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Chapter 5 – Genetic diversity and antibiotic resistance of Neisseria 
gonorrhoeae across the state of Western Australia in 2017 

Barakat A Al Suwayyid, Julie C Pearson, Geoffrey W Coombs and Charlene M Kahler   Prepared for 
publication 

5.1 Abstract 
Neisseria gonorrhoeae is the causative agent of the sexually transmitted disease gonorrhoea. 

Gonorrhoea is a notifiable infection in Australia and N. gonorrhoeae strains are monitored for 

antimicrobial resistance (AMR). A surge of gonorrhoeae notifications was reported in Western 

Australia in 2016 and plateaued in 2017. This increase in case notifications was accompanied with 

the appearance of new AMR phenotypes including azithromycin resistance (AziR). This study aims 

to understand the state-wide molecular epidemiology of N. gonorrhoeae as well as to identify the 

genetic basis of AMR. 

A total of 741 N. gonorrhoeae isolates were collected in 2017 for AMR surveillance. Isolates were 

collected from 510 male and 231 females of which 623 isolates were from patients living in urban 

areas and 118 isolates were from patients living in remote areas. These were genotyped using the 

previously described iPLEX genotyping technology. Genotypic data were compared with 

phenotypic AMR profiles available metadata. 

A total of 78 different genotypes were identified (designated WA-1 to WA-78) of which ten 

genotypes accounted for over 70% of the isolates in the collection. The distribution of genotypes 

varied between urban and remote areas. WA-10 was the most identified genotype in urban areas 

while WA-29 was the most common in remote areas. Genotypes were also associated with 

different AMR profiles with genotypes WA-38, WA-52 and WA-13 accounting for 81% of total AziR 

isolates (n=36/44). The data also showed the appearance of AziR strains among the urban sensitive 

genotypes WA-10 and WA-51.  

In conclusion, this data suggests that the increase in gonorrhoea rates in WA is due to clonal 

expansion of a few genotypes in different geographical locations. With remote areas strains 

preserving uniqueness and sensitivity to antimicrobials. The results also provide further evidence 

that azithromycin resistance in WA is mainly due to development followed by local spread within 

sexual networks following events of national and international import. 

Keywords: Neisseria gonorrhoeae; gonorrhoea; typing; resistance; molecular; surveillance; AMR.  
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5.2 Introduction 
In recent years the number of Neisseria gonorrhoeae cases has markedly increased globally (Family 

Planning Association, 2016; Government of Canada, 2017; Lahra et al., 2019). Worldwide it is 

estimated there are over 78 million new cases of gonorrhoea each year. The highest estimates of 

35.2 million new cases per year are in the Western Pacific region, which includes Australia (Newman 

et al., 2015). Since 2013 to 2017 the notification rate of gonorrhoea in Australia has increased by 

80%, from 65.5 to 118 per 100,000 people (The Kirby Institute, 2018). Gonococcal infections in 

Australia are primarily reported in three distinct populations: (a) urban men who have sex with 

men (MSM) (b) geographically remote indigenous community heterosexuals (Roberts-Witteveen 

et al., 2014; Silver et al., 2015) and, in recent years (c) urban heterosexuals (Phillips et al., 2019). 

Using molecular typing techniques, different N. gonorrhoeae strains have been identified within 

each population (Al Suwayyid et al., 2018; Trembizki et al., 2016b). 

In addition to the increasing notification rate, the development of antimicrobial resistance (AMR) 

in N. gonorrhoeae, in particular ceftriaxone and azithromycin resistance also poses a health 

concern. In 2018 the Australian Gonococcal Surveillance Programme reported the first two 

Australian cases of extremely drug resistant (XDR) gonococci. The ceftriaxone and azithromycin 

resistant isolates were identified as N. gonorrhoeae A2543, a strain previously reported in the 

United Kingdom (WHO Q) and linked to travel to south-east-Asia (Jennison et al., 2019; Whiley et 

al., 2018a). Clonal spread of low-level azithromycin resistant N. gonorrhoeae (AziR) has also been 

reported in Australia including an outbreak of a strain harbouring the meningococcal-type mtrR-

encoded efflux pump regulator associated with reduced susceptibility/low-level resistance to 

azithromycin, in MSM in New South Wales (Trembizki et al., 2014b; Whiley et al., 2018b), and an 

outbreak of a penicillinase-producing N. gonorrhoeae (PPNG) AziR strain in the heterosexual 

population in South Australia (Lahra et al., 2017c).  

Western Australia (WA), which covers the entire western third of the country, is divided into eight 

health regions. For surveillance purposes the Kimberley, Pilbara, MidWest and the Goldfields 

health regions are considered remote, and the Perth metropolitan, Great Southern and Southwest 

and Wheatbelt health regions are considered urban. Collectively the urban areas contain 97% of 

Western Australia’s population (Figure 5-1). The gonorrhoea notification rate in WA is 11% higher 

than the national rate (Western Australian Health, 2018). Furthermore, the gonorrhoea notification 

rate in the Western Australian remote health regions can be up to 13-fold higher compared to the 

urban areas. A small prospective study of 59 gonococcal isolates collected from 2011 to 2013 
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revealed the gonococcal isolates in the remote areas are typically antimicrobial sensitive (ASM) 

and genetically distinct from the isolates circulating in the urban areas. The remote health region 

isolates belonged to two genomic population groups, Aus1 and Aus2, which were unique when 

compared to a randomised collection of 1000 international isolates (Al Suwayyid et al., 2018). 

The rapidly increasing number of reported gonococcal infections in WA, particularly in the state’s 

remote Kimberley health region, has become a major public health concern. In 2016, the 

gonorrhoea notification rate reached  127 per 100 000 population in WA, with increased rates 

recorded across all health regions (Figure 5-2). Although the notification rate plateaued in 2017 in 

the state, at 123 per 100 000 population, the remote regions of Kimberley, Pilbara and  Goldfields 

continued to increase (Department of Health, 2017; Western Australian Health, 2018). It is not 

known if the increase was due to the increased transmission of the Aus1 and Aus2 strains or was 

due to the introduction of a new clone (or clones) into the region. The relationship of AMR with 

remote and urban/rural regions is reported in the WAGSP annual report. It shows that there is no 

significant increase in AMR detection rates in the remote regions while approximately 30% of all 

recorded tests in urban/rural areas detects AMR (Pearson, 2016, 2017, 2020). 

