis. This in turn greatly predisposes the NT towards both severe costs due to 

health-related complications of the disease that can arise from improper treatment or 

treatment failure, and towards potentially detrimental scenarios of government 

mediations towards falsely assumed sexual assaults of paediatric infections of 

Chlamydia trachomatis. Furthermore, the lack of accurate AMR surveillance of N. 

gonorrhoeae could also predispose the NT towards potential outbreaks of drug-

resistant variants of N. gonorrhoeae, which would then cause for treatment 

guidelines to require mandatory re-formatting. Due to the above observations, the 

aims of this project have been separated into two categories which are: 1) The 

Chlamydia trachomatis section aims, and 2) The Neisseria gonorrhoeae section 

aims. 
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Chlamydia trachomatis section aims  

 

The Chlamydia trachomatis section aim is as follows: 

• Determine if the addition of further genetic markers into the CtGEM typing 

method will increase the assay’s performance and justify the increased 

complexity of the method and associated costs. 

 

Neisseria gonorrhoeae section aims  

 

The Neisseria gonorrhoeae section aims are as follows: 

• Determine if the previously developed antimicrobial resistance real-time PCR 

assays for detection of the penicillinase-producing, A8806, mosaic-PBP2, 

23S 2059/2611, FC428 strains can be implemented into the department of 

Serology/Molecular Biology of Territory Pathology. 

 

• Perform an antimicrobial resistance surveillance study using the N. 

gonorrhoeae characterised specimens of 2016 and 2017 of Territory 

Pathology. 

 

• Determine if the N. gonorrhoeae 14 SNP genotyping method can be 

implemented into the department of Serology/Molecular Biology of Territory 

Pathology. 

 

• Perform epidemiological surveillance of the Territory Pathology PPNg 

characterised strains of 2016/2017 through the use of the 14 SNP genotyping 

method. 

 

The hypotheses of the project are: 1) the candidate markers for enhancement of the 

CtGEM method will provide minor improvement of the assay’s performance, and 2) 

the candidate N. gonorrhoeae AMR surveillance assays will successfully be 

implemented in Territory Pathology and detect a small number of resistance strains. 
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METHODS 

 

C. trachomatis 

 

To address the question of whether the candidate markers (region 2, region 3 and 

region 4) would be capable of enhancing the performance of the CtGEM method, 

bioinformatics methods were applied. The following sections presents the 

bioinformatics methods that were used. 

 

C. trachomatis in-silico identification of informative sets of SNPs 

 

During the development of the CtGEM genotyping method, a previously described 

genome-wide orthologous SNP dataset obtained from the whole genome sequencing 

data of 65 diverse Chlamydia trachomatis isolates, was used (Giffard et al., 2018). 

This genome-wide orthologous SNP matrix was used as an input database into the 

bioinformatics program ‘MinimumSNPs’ (Giffard et al., 2018). The 

‘MinimumSNPs’ computer program can find and generate highly informative sets of 

SNPs from DNA sequence alignment data based upon a maximised Simpson’s index 

of Diversity (D). The Simpson’s index of diversity has been defined as the 

probability that two known sequence variants that have been randomly selected from 

a sequence alignment will be able to be discriminated by the SNP that is being tested 

(Robertson, 2004, Giffard et al., 2018). The combinations of SNPs derived from this 

software had been assessed in regards to their informative and resolving power. 

These informative combinations of SNPs were then termed region 2, region 3, and 

region 4 SNPs respectively. 

 

Region 2, Region 3 & Region 4 HRM Melt-Curve prediction 

 

Following the identification of region 2, region 3, and region 4 SNPs, forward and 

reverse PCR primers that flanked these SNPs were designed. The amplicons of each 

SNP were then subjected to a melt-curve prediction analysis through the use of the 

bioinformatics software ‘uMelt’. uMelt enables the in-silico melt-curve prediction of 

PCR amplification products that have been defined by the user. uMelt provides a 
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convenient platform capable of simulation and design of HRM assays (Dwitt, Palais 

& Wittwer, 2011). After reviewing the results of the uMelt analysis, region 4 was 

excluded from further analyses. The reasons behind this decision are explained later 

in the discussion section. 

 

Assay Performance Prediction using 65 C. trachomatis Genome-Wide 

Orthologous SNP data 

 

Upon completion of the uMelt analysis, the region 2 and region 3 amplicons were 

then aligned against the 65 C. trachomatis genome-wide orthologous SNP reference 

set using the computer program ‘ARIBA’. ARIBA (Antimicrobial Resistance 

Identification by Assembly) utilises combined alignments, as well as, targeted local 

assembly approaches to accurately identify antimicrobial resistance genes and SNPs 

from paired short sequencing data (Hunt et al., 2017). The identified genes are 

verified as to if they are complete or fragmented, whereas the SNPs are reported by 

their effect (e.g. frameshifts, nonsense mutations etc.). However, ARIBA is limited 

to the size of the input sequences as these must have a minimum of 150 bp length 

(Hunt et al., 2017). The region 2 and region 3 amplicons were 96 bp and 113 bp 

respectively. Thus ARIBA would not be able to perform the analysis. Therefore, a 

250 bp extended flanking region was added on each side of the sequence. This was 

performed by using the nucleotide blast function of the National Centre for 

Biotechnology Information (NCBI) website and selecting a Chlamydia trachomatis 

genome that had a high percentage of complementarity with the region 2 and region 

3 amplicons (Altschul et al., 1990, Johnson et al., 2008).  

 

For region 2, the 250 bp extensions were derived from the Chlamydia trachomatis 

strain SQ119 complete chromosomal genome (Sequence ID: CP017746.1), with the 

left 250 bp extension corresponding to positions 58,487 to 58,737 and the right 250 

bp corresponding to nucleotide positions 58,834 to 59,084. For region 3, the 250 bp 

extensions were derived from the Chlamydia trachomatis strain L2B/CS19/08 

complete genome (Sequence ID: CP009923.1), with the left nucleotide 250 bp 

extension corresponding to nucleotide positions 304,424 to 304,474 and the right 250 

bp extension corresponding to nucleotide positions 304,788 to 305,038. The prepared 



45 
 

datasets were then aligned against the 65 C. trachomatis genome-wide orthologous 

SNP dataset, which enabled the prediction of both the number of genotypes the 

region 2 and region 3 fragments could identify and the detection of possible novel 

SNPs. 

 

Following this analysis, the predicted HRM melt-curves of region 2, 3 derived from 

the uMelt simulation were then combined with the known number of HRM melt-

curves produced by ompA and region 1 that had been previously described (Giffard 

et al., 2018). This enabled the estimation of the number of possible genotypes that 

the HRM assay could identify when the ompA, region 1, region 2 and region 3 

fragments where to be combined. Thus, the ARIBA analysis results of region 2, 

region 3, ompA, and region 1 of the same 65 genome-wide orthologous SNP dataset 

were combined and reviewed against the current C. trachomatis phylogeny. 

Furthermore, the Simpson’s index of diversity (D) of region 1, ompA, region 2, and 

region 3 was calculated and used during the review process. 

 

Assay Performance Prediction using 75 C. trachomatis Genome-Wide 

Orthologous SNP data 

 

The region 2 and region 3 ARIBA analysis stage 2 involved the analysis of ten 

previously described C. trachomatis isolates that had been found difficult to 

genotype (Giffard et al., 2018). During this process, ARIBA was used to predict how 

these ten isolates would be typed when using region 2 and region 3 fragments. The 

results were then once again combined with that of region 1 and ompA fragments and 

reviewed against the current C. trachomatis phylogeny. 

 

Limitations of the C. trachomatis in-silico methods 

 

The major limitation of all the in-silico C. trachomatis analyses was that the quality 

of the results was directly linked to the quality of the prepared data-sets. As a result, 

the slightest error during the preparation of the input data-sets could result in errors 

that could either cause false genotype predictions or complete failure of the method. 
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N. gonorrhoeae 

 

In order to address the questions of ‘can the candidate real-time PCR assays for the 

detection and genotyping of N. gonorrhoeae strains that harbour resistance genes 

towards the major classes of antibiotics be implemented into the testing algorithms of 

the Serology/Molecular Biology department of Territory Pathology?’, and ‘to what 

extent have these strains infiltrated the Northern Territory during the years of 2016-

2017?’, the real-time PCR oligonucleotide sequences were ordered and clinical 

specimen extracts were prepared for testing. The sections below describe both the 

real-time PCR assays and clinical specimen that had been used. 

 

Neisseria gonorrhoeae NAAT-Positive Clinical Samples 

 

1,346 Neisseria gonorrhoeae NAAT-positive clinical samples collected from 

patients in the Northern Territory (Alice Springs, Darwin, Katherine, Gove, and 

Tennant Creek) during the period of 2016-2017, were examined. The 2016 samples 

were obtained from 347 female and 361 male patients. The specimen types and 

numbers were as follows: synovial fluid(s) (n = 17), anal swab(s) (n = 17), cervical 

swab(s) (n = 13), endo-cervical swab(s) (n = 41), eye swab(s) (n = 5), first-void urine 

(n = 94), genital swab-site unspecified (n = 18), high-vaginal swab(s) (n = 42), labia 

swab(s) (n = 1), low-vaginal swab (n = 38), penile swab(s) (n = 7), rectal swab(s) (n 

= 6), self-collected vaginal swab (s) (n = 28), throat swab(s) ( n = 46), urine (n = 

279), urethral swab(s) (n = 31), vaginal swab (s) (n = 24), vulva swab(s) (n = 1), and 

a median age of 30 years. 

 

The 2017 samples were obtained from 326 female, 312 male patients. The specimen 

types and numbers were as follows: synovial fluid(s) (n = 13), anal swab(s) (n = 15), 

cervical swab(s) (n = 6), endo-cervical swab(s) (n=22), eye swab(s) (n = 1), first-void 

urine (n = 59), genital swab-site unspecified (n = 28), high-vaginal swab(s) (n = 41), 

blood culture (s) (n = 1), low-vaginal swab (n = 45), penile swab(s) (n = 9), rectal 

swab(s) (n = 3), throat swab(s) ( n = 41), urine (n = 274), urethral swab(s) (n = 32), 

vaginal swab (s) (n = 21), vulva swab(s) (n = 1), self-collected vaginal swabs ( n= 
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26), and a median age of 28 years. All the above clinical specimens were provided by 

the department of Serology/ Molecular Biology of Territory Pathology.  

 

Nucleic Acid Extraction for N. gonorrhoeae testing 

 

During the period of 01/01/2016 to 28/11/2016 the nucleic acid extracts for all the 

clinical specimen types, with only the exception of synovial fluids and bacterial or 

blood cultures, were isolated via the Siemens Versant kPCR platform that used the 

Siemens Versant Chlamydia trachomatis/ Neisseria gonorrhoeae (CT/NG) assay kit. 

The synovial fluids, bacterial cultures and blood culture specimens had the nucleic 

acid isolated by either the Roche MagNA Pure LC (Roche Diagnostics, Australia) or 

the Roche MagNA Pure LC 2.0 (Roche Diagnostics, Australia) platform that used 

the Roche MagNA Pure Total Nucleic Acid Isolation kit for nucleic acid extraction. 

