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Panel D 

 

Figure 6-2: An approach of using the PubMLST database to identify diagnostic targets for 
the Western Australian gonococcal lineages Aus1 and Aus2 

Panel A: Gene-by-gene pairwise comparison using genome comparator tool at the PubMLST database.  All loci were 
compared in our dataset. 

Panel B: Manual scanning of generated Excel sheet to find loci with alleles specific Aus1 and Aus2 after organizing and 
colouring isolates by their Bayesian population groups (BPG).  

Panel C: Scanning Neisseria isolates using allele designations/scheme field for the presence of identified alleles. In the 
screenshot allele 824 of NEIS0819 was specific to Aus1 isolates. 

Panel D: Profile definitions database was used to obtain all available alleles of identified loci in FASTA format. Sequence 
of all alleles available at the database were compared to identify a diagnostic target specific to N. gonorrhoeae and Aus1. 
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6.3.5 Vaccine antigen detection  
The genome comparator tool at the BIGSdb was used to assess whether N. gonorrhoeae strains 

contains the vaccine antigens: fHbp (NEIS0349), nadA (NEIS1969), porA (NEIS1364), nhba 

(NEIS2109) and NHBA_peptide. Alleles obtained were then compared to the genes encoding the 

antigens found in the Bexsero® vaccine. 

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

the approval number RA/4/20/ 4010.  

6.4 Results  
6.4.1 Relationship of local genomic epidemiology to the international genomic 

epidemiology using the cgMLST scheme 
To investigate genomic epidemiology of N. gonorrhoeae in WA, a selection of 192 West Australian 

N. gonorrhoeae isolates were whole genome sequenced, and core genome SNP phylogeny and 

genomic population structure analysis was performed (Figure 6-3). The core genome of 970 genes 

was obtained by using cgMLST scheme at the PubMLST database with 100% cut-off value (Harrison 

et al., 2016). The collection was analysed by different typing schemes (MLST, NG-MAST, NG-STAR 

and the novel core genome clustering scheme Ng_cgc5, 25, 50 or 100) (Figure 6-3, Supplementary 

Figure 6-1). The core genome lineages of the isolates were then compared to the publicly available 

N. gonorrhoeae isolates at the PubMLST database (n=4,569, as Jan 2020) (Jolley et al., 2018; Zhou 

et al., 2018). Population structure analysis using fastGEAR based on Bayesian population structure 

analysis software (BAPS) showed five main Bayesian population genogroups (termed BPG-1 to 

BPG-5) in addition to a sixth group (BPG-6) that contained the most divergent strains which do not 

represent a biologically meaningful cluster (Figure 6-3). BPG-1, BPG-2 and BPG-3, corresponded to 

the previously identified remote Australian groups, Aus1 and Aus2 and international group Int3, 

respectively (Thesis chapter 4, (Al Suwayyid et al., 2018)). BPG-4 and BPG-5 were identified in this 

current dataset and did not relate to the previous Int groups (Thesis chapter 4).  
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Figure 6-3: Core genome Maximum likelihood phylogeny of 196 N. gonorrhoeae isolates 
collected from 2011-2017, highlighting the five identified structure groups by Bayesian 
Analysis of Population Structure (BAPS), year and location of isolation, WA-type and MLST 
sequence types. 

BPG1 and BPG2 were associated with remote isolates while BPG3, BPG4 and BPG5 were associated 

with Urban/ Rural areas. Not that the most divergent isolates are not grouped.  

 

 

To investigate evolutionary patterns of variation between different BPGs, fastGEAR analysis tool 

was run on the core genome alignment using default settings to detect both recent and ancestral 

recombination events, that occurred after divergence or before the divergence of the BPGs, 

respectively (Supplementary Figure 6-2). This recombination analysis showed that all BPGs are 

affected by minimal recent recombination events, with BPG-2 showing the lowest degree. The 

recent recombination events were mutual between BPG-1 to BPG-2. While, BPG-3, BPG-4 and BPG-
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5 populations showed higher diversity of origin of imported genomic fragments. BPG-2 is predicted 

to have a high degree of ancestral recombination mostly with BPG-1, BPG-3, BPG-4 and BPG-5 

populations also showed a high rate of ancestral recombination but with multiple lineages. Unlike 

other populations, BPG-1 was estimated to have no ancestral recombination events 

(Supplementary Figure 6-2).  