In 2017 a penicillin highly-susceptible (PHS) strain (MIC ≤ 0.03 mg/L) and a PHS AziR strain was 

identified in WA ( Figure 5-3).To determine if the increased notification in the remote health regions 

is due to the transmission of these two strains or the ongoing transmission of Aus2 and Aus3 we 

investigated the genetic diversity and antimicrobial resistance patterns of N. gonorrhoeae isolated 

in WA in 2017. Furthermore, we investigated if the PHS AziR strain was introduced into WA or had 

evolved from a pre-existing PHS azithromycin sensitive N. gonorrhoeae strains. 
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Figure 5-1: Map of Western Australia showing health regions  

Metropolitan Perth, South west, Wheatbelt and Great Southern joined as urban areas. Kimberly, Pilbara, MidWest and 
Goldfields joined as remote areas for surveillance proposes. 
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Figure 5-2: Gonorrhoea notification rate per 10,000 by WA health region from 2015 to 2017 

 

 

Figure 5-3: Frequency of N. gonorrhoeae Antibiotic resistance (AMR) profiles in Western 
Australia from 2015 to 2017 

Penicillin (Pen), ceftriaxone (Cef), ciprofloxacin (Cip) and azithromycin (Azi). (PPNG) penicillinase producing N. 
gonorrhoeae, (LS) less susceptible, (S) susceptible, (R) resistant. 

Remote regions Urban/Rural regions 
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5.3 Methods 
5.3.1 Collection and culturing of Neisseria gonorrhoeae isolates  
In 2017, 741 N. gonorrhoeae isolated in WA were referred to the Western Australia Gonococcal 

Surveillance Programme (WAGSP) located at Fiona Stanley Hospital, PathWest Laboratory 

Medicine-WA for antimicrobial surveillance susceptibility testing. The isolates represent 22% of the 

total gonorrhoea notifications (n= 3341) in WA for the year (Figure 5-4). Penicillin, ciprofloxacin, 

spectinomycin, azithromycin, ceftriaxone and tetracycline susceptibility testing was performed by 

agar dilution. Isolates with a ceftriaxone minimum inhibitory concentration (MIC ≥0.06 mg/L) or 

azithromycin (MIC ≥1 mg/L) were retested by E-test. 

The isolates were accompanied with age, sex, and postcode data which enabled us to group 
them into urban or remote jurisdictions (Supplementary Table 5-1). Travel history was only 

provided for AMR isolates. Isolates from the same patient from different anatomical sites or 

collected within three months with the same antibiogram profile were excluded from the study. 

5.3.2 Characterisation of gonococcal genotypes (Genotyping) 
The 741 isolates were genotyped by a previously described high-throughput informative single 

nucleotide polymorphism (SNP) typing system using Agena Bioscience iPLEX genotyping 

technology (Oeth et al., 2009). The iPLEX genotyping system used included the iPLEX-MLST 

method which is based on the N. gonorrhoeae multilocus sequence typing scheme (MLST) that 

targets 14 informative SNPs to predict MLST STs (Trembizki et al., 2014c) and the iPLEX-AMR 

method which targets 11 chromosomal antimicrobial resistance mutations on the gonococcal 23S 

rRNA, gyrA, mtrR, penA and ponA genes (Trembizki et al., 2016b). The SNP profile obtained from 

the iPLEX-MLST and iPLEX-AMR was used to determine a unique Western Australian genotype 

(WA-type). WA-types were then compared with metadata, including patents’ gender, phenotypic 

AMR profiles, geographical region and the geographic source of acquisition. 

5.3.3 Statistical analysis  
RStudio and Epi Info™ software were used for descriptive statistical analysis of the data and were 

used to generate figures and maps (Higham et al., 2016; Team, 2015).  

5.3.4 Ethical approval  
The research project was assessed by the UWA Human Research Ethics Committee (HREC) and has 

the approval number RA/4/20/ 4010.  
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Panel A. 

 

Panel B.  

 

Figure 5-4: Gonorrhoea notifications in Western Australia in 2017 

Panel A: Gonorrhoea notification in WA per month compared to of cultured gonococcal isolates referred to the Western 
Australian gonococcal surveillance programme (WAGSP) for antibiotic sensitivity testing collected in Western Australia 
in 2017. 

Panel B: Spatial distribution of cultured gonococcal isolates referred to the Western Australian gonococcal surveillance 
programme (WAGSP) for antibiotic sensitivity testing collected in Western Australia in 2017. 
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5.4 Results  
5.4.1 Demographics and geographical distribution of the cultured gonococcal isolates 

in 2017 
Overall, 623 of the 741 isolates (84.1%) were from patients living in the urban areas and 118 (15.9%) 

isolates were from patients living in the remote areas. The isolates were collected from 510 males 

(median age 30 yrs) and 231 female (median age 25 yrs) patients resulting in a 2.2:1 male to female 

ratio. Isolates from urban patients were collected from multiple sites including the genitals (81%), 

rectum (9.3%), throat (6.7%) and eye (0.4%). Twelve isolates (1.6%) were from disseminated 

gonococcal infections (DGI). By comparison, apart from three DGIs all isolates referred from the 

remote regions were collected from genital sites. 

5.4.2 AMR profiles  
Fifteen antibiogram profiles were identified (Table 5-1). The most frequently reported antibiogram 

was penicillin less-susceptible (PLS) (MIC 0.06 – 0.5 mg/L) with no co-occurring antimicrobial 

resistances (64%, n=475/741). Overall 86% (112/118) of remote isolates had this antibiogram 

compared to 60% of the urban isolates (373/623). The penicillinase-producing (PPNG)/ciprofloxacin 

resistant (CipR) (MIC ≥1 mg/L) profile was identified in 11% (n=83) of isolates, which accounted for 

12.5% (78) of the urban isolates compared to 4% (5) of the remote isolates. Isolates that were 

penicillin highly-susceptible (PHS) (MIC ≤ 0.03 mg/L) and susceptible to all other antimicrobials 

represented 8.5% (63) of the isolates, including 9% (56) of the urban isolates and 6% (7) of the 

remote isolates. The co-occurrence of azithromycin resistance (AziR) (MIC ≥1 mg/L) with PHS 

accounted for 3.9% (29) of isolates from the urban areas. Azithromycin resistance was also 

detected in 15 other isolates, 10 of which were PLS/AziR, and four were PPNG/AziR and one was 

CipR/AziR/PLS. The majority of the AziR isolates were from the urban areas (41), with only three 

PPNG/AziR isolates identified in the MidWest remote area. No isolates with high-level resistance to 

azithromycin were detected. Decreased susceptibility to ceftriaxone (Cef DS) (MIC ≥ 0.06 mg/L) 

was only identified in the urban areas (9). All Cef DS isolates were co resistant to ciprofloxacin and 

six had chromosomally mediated resistant to penicillin (CMRP). No Cef DS isolates were resistant 

to azithromycin.  
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Table 5-1: Susceptibility profiles of N. gonorrhoeae by WA region 

 

* Resistant categories are in bold print.  

Urban includes Metropolitan Perth, Wheatbelt, South West and Great Southern health regions. Rural includes Kimberley, 
Pilbara, Goldfields, MidWest health regions.  

PPNG = penicillinase-producing N. gonorrhoeae; CMRP = chromosomally mediated resistance to penicillin; PHS = penicillin 
highly-susceptible (MIC ≤ 0.03 mg/L); PLS = penicillin less susceptible (MIC 0.06 – 0.5 mg/L); DS = ceftriaxone decreased 
susceptibility (MIC ≥ 0.06 mg/L); S = susceptible; R = resistant. 