However, from 28/11/2016 till current date all the nucleic acid extracts of all the 

clinical specimens, except synovial fluids, bacterial and blood cultures, had been 

isolated through the use of the Roche Cobas 4800 platform that uses the Roche 

Cobas CT/NG diagnostic kits (Roche Diagnostics, Australia). The synovial fluids, 

bacterial cultures and blood culture specimens had the nucleic acid isolated by either 

the Roche MagNA Pure LC (Roche Diagnostics, Australia) or the Roche MagNA 

Pure LC 2.0 (Roche Diagnostics, Australia) that used the Roche MagNA Pure Total 

Nucleic Acid Isolation kit for nucleic acid extraction. 

 

Genotyping/AMR Surveillance methods 

 

Seven real-time PCR based genotyping AMR surveillance methods that have been 

previously described and developed for the detection and surveillance of 

antimicrobial resistance were implemented at the facilities of Serology/Molecular 

Biology of Territory Pathology. The department also provided two Roche 

LightCycler 480 II platforms, as well as, all the required consumables and facilities 

for the performance of these assays. The assays and their functions are described 

below.  
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N. gonorrhoeae Confirmation Triplex real-time PCR 

 

The N. gonorrhoeae confirmation triplex assay is a combination of 3 previously 

described assays and is used to simultaneously confirm any N. gonorrhoeae detected 

specimens and to also screen for the presence of the penicillinase gene (PPNg) that 

confers resistance to the penicillin class of antibiotics. The first part of the assay, 

mainly used for confirmation purposes, is comprised of two distinct targets, the PorA 

pseudogene and the OPA gene. The Neisseria gonorrhoeae porin A (PorA) gene has 

been found to exist only in the pathogenic Neisseria ssp. (Neisseria gonorrhoeae and 

Neisseria meningitidis), but not in any of the commensal Neisseria spp. Thus, this 

target eliminates the potential of cross-reaction with commensal Neisseria spp. 

Furthermore, the differences in the porA sequences between the Neisseria 

gonorrhoeae and Neisseria meningitidis were identified, and as a result of this, 

oligonucleotides that were specific for the detection of Neisseria gonorrhoeae via 

means of real-time PCR were developed (Goire et al., 2008). 

 

On the other hand, the cell-surface opacity gene (OPA) had been selected as a target 

due to being highly conserved amongst all Neisseria gonorrhoeae (Goire et al., 

2008). The second part of the assay that targets the penicillinase gene focuses upon 

nucleotides 6,160 to 6,313 of the Asian plasmid type of N. gonorrhoeae and flanks 

the start of the transposon Tn2, which had been found to be conserved across all 

registered gonococcal plasmids. This target acts as an indirect marker for the 

penicillinase gene by fixating on the region of DNA on the gonococcal plasmids that 

carry the PPNg gene and not the penicillinase gene itself (Buckley et al., 2015).  

 

The amplification and detection was performed through the use of the LightCycler 

480 II instrument provided by the Department of Serology/Molecular Biology of 

Territory Pathology, and by using the Roche Probes Master kit (Roche Diagnostics, 

Australia) with the following reaction mix : 3.0 μL of nuclease-free water, 2.0 

pmoles/μL of each of the forward and reverse primers, 20.0 pmoles/μL of each of the 

probes, 10.0 μL of Roche Probes Master, and 5.0 μL of clinical specimen nucleic 

acid extract, resulting in a final reaction volume of 20.0 μL. The reaction was then 

thermo-cycled as follows: hold at 95oC for 15 minutes, followed by 45 cycles of 

heating at 95 oC for 15 seconds, 60 oC for 60 seconds, and 72 oC for 1 second with a 
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single fluorescent read. The results were then analysed using the Roche LightCycler 

480 software release 1.5.1.62 SP3 (Roche Diagnostics, Australia).  

 

 

 

 

Table 1.1: N. gonorrhoeae Confirmation triplex oligonucleotide sequences. Table 1.1 displays the primers and 

probes oligonucleotide sequences used for the N. gonorrhoeae triplex Confirmation real-time PCR assay. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note: the + denote the locked nucleic acid (LNA) nucleotides. 
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Mosaic Penicillin-Binding Protein 2 (PBP2) Real-time PCR 

 

The Neisseria gonorrhoeae mosaic-PBP2 real-time PCR targets the mosaic structure 

of the penA gene that encodes for the penicillin-binding protein 2 (PBP2). The 

mosaic-PBP2 is responsible for conferring decreased susceptibilities to ciprofloxacin 

and extended-spectrum cephalosporins (Whiley et al., 2017). The mosaic-PBP2 

assay reaction mix was made with the use of the Roche Probes Master Kit and the 

following reaction mix: 4.0 μL of nuclease-free water, 2.0 pmoles/μL of forward and 

reverse primers, 20.0 pmoles/μL of probe, 10.0 μL of Roche Probes Master, 5.0 μL 

of specimen nucleic acid extract, resulting in a total reaction volume of 20.0 μL. 

Real-time PCR was carried out using the LightCycler 480 II platform with following 

cycling parameters: hold at 95oC for 15 minutes followed by 45 cycles of heating at 

95 oC for 15 seconds, 60 oC for 60 seconds, and 72 oC for 1 second with a single 

fluorescent read. The results were then analysed using the Roche LightCycler 480 

software release 1.5.1.62 SP3 (Roche Diagnostics, Australia). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1.2: N. gonorrhoeae Mosaic-PBP2 oligonucleotide sequences. Table 1.2 displays the primers and 

probes oligonucleotide sequences used for the N. gonorrhoeae mosaic-PBP2 real-time PCR assay. 
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Neisseria gonorrhoeae A8806 Real-time PCR 

 

The N. gonorrhoeae A8806 real-time PCR assay targets a combination of sequences 

unique to the A8806 strain of N. gonorrhoeae. The N. gonorrhoeae A8806 is a 

variant of the PBP2 strain of N. gonorrhoeae and has been proven to be resistant to 

penicillin, ciprofloxacin, and ceftriaxone (Whiley et al., 2017, Lahra, Ryder & 

Whiley, 2014). The A8806 assay reaction mix was made with the use of the Roche 

Probes Master Kit with the following reaction mix: 4.0 μL of nuclease-free water, 

2.0 pmoles/μL of forward and reverse primers, 20.0 pmoles/μL of probe, 10.0 μL of 

Roche Probes Master, 5.0 μL of specimen nucleic acid extract, resulting in a total 

reaction volume of 20.0 μL. Real-time PCR was carried out using the LightCycler 

480 II platform with following cycling parameters: hold at 95oC for 15 minutes 

followed by 45 cycles of heating at 95 oC for 15 seconds, 60 oC for 60 seconds, and 

72 oC for 1 second with a single fluorescent read. The results were then analysed 

using the Roche LightCycler 480 software release 1.5.0 (Roche Diagnostics, 

Australia). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1.3: N. gonorrhoeae A8806 oligonucleotide sequences. Table 1.3 displays the primers and probes 

oligonucleotide sequences used for the N. gonorrhoeae A8806 real-time PCR assay. 
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23S 2059 & 2611 Azithromycin Resistant N. gonorrhoeae real-time PCR 

Assays 

 

The 23S 2059, 2611 azithromycin resistant real-time PCR assays target the 

gonococcal 23S rRNA A2059G and C2611T mutations, which have been found to 

confer high and moderate resistance towards azithromycin respectively (Trembizki et 

al., 2015). Both the 23S 2059 and 23S 2611 azithromycin reaction mixes were made 

by using the Roche LightCycler 480 Genotyping Master (Roche Diagnostics, 

Australia). Each reaction mix consisted of: 3.8 μL of nuclease-free water, 1.0 

pmoles/μL forward primer, 2.0 pmoles/μL of reverse primer, 20.0 pmoles/μL of the 

donor probe, 20.0 pmoles/μL of the acceptor probe, 10.0 μL of Roche Genotyping 

Master, 5.0 μL of specimen nucleic acid extract, resulting in a total reaction volume 

of 20.0 μL. Real-time PCR was carried out using the LightCycler 480 II platform 

with following cycling parameters: hold at 95oC for 15 minutes followed by 55 

cycles of heating at 95 oC for 15 seconds, 60 oC for 60 seconds, and 72 oC for 1 

second with a single fluorescent read. Upon completion of the PCR, melt-curve 

analysis was performed using the following conditions: hold at 40 oC for 90 seconds 

then heat to 95 oC at a rate of 1 oC/s with a continuous fluorescence signal read. The 

results were then analysed using the Roche LightCycler 480 software release 

1.5.1.63 SP3 (Roche Diagnostics, Australia). Furthermore, to be able to be able to 

read the signal from the hybridisation probe a specific channel was created on the 

LightCycler 480 II platform with a source of 475 nm and detection at 660 nm. 

 

 

 

  

 

 

 

 

Table 1.4: N. gonorrhoeae 23S 2059 oligonucleotide sequences. Table 1.4 displays the primers and probes 

oligonucleotide sequences used for the N. gonorrhoeae 23S 2059 real-time PCR assay. 

Table 1.5: N. gonorrhoeae 23S 2611 oligonucleotide sequences. Table 1.5 displays the primers and probes 

oligonucleotide sequences used for the N. gonorrhoeae 23S 2059 real-time PCR assay. 
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Neisseria gonorrhoeae FC428 strain real-time PCR 

 

The FC428 Neisseria gonorrhoeae PCR assay targets the variations A311V and 

T483S of the penA 60.001 gene. These variations are responsible for both ceftriaxone 

and multi-drug resistance (Whiley et al. 2018). The FC428 assay reaction mix was 

made with the use of the Roche Probes Master Kit and the following reaction mix: 

4.0 μL of nuclease-free water, 2.0 pmoles/μL of forward primer and reverse primer, 

20.0 pmoles/μL of FC428 probe, 10.0 μL of Roche Probes Master, 5.0 μL of 

specimen nucleic acid extract, resulting in a total reaction volume of 20.0 μL. Real-

time PCR was carried out using the LightCycler 480 II platform with following 

cycling parameters: hold at 95oC for 15 minutes, followed by 45 cycles of heating at 

95 oC for 15 seconds, 60 oC for 60 seconds, and 72 oC for 1 second with a single 

fluorescent read. The results were then analysed using the Roche LightCycler 480 

software release 1.5.0 (Roche Diagnostics, Australia). In the original publication of 

this assay the researchers also used a second probe (see Table 1.6) that had as a mode 

of action to prevent the binding of the FC428 probe upon the wild-type strain 

sequence of this variant. The reason for not incorporating the second probe for this 

project was because there was a rather large drift in fluorescence that deformed the 

PCR curves. 

 

 

 

 

 

 

 

 

 

 

 

Note: the + denote the locked nucleic acid (LNA) nucleotides. 

Table 1.6: N. gonorrhoeae FC428 oligonucleotide sequences. Table 1.6 displays the primer and probe 

oligonucleotide sequences used for the N. gonorrhoeae FC428 real-time PCR assay. 

 

Table 1.6: N. gonorrhoeae FC428 oligonucleotide sequences. Table 1.6 displays the primer and probe 

oligonucleotide sequences used for the N. gonorrhoeae FC428 real-time PCR assay. 
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14 SNP N. gonorrhoeae genotyping assay 

 

The 14 SNP is a genotyping assay for N. gonorrhoeae that as the name suggests uses 

14 single nucleotide polymorphisms that have been derived from gonococcal 

housekeeping genes to provide a cost-effective and relatively robust alternative to 

Multi-Locus Sequence Typing (MLST). The 14-SNP characterisation was performed 

using the high-resolution melting analysis protocol as previously described (Whiley 

et al., 2013). Seventeen reactions were used to be able to characterise the 14 SNPs. 