In regard to the previously utilised iPLEX typing of N. gonorrhoeae for 2017 collection, each BPG 

consistently represented a single or multiple closely related iPLEX-genogroups. BPG-1, 

corresponded to Aus1 (Chapter 4) and encompassed iPLEX-types WA-29, WA-63, WA-43, WA-59, 

WA-61, and WA-75 (Chapter 5). In BPG-1, iPLEX-genogroups mostly corresponded to a single MLST 

ST, but there were exceptions. For example, although WA-63 mostly corresponded to ST12046 

(n=19/20), one isolate ExNg390 was designated an ST13917 which has arisen due to a single SNP 

(G378C at pgm loci). The allelic difference between these two MLST ST12046 and ST13917 could be 

a result of a recombination event as pgm allele of ST13917 is identical to the pgm of the closely 

related MLST ST12045 (pgm_223). ExNg390 had more than 300 SNP differences in the core genome 

compared to the other 19 isolates of ST12046. BPG-2 contained all Aus2 isolates (Chapter 4) which 

were all WA-56. There were two subgroups, BPG-2A and -2B. BPG-2A all of MLST ST12042 had less 

than 20 SNP differences in their core genome (n=20). BPG-2B was a single outlier strain ExNg314 

which was of MLST ST12043 and had over 280 SNP differences with BPG-2A. BPG-3 was 

represented by MLST ST1584 and ST10317 but were iPLEX-MLST typed as WA-38. ST1584 was 

represented by a central clonal subgroup A (n= 8/10) that had only less than 25 SNP differences in 

their core genome. Two of the isolates, ExNg827 and ExNg250, were outliers in this group having 

more than 1000 SNP differences from the main subgroup A. BPG-4 consisted of MLST ST1596 which 

corresponded to iPLEX types WA-49, -51 and -52. BPG-4B which accounted for 61% of isolates (n= 

8/13) was clonal with less than 40 SNP differences in core genome of this branch. BPG-4A was 

represented by three clonal isolates which were conserved with less than 5 SNP differences 

between them, but over 360 SNP difference that distinguished them from BPG-4B. BPG-5 was the 

most genetically diverse group in terms of iPLEX types, as it contained seven WA-types WA-9 to 

WA-16 distributed amongst four different MLST ST (MLST ST11428, ST9363, ST11864 and ST1580). 

We hypothesised that the diversity of WA-types in BPG-4 and BPG-5 may have indicated that the 

strains in this group are of international origin and have been introduced over time into WA. To 

examine this further a minimal spaning tree of all N. gonorrhoeae WGS strains (n=4,656) publicly 

available at PubMLST database was constructed based on the allelic profiles of cgMLST scheme 
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using GrapeTree tool implemented at the PubMLST database and were coloured by site of country 

of isolation. Aus1 was unique to isolation in an Australian context including records from 

Queensland (Figure 6-4, Table 6-2) as well as Western Australia while Aus2 was only isolated in 

Western Australia. Although BPG-3 formed a distinct cluster and representatives have only been 

collected from Australia, it is closely related to a larger group mostly collected from the UK. BPG-4 

and BPG-5 isolates have been collected from international sites indicating that these isolates have 

appeared globally over the last 59 Years (1960-2019) (Figure 6-4). 

 

Figure 6-4: Genetic relationship of N. gonorrhoeae of all isolates PubMLST database (Jan, 
2019) 

Minimum-spanning tree of 4,569 Neisseria gonorrhoeae isolates based on allelic profiles generated from core genome 
MLST of 1658 genes determined by GrapeTree analysis tool implemented at PubMLST database (Jolley et al., 2018; Zhou 
et al., 2018). Nodes are coloured based on country; size of the node is proportional to the number of isolates. Identified 
structure groups are highlighted.  
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G4
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Table 6-2: The 11 N. gonorrhoeae Aus1 isolates from Queensland in BIGSdb 

 

 

6.4.2 Association of AziR with local and international genetic lineages 
In our previous study conducted on isolates collected from remote regions of WA in 2011-2013, we 

concluded that the BPGs Aus1 and Aus2 were genetic lineages that were mostly remote and 

antibiotic sensitive. In 2017, these two BPGs contributed to over 70% of isolates from remote 

regions (Figure 6-3) and remained entirely sensitive to antibiotics (Figure 6-5). In contrast, BPG-3, 