 

5.4.3 Geographical distribution of iPLEX genotypes 
Genotyping was successfully performed on 99% (n=734/741) of the isolates (Supplementary Table 

5-1). The seven isolates that were not able to be genotyped were excluded from further analysis. 

Seventy-eight iPLEX Western Australian types were identified (WA-1 to WA-78) (Supplementary 

Table 5-2). The predominant 20 WA-types (defined as more than five isolates collected in 2017), 

accounted for 88% (n=645/734) of the isolates. However, four predominant genotypes had more 

than 50 isolates which accounted for almost half of the isolates: WA-10 (164 isolates, 22% of 

isolates); WA-14 (74,10%); WA-24 (56,8%); and WA-29 (56,8%). 

There was an association between the iPLEX genotype and the geographical site of isolation 

(Figure 5-5A). The majority of genotypes were primarily isolated from patients residing in the Perth 

metropolitan area. Five of the genotypes, WA-29, WA-56, WA-59, WA-62 and WA-63, were 

associated with patients living in the remote health regions, accounting for 70% (n=83/118) of the 

isolates from these regions (Figure 5-5A). These remote genotypes were also isolated from 

Pen Cef Cip Azi Urban/Rural Remote TOTAL

PLS S S S 373 102 475
PPNG S R S 78 5 83
PHS S S S 56 7 63
PHS S S R 29 0 29
CMRP S S S 18 0 18
PLS S R S 14 1 15
PPNG S S S 13 0 13
PLS S R R 10 0 10
PLS S S R 9 0 9
CMRP DS R S 6 0 6
PLS S S S 5 0 5
PPNG S S R 1 3 4
CMRP S R S 4 0 4
PPNG S S S 4 0 4
PLS DS R S 3 0 3
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patients living in the urban health regions suggesting travel from the remote to urban areas has 

occurred. In contrast, the Perth metropolitan predominant genotypes, WA 10 and WA-14, were not 

identified in the remote areas. 

5.4.4 AMR profiles of iPLEX genotypes 
Eleven of the predominant genotypes were PLS and susceptible to all other antibiotic tested: WA-

10, WA-14, WA-24, WA-32 and the remote health regions genotypes WA-29, WA-6,WA-56, WA-59 

and WA-62 (Figure 5-5B). WA-14 and WA-32 mainly included isolates collected from male patients 

in urban areas (Figure 5-5C). Isolates with the PLS phenotype comprised 28% (n=25/89) of the less 

dominant genotypes (with less than five isolates). All isolates with the PLS phenotype had a 345A 

insertion in the penA allele. Although these genotypes have the same antibiogram profile, each has 

a different predicted MLST STs, i.e. WA-10 belongs to MLST ST 11428 while WA-29 belongs to MLST 

ST 7363. 

The PPNG/CipR antibiogram profile was associated with isolates from WA-03, WA-27 and WA-30 

and was also in 20 % (n=18/89) of the less dominant WA-types. All PPNG/CipR isolates had gyrA S91F 

and D95G/A mutations which confers ciprofloxacin resistance. Though ciprofloxacin resistance 

was widely scattered amongst the WA genotypes, none of the WA-genotypes identified in the 

remote health regions were PPNG/CipR. 

Decreased susceptibility to ceftriaxone (Cef DS) (MIC 0.06 – 0.125 mg/L) was only detected in nine 

Perth metropolitan isolates in four genotypes: WA-21, WA-40, WA-41 and WA-77. The mosaic penA 

allele was found in two Cef DS WA-21 isolates. 

Isolates with the PHS phenotypes were primarily identified in four predominant genotypes, WA-

06, WA-51, WA-52 and WA-49, and all 92 isolates harboured a wildtype penA allele with no 345A 

insertion. WA-51 and WA-52 also harboured the AziR determinant. In addition, WA-52 possessed 

C2611T mutation in 23S rRNA, all WA-51 isolates carried a both wildtype and C2611T in 23S rRNA 

copies. WA-6 is the only group that has a low M : F ratio (1:2.4) (Figure 5-5C). Azithromycin 

resistance was present in other genotypes including the five PPNG/AziR WA-38 isolates from the 

MidWest region (3/5) and these were predicted to belong to MLST ST1584. Four AziR isolates 

belonging to genotype WA-13 were characterized by a meningococcal-type mtrR variant that 

confers resistance to azithromycin (Whiley et al., 2018b). Azithromycin resistance was associated 

with other non-predominant genotypes including WA-12 (2 isolates) WA-9 (1), and WA-15 (1).
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Figure 5-5: Bar charts showing the frequency of most common WA types coloured by Region (A), Gender (B), antibiotic resistance profile  

Bars are coloured based on the proportion of isolates showing a specific antibiotic profile. Penicillin (Pen), ceftriaxone (Cef), ciprofloxacin (Cip) and azithromycin (Azi). (PPNG) penicillinase 
producing N. gonorrhoeae, (PLS) enicillin less susceptible, (S) susceptible, (R) resistant. 

Urban/Rural

Remote

Male

Female

B. Antibiogram profile 

Pen Cef Cip Azi
PLS S S S

PPNG S R S
PHS S S S
PHS S S R

Other profiles

C. GenderA. Region
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5.4.5 Evidence for de novo development of azithromycin resistance in multiple iPLEX-
genotypes during therapy in WA 

The emergence of PHS/AziR N. gonorrhoeae was first detected in WA in 2016 (Figure 5-3). A plot of 

the top twenty WA-types indicates evolution of AziR in WA-10/12, WA-51/52 and WA-13/14/15/16 

lineages (Figure 5-6).  

The iPLEX-types WA-10 and WA-12 have the same iPLEX-MLST and iPLEX-AMR profiles except for 

the C2611T AziR determinant in 23S RNA (Supplementary Table 5-2). WA-12 represents a sub-

population of WA-10 with the only SNP being present in all alleles of the 23S RNA at position C2611T 

for AziR phenotype. The appearance of AziR occurred later in WA-10 with an isolate from 

September recording an MIC of 1 mg/L followed by a isolate in November which had an MIC of 2 

mg/L. The two WA-12 isolates, which appeared in February and May, had an MIC of 16 mg/L. No 

travel was reported with the AziR WA-10 isolates which also carried wild-type alleles in the loci 

known to be involved in AziR. 

The iPLEX-types WA-52 and WA-51 also share the same iPLEX-profile. WA-52 (n= 27) carries a C2611T 

mutation across all alleles of the 23S RNA while isolates of WA-51 (n= 23) carries a mixture of wt 

and C2611T alleles. While 100% of the WA-52 isolates were AziR, phenotypically the earliest 

appearance of AziR resistance in WA-51 occurred in February (MIC of 2 mg/L) followed by second 

isolation in May (MIC of 1 mg/L). Of these two cases, the isolate from the case in May was 

associated with travel to Africa. 