For 11 out of 14 SNPs a high-resolution melting (HRM) curve analysis approach was 

taken, whereas for 3 SNPs an allele-specific PCR (ASP) method was used. For the 

HRM methods, one pair of forward and reverse primer was used to amplify the SNP 

of interest, which was then distinguished by reviewing the melt-curve profiles 

(Whiley et al., 2013). 

 

On the other hand, the ASP real-time PCR methods had two reactions (one for each 

SNP profile). However, both reactions had a common reverse primer but a different 

forward primer that was specific for the SNP profile under interrogation. To further 

enhance the allele-specific PCR resolution, a non-template base was added at the 3’ 

end of the forward primers (lower case letter, see Table 1.7). After completion of the 

PCR amplification, the SNPs would be characterised based upon the cycle threshold 

(CT) value. Every ASP and HRM was performed using the same reaction mix as 

previously described (Whiley et al., 2013). The reaction mix was created using the 

Roche LightCycler 480 High-Resolution Melting Master (Roche Diagnostics, 

Australia) as follows: 10.0 μL of Roche High Resolution Melt Master (Roche 

Diagnostics, Australia), 2.0 pmoles/μL of forward and reverse primers, 1.6 μL of 

MgCI (25 mM), 2.0 μL of nucleic acid extract, and were made up to a total volume 

of 20.0 μL with nuclease-free water. Cycling was performed with the LightCycler 

480 II platform with the following protocol: hold at 95oC for 15 minutes followed by 

45 cycles of heating at 95 oC for 15 seconds, 60 oC for 60 seconds, and 72 oC for 1 

second with a single fluorescent read. Upon completion of the PCR protocol, high-

resolution melt analysis was performed by continuous heating from 60 oC to 95 oC 

with a rate of 1 oC/s and a continuous fluorescence signal read. The results were then 

analysed with the add-on Gene Scanning software of the LightCycler 480 II (Roche 

Diagnostics, Australia).  
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Table 1.7: N. gonorrhoeae 14 SNP oligonucleotide sequences. Table 1.7 displays the primer 

oligonucleotide sequences used for the N. gonorrhoeae 14 SNP real-time PCR assay. 
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N. gonorrhoeae Multi-Antigen Sequence Typing (NG-MAST) 

 

The NG-MAST method uses the sequencing of the internal fragments of the porB 

and tbpB genes in order to facilitate a high-throughput typing method capable of 

discriminating N. gonorrhoeae strains. For this project, 51 PPNg and 9 mosaic-PBP2 

characterised specimens were referred for NG-MAST testing. 

 

N. gonorrhoeae real-time PCR and Genotyping assay controls 

 

All of the assays contained three controls, which were: a no-template (NTC), a 

negative control (NEG), and positive control (POS). The NTC well would only 

contain the PCR reaction mix and served as a control measure for possible reaction 

mix contamination. The negative control well contained 15 μL of PCR reaction mix 

and 5 μL of nuclease-free water and served as a real-time PCR reaction control 

measure for contamination and negative PCR reaction validity. The positive control 

well contained 15 μL of PCR reaction mix and 5 μL of the purified nucleic acid of 

the DNA target sequence of interest and served as a control measure for positive 

PCR reaction validity. All of the assays used in this project had positive controls 

originating from clinical isolates that had been characterized by the target sequence 

of interest. The N. gonorrhoeae Confirmation Triplex assay control was provided 

from the Department of Microbiology of Territory Pathology. All other assay 

controls (Mosaic-PBP2, A8806, FC428, 23S 2059, 23S 2611, and 14-SNP) were 

provided by A/Prof. David Whiley. 
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N. gonorrhoeae real-time PCR Testing Format 

 

Testing was performed in either a pooled or individual format. For assays such as the 

mosaic-PBP2 and A8806, the pooled format was preferred over testing each extract 

individually. The rationale behind this decision was two-fold. Firstly, by taking into 

consideration, the results from previous investigations the probability of finding a 

large number of positive patient samples for these two strains was very low. 

Secondly, the pooled format of screening has proven to be significantly more robust, 

cost-effective, and helps spare quite a significant volume of precious clinical 

specimen nucleic acid extract, in comparison to the individual testing of clinical 

specimen nucleic acid extract. Due to these two reasons, sample pools based upon 

the geographic location (Alice Springs, Darwin, Katherine, Gove, and Tennant 

Creek) were created. Each pool was made-up of 80 μL of nucleic acid taken from 8 

clinical specimens nucleic acid extracts (10 μL per sample). In the occasion where a 

pool was found to be positive by the real-time PCR reaction, then each specimen 

from that sample pool would be subjected to individual testing to identify the exact 

origins of the positive result. 

 

The rest of the assays followed the individual sample testing approach. The reason 

behind this was the actual screening intentions. For example, the 23S 2059 and 23S 

2611 would only be used for screening of samples that had been found to have 

decreased susceptibility towards azithromycin from the culture and sensitivities 

results. Thus, there was no value seen in screening all 1,346 samples. Similarly, the 

NG FC428 assay was used to screen only PPNg-positive samples as the strains 

harbouring the penA 60.001mutation of the NG FC428 strain have been found to be 

resistant to all major classes of antibiotics. Furthermore, for experiments such as 

dual-hybridisation probe-based real-time PCR or HRM the pool format can lead to 

the presence of false-negative results that could be attributed to an effect of dilution 

or false-positive results due to the non-specific binding of HRM intercalating dyes.  
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N. gonorrhoeae real-time PCR and Genotyping Limitations 

 

All real-time PCR assays used in this project are limited towards sequence variations. 

As these could potentially inhibit the fluorescently labelled probe from attaching to 

the amplicon, thus giving a false-negative result. Furthermore, the modification of 

the NG FC428 assay leaves room for false-positive reactions as probe 2, which 

blocked the attachment of probe 1 to the wild-type sequence, was removed. Thus, in 

the case of a positive reaction, the specimen will be referred for confirmatory testing. 

The 14-SNP assay is limited to the previously described MLST schemes and the 

described 14-SNP profile (Whiley et al., 2013). As a result, some of the other MLST 

schemes may not be as equally well-resolved using these targets, and slight target 

modifications may be necessary. Finally, the NG-MAST is limited to the actual 

quality of the nucleic acid that is presented for testing. Therefore, in situations where 

the specimens being tested are not isolates but nucleic acid extracts, the assay will 

need to be further optimised. 

 

Results 

 

Chlamydia Trachomatis 

 

The aim of the C. trachomatis section was to evaluate whether the addition of more 

genetic markers to the previously described CtGEM genotyping method would 

enhance the assay’s performance to such a degree that would justify the additional 

complexity and costs. This was performed by investigating the resolving power of 

previously identified candidate gene fragments (see Methods), which contain a SNP 

derived from a resolution optimised SNP set based upon the maximisation of the 

Simpson’s index of diversity (D) from a previously described genome-wide 

orthologous SNP alignment of 65 complete C. trachomatis genomes. Furthermore, 

each of these fragments also contains additional “bystander” SNPs (see Figures 2.0-

2.2) that could potentially enhance the resolving power of the method. As described 

in the methods section, the experimental design aimed to 1) Perform an in-silico 

prediction of the ability of the HRM to resolve the known sequence variants of 
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regions 2-4, using the bioinformatics software uMelt. 2) Through the use of bio-

informatic methods (e.g. ARIBA) predict the new assay performance concerning a) 

resolving power, and b) concordance between genotype and phylogeny as described 

by previous genome-wide analyses. In the sections that follow the predicted power of 

the HRM assays to resolve known variants of regions 2-4, as well as, how this 

predicted performance compares to the current CtGEM typing method via means of 

bioinformatics methods, are presented. 

 

High-Resolution Melt-Curve Predictions 

 

The in-silico assessment of the predicted HRM curves of the gene fragments of 

regions 2-4 revealed that region 2, region 3, and region 4 could resolve the C. 

trachomatis phylogeny into three, four, and four high-resolution melt-curve 

haplotypes respectively. The region 2 melt-curve haplotypes were termed X, Y, Z, 

whereas the region 3 predicted melt-curves were named M, N, O, and P. Region 4 

provided poor resolution due to the predicted melt curves being highly clustered and 

indistinguishable, thus was excluded from any further analyses. Furthermore, the 

theoretical combinatorial high-resolution melt curve profiles of CtGEM+ region 2, 

CtGEM + region 3, and CtGEM + region 2+ region 3 markers were calculated. (See 

Appendices S1-S3).  
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 Figure 2.0: Region 2 uMelt analysis. Figure 2.0 illustrates both the sequence alignment and the three 

distinct groups of melt-curves of the three haplotypes (X, Y, Z) produced by the Region 2 fragment. 
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Figure 2.1: Region 3 uMelt analysis. Figure 2.1 illustrates the sequence alignment and the four distinct 

groups of melt-curves of the four haplotypes (M, N, O, P) generated by the Region 3 fragment. 
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Figure 2.2: Region 4 uMelt analysis. Figure 2.2 illustrates the sequence alignment and the four distinct 

groups of melt-curves of the four haplotypes (a, b, c, d) created by the Region 4 fragment. 
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Assay Performance Predictions 

 

The readily available whole-genome datasets enabled the in-silico assessment of the 

proposed gene fragments for potential enhancement of the CtGEM typing method 

across the currently known C. trachomatis species diversity. The analysis was 

performed using ARIBA (see Methods) and comprised of two stages each addressing 

distinct questions. 

 

Assay Performance Predictions with 65-Genome-Wide Orthologous SNP data 

 

The first stage of the ARIBA analysis addressed two questions. The first question 

being ‘Can the addition of the region 2 and region 3 gene fragments produce 

additional in-silico inferred genotype combinations that would enhance the CtGEM 

assay performance and justify the complexity of the method?’. The second question 

was ‘Can the region 2-3 fragments identify new SNPs that could impact the 

genotyping assay performance?’. From the in-silico analysis of the previously 

described 65 C. trachomatis genome-wide orthologous SNP data using the region 2, 

all three predicted melt-curve haplotypes (X, Y, Z) were detected. However, no 

novel SNPs were identified, and when reviewing the results of the region 3 fragment 

ARIBA analysis, only 3 out of 4 melt-curve haplotypes (M, N, and P) were able to be 

produced (see Appendix S4). Furthermore, an ARIBA analysis of the same data-set 

using the ompA and region 1 fragments was able to produce all previously described 

melt-curve haplotypes (Giffard et al., 2018) and resolve the C. trachomatis 

phylogeny with more accuracy (see Figure 2.3). 

 

Additionally, the combination of the ARIBA analysis of ompA, region 1, region 2 

and of region 3 of the C. trachomatis genome-wide orthologous SNP data, appeared 

to be able to produce certain unique haplotype melt-curve combinations. The isolates 

that displayed unique combinations were A-HAR13, B-HAR36, E-150, E-SotonE4, 

F-SW4, F-70, H-S1432, L1-440, L3-404 and Ba-Apache2. All haplotypes derived 

from the ARIBA analysis obeyed with the current phylogeny of C. trachomatis but 

only offered a minor enhancement of resolving power. These results are also 

presented in Appendix S2. 
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Assay Performance Predictions with 75-Genome-Wide Orthologous SNP data 

 

The second stage of the ARIBA analysis addressed the question of whether the 

addition of the region 2-3 fragments would enable the discrimination of previously 

hard to resolve genotypes. Thus, ten isolates that had previously proven to be 

troublesome to be genotyped by the CtGEM method were also subjected to an 

ARIBA analysis using the region 2-3 fragments (see Appendix S4). The results of 

this new analysis were similar to that of the earlier ompA and region 1 fragments 

analyses. However, when the region 2-3, ompA, and region 1 fragments were 

combined and re-run with ARIBA, three samples had unique combinatorial 

genotypes. The samples were, D_NL4, F_Fin106, and J_NL55. Furthermore, the 

analysis detected the presence of three SNPs. The SNPs were recognised at 

nucleotide position 255 of isolates D_NL6, D_NL8, and D_NL8. The mutation 

involved the substitution of a guanine base (G) with an adenine (A).  The above 

results are also summarised in Appendix S4. 