BPG-4, BPG-5 and the ungrouped lineages showed evidence of AMR acquisition locally and 

patterns of importation including both interstate and international travel (Chapter 5). Three urban 

WA BAPS groups, BPG-3, BPG-4 and BPG-5, contained azithromycin resistant isolates. The internal 

population structures of BPG-3 and BPG-4 supported a model for the introduction of a clonal and 

local expansion in urban health settings (Figure 6-3). BPG-5 was comprised of isolates collected in 

2017 from the urban health setting suggesting a recent introduction of either national or 

international N. gonorrhoeae strains into urban WA (Thesis Chapter 5).  

PubMLST ID Isolate MLST ST

52754 Ng23-78 7363
52755 Ng21-17 7363
52756 Ng22-19 12040
52758 Ng34-63 7363
52760 Ng39-60 12045
52761 Ng41-41 12906
52763 Ng42-42 12040
52764 Ng47-54 12040
52765 Ng50-32 12040
52766 Ng51-55 12040
52767 Ng51-59 12040
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Figure 6-5: Core genome Maximum likelihood phylogeny of 196 N. gonorrhoeae isolates 
collected from 2011-2017 showing antibiotic profiles.  

penicillin (Pen), ceftriaxone (Cef), ciprofloxacin (Cip) and azithromycin (Azi). (S) susceptible, (PHS) penicillin highly-
susceptible, (DS) decreased susceptibility, (PLS) penicillin less susceptible, (PPNG) penicillinase producing N. 
gonorrhoeae, (R) resistant, (CMRP) chromosomally mediated resistance to penicillin. Refer to Table 6-1 for MIC values. 
The phylogeny was generated with 100 bootstrapped replicates based on cgMLST SNP 

 

 

While all the BPG-3 isolates from 2011-2013 dataset were susceptible to azithromycin, all BPG-3 

isolates collected in 2017 were AziR (n=5). BPG-3A consisted of isolates collected in 2013 and were 

PPNG/AziS, suggesting that this group could have been an ancestral population from which BPG-

3B has evolved and acquired AziR. Three isolates (ExNg685, ExNg716 and ExNg717) were obtained 

from a remote region in WA and clustered with the PPNG/AziR isolates from Queensland 

suggesting that there may be a common travel and community history for these isolates. All AziR 

strains in BPG-3 contained the 23S rRNA C2611T mutation that confers resistance to azithromycin 
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(Figure 6-6). Similarly, BPG-4 subgroups BPG-4A and -4B had a common history. BPG-4B isolates 

were PHS/AziS, genetically diverse and were isolated in urban areas prior to 2017. BPG-4A isolates 

were collected in urban health settings in 2017, were clonal and had acquired AziR. The observation 

that all isolates BPG-4B carried wildtype 23S rRNA copies and that isolates of BPG-4A showing 

varying frequencies of C2611T mutated 23S rRNA copies (0 to 4 mutated copies) supports the 

development of azithromycin resistance in BPG-4A (Figure 6-6).  

BPG-5 was the most genetically diverse group consisting of 21 isolates collected in 2017 from urban 

health settings. All isolates showed mutations in mtrR associated with azithromycin resistance, 

either the A39T substitution (81%, n=17/21) or the meningococcal mtrR allele (19%, 4/21). 48% 

(n=10/21) of BPG-5 isolates had varying levels of azithromycin reduced susceptibility/resistance 

phenotypes (MIC 0.5-16 mg/L) of which 4 isolates displayed C2611T mutation in 23S rRNA copies 

(Figure 6-6).  

The fraction of C2611T mutated 23S rRNA copies were obtained by analysing the pileup files of WGS 

raw reads using SRST2 command-line tool (Inouye et al., 2014). The portion of C2611T mutated 23S 

rRNA copies correlated with the azithromycin MICs obtained. Isolates with azithromycin MICs (4 

and 16 mg/L) have all 23S rRNA copies mutated. Isolates with azithromycin MICs (1-2 mg/L) have 3 

of 4 of 23S rRNA copies mutated and isolate with MICs lower than or equal to 0.5 mg/L has less 

than three copies mutated. 