The last inter-related group of WA-types exhibiting AziR was WA-13/14/15/16. This group clustered 

the same iPLEX-profile but were separated into sub-categories by the co-carriage of iPLEX-SNPs in 

CipR and AziR. WA-14 was the second most dominant lineage and was uniformly PLS (n=87). 

Although all representatives of WA-16 had acquired the C2611T 23S rRNA mutation in a proportion 

of the 23S rRNA loci (n=7/7), only one isolate demonstrated the AziR phenotype. All of the AziR 

isolates in WA-13 (n=3/4) and WA-15 (n=1/1) had acquired the meningococcal-type mtrR. Isolates of 

WA-13 appeared in the first quarter of the year (January to April), the earliest AziR isolate 

(February) was associated with interstate travel while WA-15 isolate was associated with travel to 

Europe and was isolated in the last quarter of the year (August).  
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Figure 5-6: Temporal prevalence of the top 20 WA-types plotted by month of collection in 
2017  

Orange dots indicate resistance to azithromycin size of dots reflects number of isolates. (S) susceptible, (R) resistant.  
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5.5 Discussion 
The present study aims to reveal the genetic diversity and antibiotic resistance of N. gonorrhoeae 

in WA collected in 2017 (Kirby Institute, 2017). Isolates were analysed using the Agena Bioscience 

iPLEX SNP genotyping of N. gonorrhoeae (Trembizki et al., 2016b). iPLEX SNP typing is an excellent 

high throughput method for diagnostic purposes to trace antibiotic resistance. This approach uses 

twenty-five SNPs from seven MLST genes (abcZ, adk, aroE, fumC, gdh, pdhC, and pgm) and AMR 

alleles in five loci (23S rRNA, gyrA, mtrR, penA and ponA).  

In 2017, gonorrhoea notifications in WA accounted for 11% (n=3341/28399) of Australian 

notifications. Overall, AMR rates in WA were lower than the national rates except for Cef DS (1.2% 

compared to 1.06 % nationally) (Lahra et al., 2019). Genotyping of 734 N. gonorrhoeae isolates in 

WA using the iPLEX identified seventy-eight different WA sequence types, of which the majority of 

isolates belonged to a small number of genotypes. Overall, 37% (n=29/78) of WA types were 

previously identified in Australia including seven of the most frequent WA-types (WA-03, WA-10, 

WA-14, WA-24, WA-29 and WA-52) (Lahra et al., 2017b; Trembizki et al., 2014c; Whiley et al., 2018b). 

These genotypes accounted for 71.6% of the isolates in the study (n=531/734). Fifty different WA-

types were unique to WA (64 %, n=50/78) including three dominant WA-types, WA-06, WA-51 and 

WA-63.  

The collection was dominated by isolates exhibiting the PLS (penicillin lower susceptibility and 

sensitivity to all other antibiotics) antibiogram profile (64%) with the top four lineages, WA-10, WA-

14, WA-24 and WA-29 exhibiting this phenotype. iPLEX genotype WA-10 represented 22% of the 

isolates and was predicted as MLST-11482 which was first reported in the UK in 2011 (De Silva et al., 

2016). Previously MLST-11482 isolates were frequently isolated in NSW in 2012 and 2014 and were 

designated iPLEX genotype G141 or NSW-006. Although this lineage accounted for approximately 

5% of cultured gonorrhoea cases in NSW in 2014, isolates with this genotype were infrequently 

identified in WA during the same time period (Lahra et al., 2016; Trembizki et al., 2016b). In 2017 

however, MLST-11482/WA-10 isolates were widely distributed in the Perth metropolitan areas 

suggesting introduction, spread and persistence of this genotype in WA has occurred.  

The second largest iPLEX genotype was WA-14 which accounted for 10% of the isolates (n=74/741) 

in 2017. WA-14 had previously been reported as iPLEX genotype G88 or NSW-4, and was the second 

most commonly identified genotype in Australia in 2012 and was associated with the MSM 

community in Qld, Vic, SA, NSW and WA (Trembizki et al., 2016b). In 2017 in WA, WA-14 was mostly 

cultured from males (n=64/74) and was most commonly associated with throat colonisation 
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(n=11/50). Recent studies have indicated throat colonisation in the MSM group is a major source of 

gonorrhoea between men (Cornelisse et al., 2019). The successful clonal spread and persistence of 

strains colonising the throat could be also due to the failure in treatment of pharyngeal gonorrhoea 

(Hananta et al., 2017; Ota et al., 2009).  

The iPLEX genotype WA-24, was the third most frequent identified PLS lineage and accounted for 

7.6% of the isolates. It was previously described as G122 or NSW-1 in 2012 and 2014 (Buckley et al., 

2018; Lahra et al., 2016). G122 was the most frequently identified genotype in Australia in 2012 and 

was described as a persistent genotype associated with heterosexuals in Qld and WA (Buckley et 

al., 2018; Lahra et al., 2016). Buckley et al. investigated G122 among women in urban areas of NSW 

by WGS (Buckley et al., 2018). Genotype G122 belonged to the MLST ST 7359 and phylogenetic 

analysis in a global context revealed an association of G122 isolates from NSW to isolates in 

Brighton, UK in 2013 and 2014 (De Silva et al., 2016). The Brighton isolates are publicly available at 

the PubMLST database (Jolley et al., 2018). Comparing these strains to the WGS data available at 

PubMLST (over 4000 N. gonorrhoeae records) showed less than 25 allelic difference in the core 

genome (n=1649 loci) of MLST ST 7359 isolates from Brighton to three isolates from WA (2012-

2013) (Al Suwayyid et al., 2018), two isolates from Osaka, Japan (2015) (Yahara et al., 2018) and 

three isolates from MSM population in Madrid, Spain (2016) (submitted to the database by Maria 

Dolores Guerrero, data not shown). This indicates the international nature of this lineage and 

emphasises that travel is a major contributor to N. gonorrhoeae epidemiology in Australia.  

The largest remote community genotype WA-29, was previously reported as G125, and was the 

most frequently identified genotype in Qld, SA, NT and WA in 2012 (Trembizki et al., 2014c). This 

lineage was associated with heterosexual indigenous populations residing in the remote areas of 

these jurisdictions where the gonorrhoea rate is the highest in the country (Silver et al., 2015). In a 

previous study, we identified two unique genomic population of N. gonorrhoeae associated with 

remote community gonorrhoea infections (Aus1 and Aus2) (Al Suwayyid et al., 2018). Based on the 

MLST and AMR determinants by iPLEX typing, WA-types associated with remote regions WA-29, 

WA-59, WA-62 and WA-63 belonged to Aus1 while WA-56 represented Aus2. In this study, only WA-

63 was unambiguously assigned to MLST ST12046 by iPLEX-typing and was the second most 

common remote genotype. WA-63 was not identified in the Australia-wide study in 2012 which may 

indicate that it is a unique WA remote community lineage (Al Suwayyid et al., 2018). Compared to 

the epidemiology in the urban/rural areas which are characterised by numerous WA-types, the 

gonococcal epidemiology in remote areas was remarkable for the lack of diversity of genetic 
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lineages over the five years between 2012 and 2017 suggesting Aus1 and Aus2 lineages are stably 

persisting in these remote heterosexual networks.  