 

The Simpson’s Index of Diversity for the current CtGEM (ompA, region1), 

CtGEM+Region 2, CtGEM+Region 3, and CtGEM+Region 2+ Region 3 fragments, 

based upon the 65 genome-wide orthologous SNP data was calculated to be 0.92, 

0.93, 0.94, and 0.96 respectively (see Table 1.8). 

 

 

 

Table 1.8: Recited Simpson’s Index of Diversity in relation to 65 whole-genome data. Table 1.8 displays 

both the values of D and the number of detected genotypes from the predicted assay performance of the 

current and new CtGEM markers in relation to the 65 genome-wide orthologous SNP C. trachomatis data-

set. 
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Figure 2.3: Predicted Resolution of the C. trachomatis phylogeny via CtGEM, CtGEM+Region 2, 

CtGEM+Region 3 and CtGEM+Region 2+Region 3. Figure 2.3 shows the predicted discrimination of the 

C. trachomatis phylogeny when using the current and candidate markers. 
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Neisseria gonorrhoeae 

 

The first and second aims of the N. gonorrhoeae section of this project sought to 

determine whether the previously described AMR real-time PCR assays can be 

incorporated within the Department of Serology/Molecular Biology of Territory 

Pathology and to whether or not any of these strains has intruded the NT from 2016 

to 2017. Similarly, the third and fourth objectives of this section involved the 

incorporation of a highly informative 14-SNP real-time PCR genotyping method, and 

be trialled through the use of the 2016-2017 N. gonorrhoeae PPNg characterised 

specimens. To perform such feats, the assays had to be slightly modified (see 

Methods) so that the testing could be performed on the Roche LightCycler 480 II 

real-time PCR platform provided by Territory Pathology. Furthermore, the PPNg and 

mosaic-PBP2 characterised specimens were referred for NG-MAST testing. The 

sections that follow present both the results derived from the incorporation of all 

real-time PCR assays for both antimicrobial resistance screens and genotyping and 

the results from the NG-MAST testing. 

 

Mosaic-PBP2 Screens 

 

From the 708 samples of 2016, 5 (0.7%) were found to be positive by the mosaic-

PBP2 real-time PCR assay. These 5 were males of non-Indigenous or Torres-Strait 

Islander heritage that belonged to the age group of 22 to 49 years. 3 out of 5 cases 

had been presented in Darwin and involved specimen types of throat swab(s) (n=2) 

and anal swab(s) (n=1). The remaining 2 cases had been presented in Alice Springs 

and involved specimen types of throat swab(s) (n=1) and rectal swab (n=1). 

Furthermore, of the 638 N. gonorrhoeae positive samples of 2017, 4 (0.6 %) were 

found to be positive by the mosaic-PBP2 real-time PCR assay. 3 out of 4 cases of 

PBP2 N. gonorrhoeae involved males, while 1 case involved a female. Two males 

aged 18 and 25 years were from Darwin, and 1 male aged 45 years was from 

Katherine. All three patients had the organism detected in the first void urine 

specimen that had been collected. The female was 22 years of age and from Darwin. 

The organism was detected in the self-collected vaginal swab specimen (See 

Appendices S5-S6). 
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PPNg Screens 

 

The 2016 PPNg screens revealed that 33 out of 708 samples (4.7 %) were found to 

be positive for the PPNg variant of Neisseria gonorrhoeae. Out of the 33 patients, 24 

(72.7 %) were males, and 9 (27.3 %) were females. The 24 males were of non-

Indigenous or Torres-Strait Islander heritage that belonged to the age group of 24-68. 

22 out of the 24 male cases were presented in Darwin and included the following 

specimen types and numbers: Synovial fluid (n=4), throat swab(s) (n=4), anal swab 

(n=4), rectal swab(s) (n=2), urine (n=1), penile swab(s) (n=1), and first void urine(s) 

(n=6). The remaining 2 cases were presented in Alice Springs and Gove and 

involved the collection of a rectal swab (n=1) and urine (n=1). The nine females 

were also of non-Indigenous or Torres-Strait Islander heritage that belonged to the 

age group of 15-38. 7 out of 9 cases were presented in Darwin, whereas the 

remaining two cases were reported from Tennant Creek. The specimen collected in 

the Darwin episodes included, urine (n=2), first-void urine (n=1), endo-cervical 

swab(s) (n=3), high vaginal swab(s) (n=1), while the specimen collected in Tennant 

Creek was urine (n=2).  

 

Also, in 2017, 19 out of 638 samples (2.97 %) were found to be positive for the 

PPNg variant of Neisseria gonorrhoea. Out of the 19 patients, 16 (84.2 %) were 

males, and 3 (15.8 %) were females. The 16 males were of non-Indigenous or 

Torres-Strait Islander heritage that belonged to the age group of 28-64. 13 out of the 

16 male cases were presented in Darwin and included the following specimen types 

and numbers: Synovial fluid (n=4), throat swab(s) (n=2), urethral swab (n=5), urine 

(n=2), and first void urine(s) (n=2), blood culture (n=1). The remaining 3 cases were 

presented in Alice Springs and involved the collection of urine (n=2), and urethral 

swab(s) (n=1). The three females were also of non-Indigenous or Torres-Strait 

Islander heritage that belonged to the age group of 21-53. All three cases presented in 

Darwin, with the collected specimen being, urine (n=1), low vaginal swab (n=1), and 

self-collected vaginal swab (n=1) (see Appendices S5-S6). 
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A8806 Screens 

 

No A8806 N. gonorrhoeae strain was detected from 2016 to 2017 (see Appendices 

S5-S6).   

 

FC428 Screens 

 

None of the 51 PPNg characterised nucleic acid extracts yielded a positive result for 

the FC428 N. gonorrhoeae strain from 2016 to 2017 (see Appendix S7). 

 

23S 2059 & 23S 2611 Screens 

 

In 2016, no 23S 2059 2611 PCR positive samples were detected. However, in 2017, 

one sample was found to harbour the 23S 2611 azithromycin resistance and was 

negative for the PPNg variant of N. gonorrhoeae. The individual was a 19-year-old 

male of non-Aboriginal or Torres Strait Islander heritage that resided in Darwin. The 

specimen that had been collected was a single first void urine (See Appendix S6).  

 

The above results have also been summarised in table 1.9 and figures 2.4-2.5 below. 
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Table 1.9: N. gonorrhoeae 2016-2017 AMR Screens Summary. Table 1.9 displays a summary of the 

antimicrobial resistance genotypes during the period of January 2016- December 2017. 
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Figure 2.4: 2016 vs 2017 Northern Territory Resistance Trends. Figure 2.4, displays and compares the 

incidence number of each of the PPNg, mosaic-PBP2, A8806, 23S 2059/2611, and FC 428, genotypes during 

the period of 2016-2017. 

Figure 2.5: Geographical location of the Northern Territory resistance incidents. Figure 2.5 illustrates 

the geographical location of the detected antimicrobial resistant strains in the Northern Territory during the 

period of 2016-2017. Red dot(s) signify the PPNg strain, purple dot(s) the mosaic-PBP2 strain, and Green 

dot(s) the 23S 2611 strain. 
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14-SNP Genotyping 

 

The 14 SNP genotyping method revealed that the 51 PPNg characterised specimen 

could produce 21 possible genotypes. 5 out of 51 (9.8%) PPNg characterised samples 

were found to produce a complete 14 SNP profile. The remaining 46 out of 51 

(90.2%) were able to provide partial 14 SNP profiles. Out of the five samples that 

were able to provide a complete profile, one was detected in Alice Springs and the 

remaining 4 in Darwin. Furthermore, these five samples were predicted to generate 

four distinct 14 SNP profiles. Samples DPPNG11 and DPPNG37 were predicted to 

be SNP genotype 9 and MLST sequence type 7363/7832. Samples DPPNG12 and 

DPPNG14 were predicted to be SNP genotypes 14 and 13 respectively, and no 

known MLST sequence type. Sample APPNG42 was predicted to be SNP genotype 

10 and MLST sequence type 1600. The 14 SNP genotyping results also indicate a 

significant diversity in predicted genotypes both amongst samples isolated from the 

same geographic area and those isolated from separate geographic regions. In 

particular, the Darwin samples were predicted to consist of 19 different SNP 

genotypes, the Tennant Creek specimen of 1 SNP genotype, and the Alice Springs 

specimens of 4 SNP genotypes. The only exceptions to the above were DPPNG48, 

APPNG42 being predicted to be SNP genotype 10, samples DPPNG01 and 

APPNG08 predicted as SNP genotype 16, and specimens DPPNG38, DPPNG46, 

APPNG04, APPNG05 being predicted to be SNP genotype 20.  

 

Furthermore, the samples that were able to produce a complete 14 SNP profile had 

porA and OPA cycle threshold (CT) values ranging from 27-28, and 25-34 

respectively. The samples that did not provide a complete 14 SNP profile had porA 

and OPA CT values of greater than 30 cycles. Additionally, 3 out of 5 complete 14 

SNP profiles were found to have been isolated from individuals of the MSM group, 

whereas the remaining two complete profiles were found to be isolated from 

heterosexual individuals. Finally, the profiles of the MSM group are mostly unique 

when compared to both each other and to that of the complete profiles of the 

heterosexual individuals, whereas the complete profiles of the heterosexual 

individuals are identical. The above results have also been summarised in Table 2.0.  
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NG-MAST 

 

The NG-MAST analysis revealed that 48 out of 60 specimens were able to be 

characterised. 19 out of 48 specimens were found to be classed into 11 known 

sequence types (STs), whereas 29 out of 48 samples were categorised into 18 “new” 

STs. The 11 specimens that could not be characterised by the NG-MAST had tbpB 

and porB CT values of greater than 30.00. From the 19 specimens that were able to 

be classed into 11 STs, 15 were PPNg positive specimens, and 4 were mosaic-PBP2 

positive specimens that were identified in the metropolitan area of Darwin. The 15 

PPNg characterised specimen were classed into 8 STs. The 8 STs were also further 

divided into 4 STs (4278, 5624, 12176, 17345) that were unique to the MSM 

population and 4 STs (758, 8058, 11249, 16828), which were unique to the 

heterosexual population. 

  

The 4 mosaic-PBP2 characterised specimens originated from the MSM-group of 

patients and were categorised into 3 STs (1407, 2400, 14517). ST 1407 was obtained 

from a case that was identified in Alice Springs, whereas the 2400 STs was derived 

from two independently identified cases, one in the metropolitan area of Darwin and 

one in Katherine. ST 14517 was isolated from a case identified in Darwin. The 29 

out of 48 specimens that were designated as “new” STs also displayed a similar 

sequence type distribution, with the only exception being samples 32 and 56.  