The second notable antibiogram profile were the penicillin highly-susceptible (PHS) isolates 

belonging to WA-49, WA-51, -52 and -06. While WA-06 and WA-49 were sensitive to all antibiotics, 

WA-51 and WA-52 had a PHS phenotype but had acquired AziR. Isolates with the PHS phenotype 

without AziR had been detected in WA by WAGSP since 1995, but the prevalence of this group has 

trended upwards over the past five years to be more prevalent with WA-52 becoming the eighth 

most common group in 2017 and the fourth most common phenotype of isolates from the urban 

heterosexual networks in WA. Because the surveillance programs in Australia track AMR, it is 

unknown at this stage whether these strains have been circulating in other Australian states for 

any length of time or have been imported through travel and expanded in the local population. 

Since these isolates are characterised by very high levels of sensitivity to penicillin, they may 

represent an ancestral lineage which has not been exposed to high levels of penicillin therapy 

(Sánchez-Busó et al., 2019). 

The local appearance of AziR has raised concerns about the movement of isolates from the urban 

areas into the remote health regions which would adversely affect the current therapeutic 

guidelines which recommends amoxicillin 3 g, probenecid 1 g, and azithromycin 1 g (locally known 

as a ZAP pack). Examining the association of the iPLEX-types with AziR phenotype revealed both 

travel related and appearance of AziR. Appearance of AziR occurred in in WA-10/12, WA-51/52 and 

WA-13/14/15/16 lineages. Both WA-10 and WA-12 were grouped by iPLEX-genotype into related 

predicted MLST STs (Supplementary Table 5-2) with WA-12 having a PHS/AziR phenotype 

associated with the C12611T mutation in all alleles of the 23S rRNA. The two PLS/AziR isolates from 

WA-10 did not carry this SNP or the mtrR allele associated with AziR suggesting a novel determinant 

maybe involved. Similarly, the appearance of PHS/AziR in WA-51 was sporadic (n=2) even though 

by iPLEX-type, all isolates carried at least one or more copies of the C12611T 23S RNA mutation. 

However, this may be due to the dose dependency of the expression on the phenotype upon the 

copy number of 23S RNA alleles that are mutated (Johnson et al., 2017). The related cluster of WA-

13/14/15/16 lineages was a mixture of PLS/AziR phenotypes. WA-14 was previously detected as 

G88/NSW-4 in 2012 and has a PLS/AziS phenotype. WA-14 was the second most prevalent group 

(n=74). WA-13 (n=4) had acquired the meningococcal-type mtrR variant and had been the cause of 

an outbreak of eighty-eight AziR gonococcal infections in NSW amongst the MSM population in 

2017 (termed Azi-G10) (Whiley et al., 2018b). WA-16 was likely to be similar to the AZI-G7 lineage in 
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NSW which had an AziR phenotype. Although WA-16 had at least one or more copies of the C12611T 

23S RNA mutation by iPLEX-type, only one isolate expressed the AziR phenotype, which may 

suggest that the local variant may have fewer mutated 23S alleles than AZI-G7. 

Two predominant AziR genotypes WA-52 and WA-38 were identified in the urban and remote 

areas. WA-52, which belongs to MLST ST 1596, caused 61% (n=27/44) of AziR cases in 2017. WA-52 

may have evolved from WA-51 by the 23S rRNA C2611T mutation that confers low-level resistance 

to azithromycin (MICs = 1 to 32 mg/L) (Ng et al., 2002). WA-52 was previously reported from two 

cases of gonorrhoea in NSW (termed in the study AZI-G2) in 2017 (Whiley et al., 2018b). 

International introduction can’t be excluded as one case of the WA-51 PHS/AziR strains was 

reported to be associated with travel to Africa. The second iPLEX-type was WA-38 which has a 

AziR/PPNG phenotype and was associated with five cases in 2017, all acquired in WA. Isolates of 

AziR/PPNG phenotype accounted for 84% of total AziR strains (n=11/13) in 2015 (Pearson, 2016) 

indicating that these AMR-isolates have persisted locally for at least the last five years. In 2015, 

these isolates were detected from urban cases but in 2017 isolates were also identified in the 

remote MidWest health region. This suggests AMR lineages are increasingly mobile and have been 

introduced into remote areas. Whether this lineage is able to establish in the remote communities 

remains unknown but mixed infections with the local N. gonorrhoeae strain could occur and result 

in acquisition of the AMR determinant in the predominant strains in this region (Hui et al., 2017).  

Because of the concerns regarding the transmission of AziR in the local WA isolates, therapeutic 

guidelines have recently recommended the return to a single dose of ceftriaxone. Ceftriaxone 

decreased susceptibility (Cef DS) isolates have isolated in WA since 2008. In this study, Cef DS was 

identified in nine isolates belonging to four of the minor genogroups (WA-21, WA-40, WA-41 and 

WA-77). Travel was a major contributor to Cef DS in WA as 44% (n=4/9) of Cef DS isolates has been 

associated with both inter-state travel (WA-21, n=1) and international travel to Asia (WA-42, n=1) 

and the US (WA-43, n=2). The first Cef DS isolate in remote region was identified in the Kimberly 

region in 2019 (Pearson, 2020). Additional effort should be attempted to enhanced AMR 

surveillance to contain resistant isolates from spreading in the region and therefore reserving the 

current empirical treatment.  

To preserve the effectiveness of gonorrhoea empirical treatment, there is a trend towards reusing 

antibiotics that had exceeded the WHO 5% resistance threshold. Since mid-2000s ciprofloxacin was 

no longer recommended as a first line treatment in Australia (Wi et al., 2017). However, 

ciprofloxacin is a suitable candidate for individualized treatment for many reasons. The proportion 
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of strains susceptible to ciprofloxacin is still high (70% in Australia, 80% in WA and 100% in remote 

WA) (Lahra et al., 2019). N. gonorrhoeae ciprofloxacin susceptibility molecular markers (wt gyrA 

codon 91 predictive of sensitivity and gyrA S91F mutation predictive of resistance) are well 

described and highly predictive (Allan-Blitz et al., 2017; Trembizki et al., 2016a). In the current 

collection, there was 100% agreement between ciprofloxacin phenotype and genotype of gyrA 

codon 91 marker. Multiple molecular assays have been developed to detect this marker (Buckley 

et al., 2016; Perera et al., 2017; Peterson et al., 2015a; Siedner et al., 2007) among them is 

ResistancePlus® GC (beta) multiplex real-time PCR assay was developed (SpeeDx Pty Ltd) to 

predict both wt and mutated codon 91 of gyrA to facilitate ciprofloxacin recycling approach 

(Ebeyan et al., 2019). This assay can be implemented in WA to individualize patient treatment and 

could also be used as a molecular surveillance tool to enhance culture-based susceptibility testing. 

The combined iPLEX genotyping technology of N. gonorrhoeae provides a powerful tool to analyse 

a large collection of isolates for gonococcal surveillance. Costing less than $10 per isolate and short 

running time (over 350 isolates in one day). However, this technology relies on only twenty-six 

SNPs it does not constantly correspond to strains that are related by whole genome sequencing 

(in other words, it will make similar isolates look artificially different or vice versa). For example, 

WA-14 isolates are predicted to belong to one of six MLST STs (ST9363, ST11420, ST11463, ST11864, 

ST11900 or ST12396). The use of whole genome sequencing and phylogenetic analysis has many 

advantages: provides more rigorous assessment of genotypes; allows accurate detection of the 

MLST STs; and allows detection of genomic structure groups and clusters. Besides, the 

interpretation of this dataset to studies that have been conducted using iPLEX-technology 

nationally in 2012 (Trembizki et al., 2014c), NSW in 2014 (Lahra et al., 2017b) (Supplementary Table 

5-2).  

Due to the increased use of NAATs in gonorrhoea diagnosis in WA, only 22% of notified gonorrhoea 

cases in 2017, cultured isolates, has been included in the study which could be a source of possible 

systematic sampling bias. The absence of behavioural data (homosexual vs heterosexual) and 

indigenous status also restricted results interpretation. Inclusion of these key demographic data 

in the analysis will allow more accurate interpretation, i.e., understanding association of particular 

genotype with certain sexual networks and understanding whether remote genotypes found in 

urban/rural regions are associated with indigenous people. Obtaining these detailed data is very 

important for public health interventions. This will allow targeting particular networks, 
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customising management guidelines to suite different populations, restricting the spread of AMR 

strains especially to remote regions where are infection rate is very high and AMR rates are low. 

In summary, gonorrhoea in WA is primarily caused by a small number of iPLEX genotypes and the 

increase in gonorrhoea rates in WA is due to clonal expansion of a few genotypes within different 

sexual networks. The sensitivity of remote genotypes and relatedness of the strains support the 

use of population-based gonococcal treatment in Australia. The increase in azithromycin resistant 

isolates in recent years in urban regions of WA is mainly due to development followed by local 

spread within sexual networks following events of national and international travel. The use of 

azithromycin as a part of the recommended dual therapy should be reviewed to control the 

development of azithromycin resistance. Using molecular techniques as a tool to enhance culture-

based AMR testing in gonococcal surveillance programs can provide valuable data to inform local 

treatment guidelines, identify new AMR threats and postulate precise control measures to reduce 

infection rates. 
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Chapter 6 – Comparative genomic analysis of Neisseria gonorrhoeae 

isolates in Western Australia: antimicrobial resistance, 

population structure, diagnostic targets and vaccine antigens.  

Barakat A Al Suwayyid, Geoffrey W Coombs and Charlene M Kahler   Prepared for publication 

6.1 Abstract 
This study utilised shotgun whole genome sequencing to analyse genomic epidemiology, 

population structure and sequence types of a collection of one hundred and ninety-two Neisseria 

gonorrhoeae isolates from Western Australia in years between 2011 to 2017. In an approach to 

examine and understand the persistence of antimicrobial sensitive remote Western Australian 

strains and to study development and spread of azithromycin resistant isolates in recent years in 

Western Australia. This study also investigates the potentials of shotgun whole genome 

sequencing of N. gonorrhoeae in providing bioinformatic data on vaccine antigen typing and 

identifying molecular diagnostic targets. 

Genomic analysis was performed at the PubMLST Neisseria database to produce phylogeny, assign 

sequence types, perform Bayesian population grouping, detect molecular markers of azithromycin 

resistance and analyse meningococcal Bexsero® vaccine antigens. 

Five main Bayesian population groups (termed BPG-1 to 5) were identified in the study collection. 

These genomic groups corresponded to geographical location (either remote or urban) and 

antibiotic susceptibility profiles. BPG-1 and BPG-2 were associated with sensitive isolates from 

remote areas. Azithromycin resistance was concentrated in three urban genomic groups (BPG-3, 4 

and 5). Azithromycin minimum inhibitory concentrations (MIC) (0.5 -16 mg/L) correlated with the 

accumulation of mtrR mutations or/and the fraction of 23S rRNA C2611T mutated copies. 

The observations of this study highlight the potentials of WGS in understanding the epidemiology 

of gonorrhoea and understanding antimicrobial resistance (AMR) emergence and spread. Which 

is of importance to enhance AMR surveillance, to restrict spread AMR and to put plans to reduce 

rates of gonorrhoea especially among populations of highest risk.  

Keywords: Neisseria gonorrhoeae; gonorrhoea vaccine; molecular epidemiology; azithromycin 

resistant N. gonorrhoeae; Western Australia.  
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6.2 Introduction 
N. gonorrhoeae, also called gonococcus, is an important pathogen causing the second most 

prevalent global bacterial sexually transmitted infection, gonorrhoea. In 2016, it has been 

estimated that N. gonorrhoeae causes 87 million new cases globally (Rowley et al., 2019). Rates of 

gonorrhoea infection have increased significantly in many countries in recent years (Kirkcaldy et 

al., 2019) including Australia (Kirby Institute, 2018), the US (Centers for Disease Control and 

Prevention, 2018), Canada (Choudhri et al., 2018), China (Peng et al., 2019; Yue et al., 2019) and the 

UK (European Centre for Disease Prevention and Control, 2019). This infection can be treated with 

antibiotics, however, the antibiotic options are diminishing due to the development and spread of 

multi-drug resistant (MDR) N. gonorrhoeae strains. The current recommended treatment for 

gonorrhoea is dual therapy with ceftriaxone and azithromycin (Tapsall et al., 2009). Isolates 

displaying ceftriaxone resistance (Cef R) (MIC 0·25-0·5 mg/L) have been sporadically reported since 

2009 in Japan (Deguchi et al., 2016; Nakayama et al., 2016; Ohnishi et al., 2011a), Australia (Lahra et 

al., 2014), France (Unemo et al., 2012a), Spain (Cámara et al., 2012), Canada (Lefebvre et al., 2018), 

Denmark (Terkelsen et al., 2017) and Singapore (Ko et al., 2019). Of concern is the observation that 

azithromycin resistance (Azi R) (MIC ≥ 1 mg/L) rates are increasing and have reached levels 

exceeding the 5% prevalence threshold in many geographical locations (Unemo et al., 2019a). The 

appearance of extensively drug-resistant (XDR) N. gonorrhoeae strains is sporadic and rare but 

increasing with the current recommended dual therapy treatment. Strains exhibiting both 

resistance to ceftriaxone and high-level resistance to azithromycin have appeared in Australia and 

the UK in 2018 (Jennison et al., 2019; Whiley et al., 2018a). The increasing rates of AziR strains have 

led to updating gonorrhoea treatment guidelines in Europe in 2019 where dual therapy is no longer 

recommended (Fifer et al., 2019; Mensforth et al., 2019). 