Sample 32 was derived from a heterosexual individual, whereas sample 56 was 

isolated from an MSM-group individual. These two specimens despite originating 

from individuals of different sexuality groups have been classed into the same “new” 

ST (New9). The above results are also summarised in Table 2.1. 
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Table 2.0: N. gonorrhoeae 14-SNP Genotyping. Table 2.0 reveals the results obtained from 51 PPNg characterized clinical specimen 

extracts when tested via the 14-SNP genotyping method. 

 

*SNP genotype: Possible genotype based upon the 14 SNP profile. 
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Table 2.1: N. gonorrhoeae NG-MAST testing: Table 2.1 shows the results obtained from 51 PPNg and 9 

mosaic-PBP2 characterized clinical specimen extracts when tested via the NG-MAST method. 

 
Sample ID Sexuality tbpB porB porB ST tbpB ST NG-MAST

19 DPPNG19 Heterosexual 27.47 29.56 90 29 758

53 AMOS-PBP2-2 MSM 32.68 33.78 908 110 1407

58 DMOS-PBP2-7 MSM 24.50 27.23 1489 563 2400

60 KMOS-PBP2-9 MSM 30.31 32.30 1489 563 2400

2 DPPNG2 MSM 33.95 36.27 543 899 4278

12 DPPNG12 MSM 28.74 30.60 90 953 5624

14 DPPNG14 MSM 28.45 30.53 90 953 5624

49 DPPNG49 MSM 30.31 33.56 90 953 5624

9 DPPNG9 Heterosexual 16.43 21.30 90 884 8058

13 DPPNG13 Heterosexual Undetermined Undetermined 90 884 8058

31 DPPNG31 Heterosexual 34.43 38.63 90 884 8058

41 DPPNG41 Heterosexual 31.10 32.73 90 884 8058

47 DPPNG47 Heterosexual 30.88 34.19 90 884 8058

50 DPPNG50 Heterosexual 31.67 34.15 90 884 8058

51 DPPNG51 Heterosexual 28.18 30.69 543 21 11249

11 DPPNG11 MSM 27.00 27.90 7122 2056 12176

54 DMOS-PBP2-3 MSM 31.26 35.02 8416 135 14517

43 DPPNG43 Heterosexual 33.01 33.54 90 1098 16828

39 DPPNG39 MSM 30.46 42.49 5860 1971 17345

10 DPPNG10 Heterosexual 38.28 Undetermined not available 884 not available

33 TPPNG33 Heterosexual 35.49 39.71 1840 not available not available

55 DMOS-PBP2-4 MSM 30.27 36.17 1903 not available not available

15 DPPNG15 MSM 40.47 40.43 8411 not available not available

17 DPPNG17 Heterosexual 41.27 37.80 new, 99% allele - 2719 not available not available

52 AMOS-PBP2-1 MSM 37.24 Undetermined not available not available not available

16 DPPNG16 Heterosexual 39.35 Undetermined not available not available not available

18 DPPNG18 Heterosexual 36.50 Undetermined not available not available not available

22 DPPNG22 Heterosexual 39.20 Undetermined not available not available not available

27 DPPNG27 Heterosexual Undetermined Undetermined not available not available not available

44 DPPNG44 Heterosexual Undetermined Undetermined not available not available not available

45 DPPNG45 Heterosexual Undetermined Undetermined not available not available not available

4 DPPNG4 Heterosexual 29.04 30.19 90 new, 97% allele - 1340 New1

5 APPNG5 Heterosexual 29.70 30.28 90 new, 97% allele - 1340 New1

34 DPPNG34 Heterosexual 31.67 34.36 407 new, 97% allele - 400 New2

1 DPPNG1 Heterosexual Undetermined Undetermined 10438 new, 98% allele - 19 New3

38 DPPNG38 Heterosexual 34.10 37.71 new, 98% allele - 1789 294 New4

46 DPPNG46 Heterosexual 31.04 34.32 new, 98% allele - 1789 294 New4

30 DPPNG30 MSM 27.12 28.12 new, 99% allele - 161 4 New5

42 APPNG42 Heterosexual 26.71 28.30 new, 99% allele - 1796 1459 New6

7 APPNG7 Heterosexual 32.90 33.18 new, 99% allele - 812 new, 98% allele - 360 New7

8 APPNG8 Heterosexual 28.96 29.34 new, 99% allele - 812 new, 98% allele - 360 New7

57 DMOS-PBP2-6 Heterosexual 30.06 33.93 new, 99% allele - 2577 563 New8

59 DMOS-PBP2-8 Heterosexual 24.57 27.14 new, 99% allele - 2577 563 New8

32 DPPNG32 Heterosexual 31.89 36.32 new, 99% allele - 7979 92 New9

56 DMOS-PBP2-5 MSM 33.67 35.35 8972 new, 98% allele - 181 New9

6 DPPNG6 Heterosexual 27.32 29.25 new, 99% allele - 952 529 New10

40 DPPNG40 Heterosexual 31.75 33.71 26 110 New11

25 DPPNG25 Heterosexual 35.50 39.37 90 951 New12

48 DPPNG48 MSM 33.61 28.30 150 953 New13

20 DPPNG20 Heterosexual 20.06 20.66 407 33 New14

21 DPPNG21 Heterosexual 33.82 35.43 407 33 New14

23 DPPNG23 Heterosexual 35.40 37.50 407 33 New14

24 DPPNG24 Heterosexual 36.42 38.03 407 33 New14

26 DPPNG26 Heterosexual 35.35 36.97 407 33 New14

37 DPPNG37 Heterosexual Undetermined Undetermined 2034 2114 New15

3 DPPNG3 Heterosexual 30.03 30.55 5782 602 New16

28 DPPNG28 Heterosexual 29.36 30.96 5782 602 New16

29 DPPNG29 Heterosexual 39.50 37.74 5782 602 New16

35 DPPNG35 MSM 32.57 38.60 5860 1161 New17

36 DPPNG36 MSM 33.96 35.03 8250 1971 New18
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Discussion 

 

The results of this research project highlight the importance of having the ability to 

review, develop, or enhance cost-effective, rapid, and highly informative genotyping 

assays for either routine or sporadic use in a remote diagnostic laboratory with 

medium throughput and strict financial budget. The project results also demonstrate 

how to review an assay in a cost-effective, timely, and relatively physical labour-free 

manner.  

 

C. trachomatis 

 

During the development of the CtGEM method, the ‘Minimum SNPs’ program also 

identified other informative sets of SNPs than that of the ompA and region 1. The 

primary objective was to determine if regions 2-4 could enhance the performance of 

the current CtGEM assay to a level that would justify the increased method 

complexity and associated costs. Initially, as can be seen, by Figures 2.0-2.2 the 

amplicon sequences of region 2-4 were subjected to an in-silico HRM-curve 

prediction experiment through the use of ‘uMelt’. Figure 2.0 reveals that region 2 

was predicted to resolve the C. trachomatis phylogeny by three haplotype melt-

curves (X, Y, and Z), whereas, Figure 2.1 illustrates that region three was predicted 

to resolve the C. trachomatis phylogeny by four haplotype melt-curves (M, N, O, and 

P). Finally, Figure 2.2 demonstrates that region 4 was predicted to have the ability to 

resolve the C. trachomatis phylogeny by four groups of haplotype melt curves. 

 

From the review of the predicted melt-curves, a decision was made to not proceed 

with further testing using region 4, due to the region 4 melt-curves having an inferior 

resolving power when compared to region 2 and region 3 melt-curves. In other 

words, and as can be seen, by Figure 2.2, the region 4 melt-curves are tightly 

clustered and do not enable easy discrimination of the C. trachomatis phylogeny via 

the HRM method. After rejecting region 4 from further analyses, the theoretical 

combinatorial number of melt-curve haplotypes derived from the use of the current 

CtGEM markers (ompA, region 1) with region 2, region 3, and the combination of all 

four fragments were calculated (see Appendices S1-S3).  
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Furthermore, region 2 and region 3 fragments were prepared and subjected to an 

alignment of a previously described and prepared 65 C. trachomatis genome data-set 

through the use of ARIBA. The alignment enabled the prediction of the performance 

of the CtGEM assay when region 2 and region 3 were to be included as additional 

markers to resolve the currently known C. trachomatis phylogeny. Also, Appendix 

S4 and Figure 2.3, reveal that when combining the current CtGEM targets with 

region 2, region 3 or region 2 and 3, the method is able to resolve C. trachomatis into 

genotypes that are concordant with anatomical tropism and with the current status of 

C. trachomatis phylogeny as described in the original publication of the CtGEM 

method (Giffard et al., 2018). Additionally, Figure 2.2 shows that the combination of 

the current CtGEM markers and both region 2 and region 3 markers identifies certain 

unique combinatorial genotypes for some of the isolates. The result is also supported 

by Table 1.8, as the Simpson’s index of diversity value when combining all the 

markers is D=0.96. The D=0.96 means that there is a 96% chance for two sequences 

that are selected at random to type differently. Also, Appendix S4 shows that 

samples A-HAR13, L1-440, Ba-Apache2, F-SW4, F-70, H-S1432, E-150, E-

SotonE4, and L3-404, have unique haplotype combinations. These unique haplotypes 

further support previous investigations regarding the current phylogenetic position of 

these genotypes (Giffard et al., 2018).  

 

The above findings provided sufficient evidence to instigate if the CtGEM+Region 

2+Region 3 assay could now discriminate the ten previously described difficult to 

resolve isolates. Once again, a prediction of the performance of the assay was carried 

out through the use of ARIBA. The samples tested were D-S276I, D-NL4, D-NL5, 

D-NL6, D-NL8, D-NL19, D-Fin163, F-Fin106, J-NL55, and J-Sou106.  The results 

illustrated by Appendix S4 reveal that these ten samples when typed by the 

CtGEM+Region 2+Region 3 assay, will be resolved appropriately into their 

respective lineages. Furthermore, specimens D-NL4, F-Fin106, and J-NL55 were 

found to have unique haplotype combinations, which enable the discrimination of 

these three genotypes in a more accurate and precise manner amongst both the 

genotypes of the same evolutionary lineage and those belonging to other lineages.  

Moreover, the results illustrated by Appendix S4, show that the region 3 fragment 

was able to identify three SNPs located at nucleotide position 255 of isolates D_NL6, 

D_NL5, and D_NL8. The nature of the mutation was of a transversion event as the 
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adenine nucleotide (A) replaced the guanine (G) nucleotide (Guo et al., 2017). 

Further review of this result revealed that this mutation did not yield a unique melt-

curve haplotype combination (see Appendix S4). The result would appear to be 

conflicting as other investigations have shown that a G to A mutation affects the 

melt-curve profile as this reduces the G+C % content of the sequence (Guo et al., 

2017). The lack of a unique melt-curve haplotype could be attributed to the actual G-

C distribution within the sequence under interrogation, as a transversion event would 

have a minimal impact in the case of the mutation occurring within a region where 

the DNA sequence contains a higher percentage of G-C bases (White & Cantsilieris, 

2017).  

  

When taking into consideration the results of both Table 1.8 and Appendix S4, the 

addition of the extra genetic markers appears to add little to the overall resolving 

power of the method. While 384 theoretical genotypes (see Appendix S3) were 

predicted to be able to be detected by the incorporation of region 2 and region 3 into 

the current CtGEM method, only 26 were able to be detected from the 65 whole-

genome data assay performance prediction. When further reviewing the same 

analysis, the majority of the genotypes are already able to be both accurately 

resolved into their respective phylogenetic lineages and discriminated amongst the 

genotypes of their respective clade by the current CtGEM targets, with the only 

exceptions being genotypes L1-404, H-S1432, and J-627, which are better resolved 

by the combination of all the genetic markers (see Appendix S4, Figure 2.3). 