In Australia, the dual therapy of ceftriaxone and azithromycin is still used as first-line treatment in 

urban areas (Whiley et al., 2017). In 2017, AziR strains exceeded the 5% prevalence threshold and 

accounted for 9.3% of gonococcal isolates collected for AMR surveillance in Australia, occurring 

mainly in urban regions (Lahra et al., 2019). Gonococcal isolates from remote Australian regions 

are maintaining their antimicrobial sensitivity (AMS) (Al Suwayyid et al., 2018; Lahra et al., 2019), 

and thus amoxycillin, probenecid and azithromycin are used as the recommended first-line 

treatment of gonorrhoea in these regions (Whiley et al., 2017). In thesis chapter 4, a whole genome 

sequencing study conducted in gonococcal isolates collected in 2011 to 2013 showed that strains 

circulating in these remote areas of WA are unique and mainly belongs two novel AMS lineages, 

Aus1 and Aus2 (Al Suwayyid et al., 2018). In thesis chapter 5, iPLEX-MLST and iPLEX-AMR typing 
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identified 78 WA-types and indicated that a de novo AziR development was suspected in multiple 

AMS lineages from urban WA. In addition, iPLEX-types corresponding to Aus1 and Aus2 were 

shown to still be the predominant isolate persisting in these remote regions. However, the level of 

diversity within Aus1 and Aus2 nor the international context of the AziR isolates could not be 

inferred using iPLEX-typing.  

Whole genome sequencing provides the opportunity to obtain additional information that could 

be useful for diagnostics and vaccine discovery. As only 30% of the gonococcal isolates in remote 

areas are culturable due to the fastidious nature of the organism and the increasing use of nucleic 

acid amplification tests (NAATs), a molecular diagnostic assay is needed to confirm the true 

prevalence of gonorrhoea in remote WA for treatment and surveillance purposes. Since Aus1 and 

Aus2 have been shown to be unique in chapter 4, we hypothesised that a diagnostic target for 

molecular assay specific to Aus1 and Aus2 could provide information both on prevalence of 

gonorrhoea and indirectly infer antimicrobial susceptibility as these lineages are AMS.  

Lastly, WGS can be used to conduct an analysis of vaccine coverage. Bexsero® is a new broad-

spectrum multicomponent vaccine licensed in 2013 for prevention of meningococcus serogroup B 

(Vernikos et al., 2014). It has four main components, these are factor H binding protein (fHbp), 

NadA an adhesion protein, NHBA a heparin-binding protein and several antigenic components of 

the major outer membrane protein which is PorA (Hadad et al., 2012; Vernikos et al., 2014). 

Petousis-Harris et al. have recently reported that the vaccination by the meningococcal vaccine 

MeNZB™ (no longer available but includes the same outer membrane vesicles as Bexsero®), 

resulted in transient decline in the prevalence of gonorrhoea infections and hospitalization rate 

specifically attributable to gonorrhoea in New Zealand (Paynter et al., 2019; Petousis-Harris et al., 

2017). In a recent patent application publication (Mar 2018) by Mariagrazia Pizza entitled “Vaccines 

for Neisseria gonorrhoeae”, antibodies raised against the Bexsero® NHBA peptide were shown to 

provide cross-protection against N. gonorrhoeae (Pizza, 2018). Similarly, Semchenko et at. have 

reported that NHBA peptide is conserved and it is surfaced exposed in N. gonorrhoeae and serum 

raised to the meningococcal vaccine Bexsero® recognize gonococcal proteins (Semchenko et al., 

2018). Brehony et al. and Mowlaboccus et al. (Brehony et al., 2016; Mowlaboccus et al., 2016) have 

previously described an approach which enabled a prediction of Bexsero® vaccine coverage for N. 

meningitidis. When verified using Meningococcal Antigen Typing by ELISA these approaches 

appear to be reasonably congruent with the phenotype. Therefore, WGS data of the N. 
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gonorrhoeae sequenced isolates from 2011 to 2017 will be used to assess the presence and diversity 

of Bexsero® vaccine NHBA antigen to predict cross-reactivity.  

The aim of this study was to perform comparative genomics on 192 Australian isolates mostly 

collected from Western Australia and to examine the diversity and persistence of Aus1 and Aus2 

lineages, understand the relatedness of AziR isolates in WA with international isolates and to 

perform an analysis of Bexsero® vaccine coverage.  

6.3 Methods 
6.3.1 Neisseria gonorrhoeae isolates  
One hundred and ninety-two N. gonorrhoeae collected in WA from 2011 to 2017 were selected from 

the Western Australia Gonococcal Surveillance Programme (WAGSP) located at PathWest 

Laboratory Medicine-WA at Fiona Stanley Hospital, Murdoch, WA. Antimicrobial susceptibility to 

penicillin, ciprofloxacin, ceftriaxone, azithromycin, tetracycline, and spectinomycin was obtained 

from WAGSP reports. Isolates are tested by agar dilution (Australian gonococcal surveillance 

program (AGSP) method) against penicillin, ciprofloxacin, ceftriaxone, azithromycin, tetracycline, 

and spectinomycin. An E-test is performed to confirm decreased susceptibility to ceftriaxone 

(0.06–0.126 mg/L) (Cef DS) and resistance to azithromycin (MIC ≥1 mg/L) (AziR). The AGSP 

interpretive criteria are utilised (Table 6-1) (Bell et al., 2013). Age, sex, year of isolation and 

geographical location are available from the WAGSP (Supplementary Table 5-1). iPLEX N. 

gonorrhoeae SNP typing data are available for isolates from 2017 (Thesis chapter 5).  

The hundred and ninety-two isolate dataset included fifty-nine previously analysed strains 

collected in 2011-2013, seven penicillin highly-susceptible strains (PHS) (MIC <0.06 mg/L) collected 

in 2014-2016 and a hundred and twenty-six isolates from 2017. The selection criteria of isolates 

collected in 2017 was based on iPLEX genotypes association with either location or azithromycin 

resistance (Figure 6-1). 
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Table 6-1: AGSP Interpretive Criteria for N. gonorrhoeae MIC values (Bell et al., 2013) 

 
a The term used to describe intermediate susceptibility in ceftriaxone is “decreased susceptibility”.  

b The absence or rare occurrence of an adequate number of evidence-based correlates between the MIC of isolates and 
treatment outcome means the breakpoint for resistance cannot yet be determined. 

 c The Centre for Disease Control (CDC), Atlanta, USA states that in the absence of established criteria, the use of critical 
MICs ≥1.0 mg/L to interpret the susceptibility of N. gonorrhoeae to this agent is recommended until more extensive 
assessments of clinical treatment outcome to this agent is available. 