Furthermore, despite the increased Simpson’s index of diversity (D=0.96), the new 

targets are still unable to discriminate the C, H, Ia, J, K, Ja genotypes from each 

other, which is because the ompA variants of these genotypes are closely related 

(Giffard et al., 2018). However, due to the inability to discriminate these genotypes, 

there is a requirement for referring the detected C, H, Ia, J, K, Ja genotypes for 

sequencing of the CtGEM method ompA fragment, as sequencing of the CtGEM 

ompA fragment has been shown to be able to resolve these genotypes into four 

classes (C, K, Ja, and H+Ia+J) (Giffard et al., 2018). 
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A similar predicament arises when reviewing the results of the predicted resolving 

power of the CtGEM+Region 2+Region 3 method when interrogating samples D-

S276I, D-NL4, D-NL5, D-NL6, D-NL8, D-NL19, D-Fin163, F-Fin106, J-NL55, and 

J-Sou106. During this process, the genotypes were accurately resolved into their 

respective phylogenetic lineages but, similar to the 65-whole-genome dataset, 

genotypes  DNL-5, D-NL-6, D-NL8, D-NL19, D-Fin163, and J-Sou106 were unable 

to be discriminated amongst the other genotypes situated within the same clade of the 

C. trachomatis phylogeny. Thus, in the case of requiring further discrimination, the 

samples should be referred for sequencing.  

 

By taking into consideration all the above, the decision was made to not proceed with 

the addition of the region 2 and region 3 markers into the current CtGEM assay 

format. While these two markers are shown to both conform to the current C. 

trachomatis phylogeny and provide enhanced discrimination of genotypes L1-404, 

H-S1432, and J-627, the complexity, and associated costs far outweigh the potential 

benefits. Thus, these results support the hypothesis of region 2 and region 3 targets 

not being able to provide enough evidence to justify the increased complexity and 

associated costs when incorporated into the current CtGEM assay.  

 

Nevertheless, the above experimental results do provide sufficient information to 

prove the usefulness of bioinformatics tools when developing, reviewing, and the 

validating assays. In the case where the uMelt and ARIBA tools were not available, 

all the analyses would have to be performed manually within a laboratory. The 

manual approach would have been a very expensive and laborious path, which would 

ultimately lead to the same results only at a slower rate. As a result, when applicable, 

the use of bioinformatics tools over manual procedures should be taken into 

consideration when attempting to save time, money, and precious clinical sample. 
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Neisseria gonorrhoeae 

 

The project also aimed to incorporate seven previously developed real-time PCR-

based genotyping assays for detecting and surveying AMR strains of Neisseria 

gonorrhoeae, within the department of Serology/Molecular Biology of Territory 

Pathology. AMR of Neisseria gonorrhoeae has become a substantial global public 

health concern that requires immediate international attention and provision of 

resources due to the increase in the global burden of the infection. Also, certain 

publications inform of the threat of gonorrhoea soon becoming untreatable, as there 

is growing evidence of Neisseria gonorrhoeae strains with resistance towards 

ceftriaxone, which the last remaining effective antibiotic against N. gonorrhoeae 

(Unemo & Schafer, 2014, Lahra et al., 2018).  

 

To avoid the rapid emergence and spread of ceftriaxone-resistant strains of  N. 

gonorrhoeae, worldwide implementation of dual-antimicrobial therapy has been 

established. The dual-therapy regimen mainly consists of a combination of 

ceftriaxone and azithromycin. Unfortunately, the susceptibility of Neisseria 

gonorrhoea towards ceftriaxone has begun to decrease worldwide (Lahra et al., 

2018). Additionally, resistance to azithromycin has already been detected and 

become prevalent in many clinical settings globally. Thus, the fear of dual-

antimicrobial therapy not being effective as a long-term solution is slowly becoming 

a reality. Moreover, the fact that dual-antimicrobial therapies are expensive implies 

that low economic resource clinical settings will not be able to use such therapies 

(Whiley et al., 2013, Trembizki et al., 2015). 

 

However, reports of failures to treat N. gonorrhoeae infections with extended-

spectrum cephalosporins (ESCs) and the emergence of new gonococcal strains that 

exhibit high-level resistance to both ESCs and towards all other available antibiotics, 

have created a state of emergency (Whiley et al., 2018). Moreover, whenever 

treatment failure occurs, the medical costs will most likely display a significant 

increase due to the severe complications that will arise from the infection (Unemo & 

Shafer, 2014). Thus, by gaining the ability to understand the epidemiology and 
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pathogenesis of antimicrobial resistance in Neisseria gonorrhoeae, the design and 

implementation of public health responses against AMR can become more robust 

and effective (Unemo & Schaffner, 2016).  

 

Due to the aforementioned issues and the fact that there is currently no diagnostic 

facility in the Northern Territory that can offer appropriate antimicrobial 

surveillance, acted as the reason for implementing the PPNg, mosaic-PBP2, A8806, 

23S 2059/2611, FC428, which detect penicillin, quinolone, ceftriaxone/multi-drug 

resistance, azithromycin resistance, and extensive-drug resistance, respectively. 

Furthermore, laboratories such as the Serology/Molecular Biology of Territory 

Pathology that cannot perform or purchase sequencing instruments, have to search 

for alternative molecular typing methods that enable the investigation of the 

development and spread of AMR of Neisseria gonorrhoeae. This fact acted as a 

pivotal reason for the introduction of the 14-SNP real-time PCR genotyping assay, 

which offered low cost and rapid molecular typing of N. gonorrhoeae.  

 

In regards to the penicillin resistance screens of 2016, Table 1.9 illustrates that only 

33 out of 708 N. gonorrhoeae characterised specimen, carried the gene responsible 

for resistance towards penicillin. This attributes to a 4.7% positivity rate amongst 

characterised specimen, which was not considered alarming. Furthermore, out of the 

33 PPNg positive samples, 24 (72.7%) were male patients, and 9 (27.3%) were 

females (see Appendix S5), which supports claims and findings of previous studies 

that this variant of resistance is predominantly seen in men (Trembizki et al., 2015). 

Additionally, in both male and female PPNg-positive groups the affected ages were 

the young adult and middle-aged groups. This was no surprise as many investigations 

have displayed such a pattern because these age-groups are known to be more 

sexually active (Francis et al., 2018). An interesting finding was that the specimen 

types of the females that were found to be PPNg-positive were quite different from 

the male specimens that were PPNg-positive. Briefly, the female specimen types 

comprised of urines, first-void urine, endocervical, and high-vaginal swabs, whereas, 

the male specimen types included synovial fluids, throat swabs, anal swabs, rectal 

swabs, urines, first void urines and penile swabs (see Appendix S5). The specimen 

type diversity within the male population proves both transmissions of this particular 

strain of N. gonorrhoeae by a variety of sexual practices, and colonisation of areas of 
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the human body, such as the oral cavity, that have a large number of commensal 

bacteria that tend to fend off other intruding bacterial species. However, the most 

interesting of these findings was the PPNg-positive synovial fluid(s). The 

disseminated gonococcal infection is a rare incidence thus the presentation of 

penicillin-resistant cases of disseminated gonococcal infection is even rarer. The 

finding was of significance as it also highlighted the invasive capabilities of N. 

gonorrhoeae (Lohani et al., 2016). 

 

A very fortunate finding was that of no PPNg-positive specimen from Aboriginal 

individuals, as the presence of multiple PPNg positive samples within the rural 

communities would suggest local transmission of the strain but would also bring 

about unwanted treatment and management complications. The 2016 PPNg positive 

data of Table 1.9 suggest importation of this strain of N. gonorrhoeae, as positive 

samples follow a random and low-frequency appearance throughout the year (see 

Figures 2.4-2.5). The findings also suggest that both the female and male cases of the 

PPNg are traveller-associated cases with the incidents notified in Darwin, Alice 

Springs, Tennant Creek, and Gove (see Table 1.9, and Figures 2.4-5). 

 

The 2017 penicillin resistance results (see Table 1.9, Appendix S6) reveal that only 

19 out of 638 N. gonorrhoeae characterised clinical specimens carried the gene 

responsible for resistance to the penicillin class of antibiotics. This corresponds to a 

positivity rate of 4.7% amongst characterised N. gonorrhoeae specimen and was not 

considered alarming. Furthermore, out of the 19 PPNg positive clinical specimens, 

16 (84.2 %) were male patients, and 3 (27.3%) were female patients (see Appendix 

S6), which once again supports the evidence of previous and current literature that 

the PPNg strain of N. gonorrhoeae occurs mostly in men rather than women (Lahra 

et al., 2018). Also, when reviewing the affected age groups of both genders, the 

young-adults and middle-aged groups were most affected. Furthermore, similarly to 

the PPNg-results of 2016, the 2017 PPNg-positive clinical specimen types were more 

diverse in males than in females. Briefly, the female clinical specimens were strictly 

urogenital, having collected urine, low vaginal, and self-collected vaginal swabs (see 

Appendix S6). The male clinical specimens included synovial fluids, throat swabs, 

urethral swabs, urines, first void urines, and blood culture (see Appendix S6). Once 

again, this specimen type diversity within the male population supports the claims of 
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the PPNg strain to be able to be transmitted by a variety of sexual practices and also 

be able to colonise areas of the human body with high numbers of distinct 

commensal bacterial species that fend off the intruding bacterial species.  

 

From the above male specimen types, two were of particular interest. The first 

specimen type of interest was the PPNg-positive synovial fluids, as these are 

considered very rare due to the nature of the development of disseminated 

gonococcal infection. The second specimen type of interest was the blood culture 

PPNg-positive clinical specimen (see Appendix S6). This PPNg-positive finding has 

most likely occurred due to lack of treatment and demonstrates the impact and 

seriousness of such scenarios as the organism has gained access to the systemic 

circulation and could potentially lead to increased mortality (Lohani et al., 2016). 

Similar to the 2016 PPNg screens, all positive samples were from non-indigenous 

cultural background individuals, which once again suggests that there is no 

transmission of the penicillin resistance in the rural communities of the NT. The 

2017 PPNg screening data are also suggestive of importation of this genotype in the 

NT, as the positive samples were detected at a random and low frequency throughout 

the year (see Figures 2.4-5). This finding also suggests that all 2017 cases of PPNg in 

the NT were once again traveller-associated with incidents identified in Darwin and 

Alice Springs (see Table 1.9, Figures 2.4-5). 

 

The 2016 mosaic-PBP2 screening results of Table 1.9 reveal that out of 708 N. 

gonorrhoeae characterised clinical specimens only five were positive for the mosaic-

PBP2 resistance gene. This corresponds to a 0.7% positivity rate for characterised N. 

gonorrhoeae specimens, which was also not considered as a major threat but was not 

underestimated either, as this N. gonorrhoeae strain exhibits decreased susceptibility 

to oral cephalosporins and ciprofloxacin (Trembizki et al., 2016, Whiley et al., 

2017). Additionally, all mosaic-PBP2 positive findings originated from male patients 

that belonged to the age group of young adults and middle-aged (22-49). The 

specimen types that had been found to be positive for the mosaic-PBP2 N. 

gonorrhoeae included throat swabs, anal swabs, and rectal swabs, which is highly 

suggestive of the affected individuals belonging to the group of men who have sex 

with men (MSM) (see Appendix S5). The MSM group has been previously found to 



83 
 

have high rates of incidence of the mosaic-PBP2 strain of N. gonorrhoeae due to the 

sexual practices within this group (Trembizki et al., 2016). The positive throat swab 

specimens also support that the mosaic-PBP2 strain of N. gonorrhoea, just like the 

PPNg strain, is also capable of colonising the oral cavities. 

 

Moreover, the fact that no Indigenous individuals having been found positive for the 

mosaic-PBP2 strain was a fortunate result. This is of significance because, just as in 

the case of the PPNg strain, multiple mosaic-PBP2 positive samples within the rural 

communities would suggest local transmission of the strain but would also once 

again bring about unwanted treatment and management complications. The 2016 

mosaic-PBP2 screens also suggest that this N. gonorrhoeae strain also follows an 

importation fashion that is mostly associated with travellers and is not locally 

acquired or transmitted as there were only 5 cases of this N. gonorrhoeae strain 

within the year of 2016 with 3 of the cases identified in Darwin and the other 2 in 

Alice Springs (see Table 1.9, Figures 2.4-5).  

 

The 2017 mosaic-PBP2 screening results of Table 1.9 reveal that out of 638 N. 

gonorrhoeae characterised clinical specimens only four were positive for the mosaic-

PBP2 resistance gene, which corresponds to a positivity rate of 0.6 % for 

characterised N. gonorrhoeae specimens. The rate was not considered to be alarming 

but was not disregarded either due to the decreased susceptibility of this strain 

towards ciprofloxacin and extended-spectrum cephalosporins. However, unlike the 

2016 screens, the 2017 mosaic-PBP2 positive samples were isolated from both male 

and female individuals. 3 out of 4 (75 %) of mosaic-PBP2 cases involved male 

individuals and 1 case out of 4 (25 %) involved a female individual. The affected age 

groups were once again the young adults and middle-aged individuals (see Appendix 

S6). These two results support the findings of previous work in the field of N. 

gonorrhoeae AMR suggesting that the mosaic-PBP2 variant of N. gonorrhoeae 

affects mostly the young adult male group (Unemo & Shafer, 2014). Also, the 

specimen types of the positive samples were all urogenital, having collected first-

void urines and a self-collected vaginal swab for the male and female individuals 

respectively. 
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Nonetheless, the same observation does support other previous and current research 

reports, which claim that the mosaic-PBP2 strain of N. gonorrhoeae is primarily 

detected and isolated from urogenital clinical specimens (Trembizki et al., 2016). 

The results also depict that there were no individuals of Indigenous heritage to be 

found positive via the mosaic-PBP2 PCR, which once again indicates that there is no 

local transmission within the rural communities of the Northern Territory. The 2017 

mosaic-PBP2 PCR screens are also indicative of this resistance to continue to follow 

the importation trend, with only 4 cases of mosaic-PBP2 detected in the year. Also, 

and to no surprise, all 4 cases of mosaic-PBP2 are traveller related with 3 cases 

having identified in Darwin and 1 case in Katherine (see Figures 2.4-5). 

 

The 2016 and 2017 screens of the A8806 strain of Neisseria gonorrhoeae yielded no 

positive results (Table 1.9). The lack of positive findings is of significance as this 

particular strain was originally isolated back in 2013 and had been found to be 

resistant towards penicillin, ciprofloxacin, and ceftriaxone, thus being regarded as a 

‘multi-drug’ resistant organism (Lahra & Whiley, 2013). Additionally, the organism 

was isolated by a female traveller, which supports the notion that all of the Northern 

Territory clinical specimens that are characterised by a specific trait of resistance, 

originate from traveller cases and are not locally acquired or transmitted (Lahra & 

Whiley, 2013). These results also suggest that the treatment guidelines of N. 

gonorrhoeae infection in the Northern Territory remain unaffected.  

 

The 23S 2059 and 23S 2611 azithromycin resistance screens of 2016 yielded no 

positive results. However, the 2017 screens yielded a single positive result for the 

23S 2611 azithromycin resistance (Table 1.9). The individual was a male of 19 years 

of age and not of Aboriginal or Torres Strait Islander heritage. The organism was 

detected in a first-void urine specimen (see Appendix S6). Despite the fact that this 

was a case of an azithromycin resistance, no alarms of treatment regime alteration 

occurred due to the fact that this was both a single isolated case and a 2611 mutation, 

which has proven to confer low-resistance to azithromycin in comparison to the 2059 

mutation that has been shown to exhibit high-resistance to azithromycin (Trembizki 

et al., 2015). Also, the azithromycin resistance was once more seen in a single 

isolated case in the Northern Territory back in 2015 ("Department of Health | 

Australian Gonococcal Surveillance Programme annual report, 2015", 2015). The 
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fact that after two years the mutation appeared once again can raise questions as to 

whether or not the rate of incidence of this N. gonorrhoeae strain will suddenly 

increase as has been shown in recent literature that depicted an increase in the 

azithromycin resistance incidence within the MSM group residing in Sydney, 

Australia (Whiley et al., 2018). 

 

The FC428 screens of the 51 PPNg characterised strains of Neisseria gonorrhoeae 

yielded no positive results (see Appendix S7). This particular strain was discovered 

back in 2015 in Japan and had been found to be resistant towards penicillin, 

ciprofloxacin, ceftriaxone, and azithromycin thus being regarded as an ‘extended-

drug’ resistant (XDR) organism (Ohnishi et al., 2011, Whiley et al., 2018). 

Additionally, the organism was recently detected twice in Queensland, Australia. 

Both cases involved heterosexual men travelling from Asia, which once again 

highlights the notion of most of the AMR variants being imported in Australia via 

travellers and not via spontaneous mutation in the local N. gonorrhoeae infected 

population (Whiley et al., 2018). 

 

The 14-SNP analysis revealed that the 51 PPNg characterised specimen could 

produce 21 possible genotypes. However, only 5 out of  51 (9.8%) samples had porA 

and OPA CT  values of <30.00 cycles and were able to generate a complete 14-SNP 

profile (see Table 2.0). The remaining 46 out of 51 (90.2%) could only provide 

partial 14-SNP profiles and had porA, OPA CT values of  >30.00 cycles, which 

explains the inability to retrieve a complete profile due to the quality of the DNA 

extracts having deteriorated. The low quality of the DNA extracts could be a result of 

the repetitive freeze-thaw cycles during the screening procedures, as other studies 

have shown that repetitive freeze-thaw cycles affect the quality of nucleic acids 

(Lebuhn et al., 2016). Another possible factor that could have provided such results 

would be the small volume of extract (2 uL) used for testing, as this may not have 

provided sufficient material to amplified by the PCR reactions of the 14-SNP assay. 

Also, the lack of a complete 14-SNP profile further highlights the need for this assay 

to be optimised when considering to be used on the LightCycler 480 II platform for 

routine use.  
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However, from the five samples that were able to provide a complete profile, one 

case was identified in Alice Springs and the remaining 4 in Darwin. Additionally, 

these five samples were predicted to generate four distinct 14-SNP profiles. Samples 

DPPNG11 and DPPNG37, which were identified from patients of the MSM and the 

heterosexual group respectively, were predicted to be SNP genotype 9, which relates 

to MLST sequence type (ST) ST7363/783 (see Table 2.0). Furthermore, ST7363 has 

been associated with resistance towards ceftriaxone and cefixime, however none of 

these specimens was found to have resisatnce to ceftriaxone. This finding both 

supports the hypothesis of Trembizki et al. (2014) who stated that such strains are 

most likely variants of the ST7363 that lacks the mosaic-PBP2 sequence, which is 

the main factor contributing to ceftriaxone resistance. When reviewing the data of 

Table 2.0 specimen DPPNG11 is the only MSM specimen to share the same ST with 

that of a heterosexual individual. This would suggest that some of the MSM MLST 

STs are offsprings of the heterosexual MLST STs that at some point in time mutated. 

Samples DPPNG12 and DPPNG14 were predicted to be SNP genotypes 14 and 13 

respectively, belonged to heterosexual individuals, and are of no currently registered 

MLST ST. Sample APPNG42 was predicted to be SNP genotype 10 and MLST 

ST1600 and was identified in a heterosexual individual. The above results not only 

display the diversity amongst PPNg strains of MSM and heterosexual individuals but 

also support the notion that the PPNg strain is imported into the NT due to the 

identification of lineages that differ in geographic origins.  

 

Furthermore, the diversity in the predicted genotypes expands even further amongst 

samples isolated from the same geographic area and those isolated from different 

geographic areas, as has also been seen in other studies. In particular, the Darwin 

samples were predicted to consist of 19 different SNP genotypes, the Tennant Creek 

specimen of 1 SNP genotype, and the Alice Springs specimens of 4 SNP genotypes. 

The only exceptions to the above were DPPNG48, APPNG42 being predicted to be 

SNP genotype 10, samples DPPNG01 and APPNG08 predicted as SNP genotype 16, 

and specimens DPPNG38, DPPNG46, APPNG04, APPNG05 being predicted to be 

SNP genotype 20 (see Table 2.0). The diversity amongst both the specimens that 

provided a complete 14-SNP profile and those that did not is once again suggestive 

of the resistant strains being predominantly imported into the NT by travellers rather 

than being a product of a spontaneous mutation of local infections. Finally, the 
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results of the 14-SNP analysis highlight the importance of being able to incorporate a 

robust genotyping tool that could enable the surveillance of AMR epidemiology in 

rural and remote areas.  

 

On the other hand, sequencing via the NG-MAST method revealed that 48 out of 60 

specimens were able to be characterised. 19 out of 48 specimens were found to be 

classed into 11 known STs, whereas 29 out of 48 samples were categorised into 18 

“new” STs (see Table 2.1). The 11 specimens that could not be characterised by the 

NG-MAST had tbpB and porB CT values of greater than 30.00. From the 19 

specimens that were able to be classed into 11 STs, 15 were PPNg positive 

specimens, and 4 were mosaic-PBP2 positive specimens that were identified in the 

metropolitan area of Darwin. The 15 PPNg characterised specimen were classed into 

8 STs. The 8 STs were also further divided into 4 STs (4278, 5624, 12176, 17345) 

that were unique to the MSM population and 4 STs (758, 8058, 11249, 16828), 

which were unique to the heterosexual population. 

 

The 4 mosaic-PBP2 characterised specimens originated from the MSM-group of 

patients and were categorised into 3 STs (1407, 2400, 14517). ST1407 was obtained 

from a case that was identified in Alice Springs, whereas the ST2400 was derived 

from two independently identified cases, one in the metropolitan area of Darwin and 

one in Katherine. ST14517 was isolated from a case identified in Darwin (see Table 

2.1). From the STs mentioned above the most significant finding was that of the 

ST1407 identified in Alice Springs. ST1407 has a global distribution and has also 

been found to be associated with multi-drug resistance originating from the penA 

mutations (Unemo & Schaffner, 2016). Interestingly, the ST1407 was also the most 

common ST in Australia back in 2013 (O’Reilly et al., 2015). Therefore, this ST has 

most likely been presented in the NT more than once but was missed due to the lack 

of the appropriate genotyping method. 
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The 29 out of 48 specimens that were designated as “new” STs also displayed a 

similar sequence type distribution, with the only exception being samples 32 and 56.  