 

 

 

Figure 6-1: A summary flow chart of strains used in this project  

WA: Western Australia, AMR: Antimicrobial resistance, AziR: azithromycin resistant, PPNG: penicillinase producing 
Neisseria gonorrhoeae, PHS: penicillin highly-susceptible, WGS: whole genome sequencing.  

Antibiotic MIC (mg/L) Sensitive Less sensitive a Resistant

Ceftriaxone <0.06 0.6-0.25 (Cef DS) Not defined b

azithromycin <1.0 Not defined >=1.0 (AziR) c

Penicillin <0.06 (PHS) 0.6-0.5 (PLS) >0.5

Ciprofloxacin <0.06 0.6-0.5 >0.5 (CipR)

Spectinomycin <=64 Not defined >64.0

Tetracycline <0.5 05-1.0 >1.0
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6.3.2 Whole genome sequencing and phylogenetic analysis 
Genomic DNA extraction was performed using the DNeasy Blood and Tissue Kit (Qiagen, Germany) 

and the extract was stored as per the manufacturer’s instructions for DNA extraction from Gram-

negative bacteria. Whole genome sequencing (WGS) of the 192 isolates was performed using the 

Illumina MiSeq platform (Illumina, USA) with 2 × 150 base pair read lengths. Reads were assembled 

using SPAdes genome assembler version 9.0 (Bankevich et al., 2012). The quality of the assembled 

genomes was assessed using the Quast genome assembly evaluation tool (Gurevich et al., 2013). 

Bacterial Isolates Genome Sequence database (BIGSdb) genomics platform tools – hosted on 

www.pubmlst.org/ neisseria – were used for annotation and genome-wide analysis of the 

assembled isolates (Jolley et al., 2018). The core genome consisted of 970 genes that were present 

in all of the 196 N. gonorrhoeae isolates included in this study (192 N. gonorrhoeae isolates from WA 

and 4 PPNG/AziR strains from Queensland isolated in 2017 (un-published)). The core genome was 

determined using the genome comparator tool at BIGSdb using the “cgMLST”. SNP-sites 

command-line tool was used to extract SNPs from the core genome multi-FASTA alignment (Page 

et al., 2016). MEGA 7 software was used to create a maximum likelihood core genome SNPs 

phylogenetic tree using previously described settings (Al Suwayyid et al., 2018; Kumar et al., 2016). 

FastGEAR software, that is based on Bayesian Analysis of Population Structure (BAPS) the 

clustering algorithm (Corander et al., 2003), was used to reveal genomic population structure and 

to analyse recombination patterns between different genomic structure groups (Mostowy et al., 

2017).  

6.3.3 Genotyping and identification of AMR determinations from WGS 
Multilocus sequence typing (MLST) was autogenerated after submitting genome assemblies to 

the PubMLST database (http://pubmlst.org/neisseria/). N. gonorrhoeae multi-antigen sequence 

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

typing were performed on the sequences produced by whole genome sequencing using the 

genome comparator tool at BIGSdb ((http://pubmlst.org/neisseria/). The sequences were 

submitted to the NG-MAST or NG-STAR databases (http://www.ng-mast.net/, 

https://ngstar.canada.ca) for ST determination. All novel alleles and allelic combinations were 

referred to each database curator to be assigned a new allelic number and ST.  

A novel scheme was used to evaluate the distinctiveness of isolates in different structure groups. 

In this scheme isolates are grouped if they have an allelic difference threshold of 100 or fewer loci, 

this is an automated clustering performed for all isolates once submitted to the database. A lower 

mismatch threshold of 50, 25 and 10 were used when a further specification was needed. Core 
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genome clusters (Ng-cgc100) groups of each BAPS group were assessed against all isolates in the 

database to get an indication of whether the groups identified in this study were reported in other 

geographical locations (Harrison et al., 2020).  

The genome comparator tool at PubMLST was used to detect and identify mutations in AMR loci 

(ponA, penA, porB, gyrA, parC, mtrR, promtrR, bla-TEM and tetM) using N. gonorrhoeae AMR scheme. 

N. gonorrhoeae has 4 copies of 23S rRNA, the command line program SRST2 was used to identify 

mutations in 23S rRNA directly from WGS Illumina sequence reads (Inouye et al., 2014). The number 

of mutated 23S rRNA copies was calculated from the SRST2 pileup output files as the depth of 

mutated reads compared to the depth of wild type reads. If 100% of k-mers mutated the 4 alleles 

were called mutated if 75% of k-mers mutated 3 of the 4 alleles were called mutated, 50% for 2/4 

mutated alleles,  and 25% for 1/4 then 0% mutated k-mers were called wiled type.  The conjugative 

and β-lactamase plasmids and the gonococcal genetic islands (GGI) were also detected using the 

genome comparator tool at the PubMLST.  

GrapeTree genetic relationships visualization tool (Zhou et al., 2018) at the PubMLST database was 

used to generate minimal spanning tree of publicly available collection of 4,656 N. gonorrhoeae 

strains(Jolley et al., 2018). The tree was generated based on N. gonorrhoeae cgMLST scheme of 

1649 loci and coloured based on country of isolate.  

6.3.4 Aus1 and Aus2 diagnostic single nucleotide polymorphism (SNP) detection  
The genome comparator tool at the PubMLST database was used to perform a gene-by-gene 

pairwise comparison of the hundred and ninety-six N. gonorrhoeae isolates using all loci defined in 

the database (Figure 6-2A). An excel file generated from these profiles is then scanned manually 

to find loci with alleles specific to the two genomic population groups (Figure 6-2B). Then, all 

Neisseria isolates at the PubMLST database were scanned for the presence of these identified 

alleles using designations/scheme field values search field (Figure 6-2C). The list of genes with 

specific alleles to Aus1 and Aus2 was then run in the genome comparator tool for the 196 N. 

gonorrhoeae dataset with the alignment option selected. The concatenated aligned sequence was 

then scanned manually for the presence of specific SNPs using Geneious® R7 software 

(https://www.geneious.com). For each gene with specific SNP(s) to either Aus1 or Aus2, the 

uniqueness of SNP(s) identified was tested by comparison of all alleles’ sequences of that gene 

obtained from the PubMLST sequence and profile definitions database (Figure2 D). Allele 

sequences were aligned and visualised using Geneious R7. As a last confirmatory step, NCBI BLAST 

search was performed to confirm the specificity of SNPs identified.  
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Gene-by-gene 
pairwise comparison 
of all loci

Isolates were arranged and colored manually by BPG
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Allele 824 of NEIS0819 is specific to Aus1 isolates in the collection 
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Panel C 

 

Allele 824 of NEIS0819 
is only found in Aus1 
isolates in the 
database 