Sample 32 was derived from a heterosexual individual, whereas sample 56 was 

isolated from an MSM-group individual (see Table 2.1). These two specimens 

despite originating from individuals of different sexuality groups have been classed 

into the same “new” ST (New9). The term “new” designates a currently unregistered 

NG-MAST ST. These STs could not be registered as the specimen was a purified 

nucleic acid extract and not an N. gonorrhoeae clinical isolate.  

 

To conclude, the findings of this research project support the hypothesis that the 

selected targets could not further enhance the informative and interrogative power of 

the CtGEM genotyping method. The results also support the hypothesis of being able 

to implement the seven selected genotyping assays for N. gonorrhoeae AMR 

surveillance within the department of Serology/Molecular Biology of Territory 

Pathology and detect a small number of resistant strains.   

 

The results of the project have also added valuable knowledge towards the usefulness 

of bioinformatics tools for the development and validation of assays, as well as, the 

AMR patterns of Neisseria gonorrhoeae in the Northern Territory.  Briefly, all types 

of N. gonorrhoeae resistance in the Northern Territory follow an importation trend 

that is traveller associated. Additionally, the results suggest that there is no 

significant concern for the presence of major antimicrobial resistances within the 

remote and urban areas that could disable the current treatment with the ZAP and 

CAZ packs that are used in those regions respectively. The antimicrobial resistance 

surveillance of this study was limited to characterised N. gonorrhoeae specimen of 

Territory Pathology. Thus, for future studies, specimen collection from other 

laboratories in the NT such as Western Diagnostics Pathology and Australian 

Clinical Labs is imperative for achieving complete AMR surveillance. Finally, this 

research project has set the foundations for the first local N. gonorrhoeae AMR 

surveillance facility with the assays described in this project being implemented in 

the testing procedures of the Department of Serology/Molecular Biology of Territory 

Pathology.  
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Appendices 

 

  

Appendix S1: Theoretical CtGEM+Region 2 Haplotype Combinations: Table S1 reveals 

the possible and detected haplotypes when combining the current CtGEM markers with the 

region 2 marker. 
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Appendix S2: Theoretical CtGEM+Region 3 Haplotype Combinations: Table S2 reveals the 

possible and detected haplotypes when combining the current CtGEM markers with the region 3 

marker. 
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Appendix S3: Theoretical CtGEM+Region 2+Region 3 Haplotype Combinations: 

Table S3 reveals the possible and detected haplotypes when combining the current 

CtGEM markers with the region 2 and region 3 markers. 
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Appendix S4: Predicted marker performance for CtGEM method against the 75-C. trachomatis genome-wide 

orthologous SNP dataset: Table S4 depicts the predicted performance of the current and candidate markers for the 

CtGEM method based upon 75-C. trachomatis genome-wide orthologous SNP data. 

Sample Isolate Sanger OMPA REGION1 CtGEM REGION2 REGION3

Number Number Sequencing Curve Curve Curve Curve Curve

1 A_2497 A_2497 A GC 29 Y M

2 A_HAR13 A_HAR13 A GC 29 Y N

3 ERR034213 A_363 A GC 29 Y M

4 ERR034214 A_5291 A GC 29 Y M

5 ERR034215 A_7249 A GC 29 Y M

6 ERR175652 A_D213 A GC 29 Y M

7 D_2923 D_2923 BaD AT 17 Z M

8 D_UW3 D_UW3 BaD GA 1 Y N

9 ERR008595 L1_440 BaD GC 25 X P

10 ERR026547 D_SotonD5 BaD GA 1 Y N

11 ERR027327 D_SotonD1 BaD AT 17 Z M

12 ERR027328 D_SotonD6 BaD GA 1 Y N

13 ERR140754 D_S276I BaD GT 9 Y P

14 ERR140762 Ba_Apache2 BaD GC 25 Y N

D_NL6 BaD GT 9 Z P

D_NL6 BaD GT 9 Z P (G--A SNP, POSITION 255)

D_NL8 BaD GT 9 Z P

D_NL8 BaD GT 9 Z P (G--A SNP, POSITION 255)

17 ERR164684 D_NL19 BaD GT 9 Z M

18 ERR211017 D_NL4 BaD GT 9 Y P

D_NL5 BaD GT 9 Z P

D_NL5 BaD GT 9 Z P (G--A SNP, POSITION 255)

20 ERR278143 D_Fin163 BaD GT 9 Z M

21 ERR386222 Ba_Aus28 BaD GT 9 Z M

22 ERR386232 Ba_Aus25 BaD GT 9 Z M

23 B_Jali20 B_Jali20 BF GC 26 Y M

24 B_TZ1A828 B_TZ1A828 BF GC 26 Y M

25 ERR008582 F_SW5 BF AT 18 Z M

26 ERR008588 F_SW4 BF GT 10 Z M

27 ERR027330 F_SotonF3 BF AT 18 Z M

28 ERR189738 B_Aus2 BF GA 2 Y N

29 ERR189736 B_HAR36 BF GC 26 Y N

30 ERR189743 B_Aus3 BF GA 2 Y N

31 ERR189744 B_Aus4 BF GA 2 Y N

32 ERR189745 B_Aus5 BF GA 2 Y N

33 ERR278132 F_Fin106 BF GA 2 Y M

34 ERR386225 B_Aus36 BF GA 2 Y N

35 F_70 F_70 BF GT 10 Y N

36 ERR026555 Ia_SotonIa1 CHIJKJa GA 3 Y N

37 ERR026559 K_SotonK1 CHIJKJa GA 3 Y N

38 ERR026565 Ia_SotonIa3 CHIJKJa GA 3 Y N

39 ERR108303 H_S1432 CHIJKJa GA 3 Y P

40 ERR111606 H_R31975 CHIJKJa GA 3 Y N

41 ERR175630 C_UW1 CHIJKJa GC 27 Y M

42 ERR189746 C_Aus10 CHIJKJa GT 11 Z M

43 ERR189768 C_Aus9 CHIJKJa GT 11 Z M

44 ERR210980 J_NL55 CHIJKJa GT 11 Y M

45 ERR210992 C_Aus8 CHIJKJa GT 11 Z M

46 ERR211013 J_Sou106 CHIJKJa GT 11 Z M

47 ERR386223 C_Aus30 CHIJKJa GT 11 Z M

48 ERR386224 C_Aus33 CHIJKJa GT 11 Z M

49 ERR558499 C_TW3 CHIJKJa GC 27 Y M

50 J_6276 J_6276 CHIJKJa GA 3 Y N

51 E_11023 E_11023 E GA 7 Y M

52 E_150 E_150 E GT 15 Z N

53 ERR008578 E_Bour E GA 7 Y M

54 ERR008589 E_SW3 E GT 15 Z P

55 ERR008596 E_SW2 E GT 15 Z P

56 ERR026551 E_SotonE4 E GT 15 X P

57 ERR027329 E_SotonE8 E GT 15 Z P

58 ERR026560 G_SotonG1 G GA 8 Y N

59 G_11074 G_11074 G GA 8 Y N

60 G_11222 G_11222 G GA 8 Y N

61 G_9301 G_9301 G GA 8 Y N

62 G_9768 G_9768 G GA 8 Y N

63 ERR008583 L3_404 L3 GC 30 X M

64 ERR008579 L2b_C1 Lx GC 28 Y M

65 ERR008580 L1_224 Lx GC 28 X M

66 ERR008581 L2b_UCH1 Lx GC 28 Y M

67 ERR008586 L2b_795 Lx GC 28 Y M

68 ERR008587 L2b_UCH2 Lx GC 28 Y M

69 ERR008592 L2b_C2 Lx GC 28 Y M

70 ERR008593 L1_115 Lx GC 28 X M

71 ERR019528 L2b_LST Lx GC 28 Y M

72 ERR019529 L1_SA16 Lx GC 28 Y M

73 ERR019531 L2b_CV204 Lx GC 28 Y M

74 ERR021952 L2b_8200 Lx GC 28 Y M

75 L2_434BU L2_434BU Lx GC 28 X M

ERR164672

ERR164674

ERR211018

15

16

19

*Note: The dark-grey highlights represent the isolates with unique combinatorial haplotypes, whereas dark-

yellow highlights represent the 10 previously described hard to genotype isolates. 
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Appendix S5: 2016 N. gonorrhoeae Screens. Table S3 displays the N. gonorrhoeae results for the NG 

Triplex Confirmation, mosaic-PBP2, A8806, and 23S 2059/2611 assays during the period of January to 

December 2016. 
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Appendix S6: 2017 N. gonorrhoeae Screens. Table S3 displays the N. gonorrhoeae results for the NG 

Triplex Confirmation, mosaic-PBP2, A8806, and 23S 2059/2611 assays during the period of January-

December 2017. 
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Test Number Extract PORA OPA NGFC428

1 DPPNG01 28.52 30.62 0.00

2 DPPNG02 31.98 29.37 0.00

3 DPPNG03 29.40 27.55 0.00

4 APPNG04 28.80 27.78 0.00

5 APPNG05 29.79 28.89 0.00

6 DPPNG06 27.13 24.63 0.00

7 APPNG07 32.17 30.87 0.00

8 APPNG08 28.59 27.14 0.00

9 DPPNG09 21.37 17.97 0.00

10 DPPNG10 34.32 31.09 0.00

11 DPPNG11 27.29 25.11 0.00

12 DPPNG12 27.67 30.56 0.00

13 DPPNG13 31.25 34.97 0.00

14 DPPNG14 27.80 34.13 0.00

15 DPPNG15 32.20 31.12 0.00

16 DPPNG16 37.21 37.83 0.00

17 DPPNG17 36.70 33.82 0.00

18 DPPNG18 0.00 37.40 0.00

19 DPPNG19 28.03 25.73 0.00

20 DPPNG20 20.46 18.36 0.00

21 DPPNG21 33.54 32.06 0.00

22 DPPNG22 36.12 34.60 0.00

23 DPPNG18 36.12 34.60 0.00

24 DPPNG24 35.71 33.86 0.00

25 DPPNG25 34.44 33.24 0.00

26 DPPNG26 33.54 32.06 0.00

27 DPPNG27 0.00 40.00 0.00

28 DPPNG28 29.79 27.77 0.00

29 DPPNG29 34.14 32.57 0.00

30 DPPNG30 26.79 23.93 0.00

31 DPPNG31 26.84 30.58 0.00

32 DPPNG32 27.60 24.90 0.00

33 TPPNG33 37.21 35.53 0.00

34 DPPNG34 30.15 27.01 0.00

35 DPPNG35 32.95 31.51 0.00

36 DPPNG36 31.50 29.95 0.00

37 DPPNG37 28.81 26.20 0.00

38 DPPNG38 29.71 27.42 0.00

39 DPPNG39 31.75 29.81 0.00

40 DPPNG40 28.92 N/A 0.00

41 DPPNG41 32.14 29.21 0.00

42 APPNG42 28.44 25.28 0.00

43 DPPNG43 30.07 N/A 0.00

44 DPPNG44 35.20 34.02 0.00

45 DPPNG45 36.21 33.82 0.00

46 DPPNG46 30.40 28.96 0.00

47 DPPNG47 26.55 30.08 0.00

48 DPPNG48 29.72 27.34 0.00

49 DPPNG49 28.86 26.69 0.00

50 DPPNG50 31.74 30.35 0.00

51 DPPNG51 29.14 26.91 0.00

Neisseria gonorrhoeae  FC428 Screens

Appendix S7: N. gonorrhoeae FC428 Screens. Table S4 reveals the results obtained from 51 PPNg 

characterized clinical specimen extracts when tested via the FC428 assay. 

 


