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Two Treponema pallidum strains account for the majority of syphilis infections, including among females, in Queensland, Australia 
Emma L Sweeney, Kym Lowry, Mandy Seel, Frashta Rahimi, Julian Langton-Lockton, Cheryl Bletchly, Graeme R Nimmo and David M Whiley 
Abstract 
An ongoing outbreak of syphilis in Australia, first reported in the state of Queensland in 2011, has led to increasing cases of congenital syphilis, including several deaths. Here, we applied multi-locus sequence typing (MLST) on available Treponema pallidum PCR-positive samples from the state of Queensland from the beginning of the outbreak to July 2020. In total, 393 samples from 337 males and 56 females were genotyped. Of 36 different Treponema pallidum sequence types (ST) observed, the two most common STs, ST 1 (also reported to be a dominant strain in various other countries) and ST 100 (the latter differing from ST 1 by only one single nucleotide polymorphism (SNP) based on the MLST scheme), together comprised 69% (271/393) of all samples, including the majority of samples in females (79%; 44/56). ST 1 was prevalent throughout the entire study period. Both strains remained the most common STs during the year 2020 where social distancing and other measures were implemented due to the COVID-19 pandemic. Both STs had high male-to-female ratios and included male rectal infections, therefore suggestive of occurrence primarily among men-who-have-sex-with-men (MSM). Hence, bridging from MSM to heterosexual networks may potentially contribute to infections among females, but further studies are needed to confirm this. Overall, there was considerable diversity of Treponema pallidum genotypes observed throughout the study period, but the fact that two key strains accounted for the majority of infections, including among females, stresses the need for further investigations into the transmission of these strains, and potentially a need for targeted public health interventions to better control the spread of syphilis in Queensland. 
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Introduction 
Treponema pallidum subspecies pallidum is the bacterial agent responsible for syphilis. In Australia, there has been a syphilis outbreak affecting Aboriginal and Torres Strait Islander people, which originated in rural Queensland in 2011 and subsequently spread to other jurisdictions,1 including the Northern Territory, Western Australia and South Australia, with notification rates of syphilis increasing 135% between 2013 and 2017.2 Also of concern are the increasing cases of congenital syphilis, which disproportionately affect Indigenous Australians in Queensland where there have been 33 cases of confirmed congenital syphilis locally, with 12 deaths reported as a consequence of this sexually-transmitted infection.1,3 Due to the widespread nature and severity of this disease in Australia, a number of public health measures and awareness campaigns have been established; however, the outbreak continues to evolve. Overall, notification rates have continued to rise, partly fuelled by a change in the epidemiology of syphilis infection, as denoted by a rise in syphilis infections in urban, non-Indigenous people. Initially this was observed in men-who-have-sex-with-men (MSM); however, in the last two years there has been a sustained increase in the number of women with infectious syphilis and an associated re-emergence of congenital syphilis in urban, non-Indigenous Australian-born women.1 The relationship, if any, between syphilis infections in these populations is currently unknown. 
Molecular typing is a valuable tool that has been used for a variety of bacterial pathogens, and can be used to explore transmission dynamics. A multi-locus sequence typing (MLST) scheme and associated public database was recently established for syphilis,4 and has since been used to understand the diversity of syphilis strains in various locations across Europe, North America, Asia and South America, and more recently in France, Switzerland, the Czech Republic and Cuba.4–7 These studies have highlighted that the genetic diversity was surprisingly high, suggesting these molecular typing tools may be useful in analysis of community transmission and sexual networks in syphilis infections; as yet, this MLST scheme has not been utilised in Australia. 
Here we sought to better understand the transmission of syphilis strains in Queensland, Australia, in the context of the ongoing syphilis outbreak in Queensland, as well as assessing any potential impacts of strong public health measures that were put in place due to COVID-19. We performed MLST studies on available syphilis samples, obtained from Pathology Queensland, dating from the beginning of the Queensland outbreak until July 2020, and mapped individual syphilis cases geographically and temporally. 
Methods 
Sample bank 
A total of 570 syphilis polymerase chain reaction (PCR) positive samples from the last decade were included in this study: 2011 (n = 82); 2012 (n = 4); 2016 (n = 1); 2017 (n = 65); and from 2018 to July 2020 (n = 418). All samples tested positive for syphilis by routine diagnostic real-time PCR assays targeting the Treponema pallidum species specific TP47 gene.8 The study was approved by the Children’s Health Queensland Human Research Ethics Committee (HREC/12/QRCH/69) and all methods were performed in accordance with the relevant guidelines/approvals. Informed consent from patients was not required (as per the ethics approval) as these samples were already being submitted for routine diagnostic testing and there was no known or likely reason for thinking that patients would not consent to the samples’ involvement in research, particularly since it carries no more than low risk to participants. Available patient information as per HREC approval included gender, age group (note that as per our HREC approval, precise age was available for persons < 18 years of age and all such ages were rounded to ‘< 18 years’), specimen site, date of sample collection and region of Queensland. Owing to Queensland’s large land mass and decentralised population, we divided the state into distinct regions for the purposes of assessing transmission dynamics; South-East Queensland (SEQ, which includes the cities of Brisbane [the capital of Queensland] and the Gold Coast) and Northern Queensland (NQ, including the cities of Townsville and Cairns, as well as surrounding rural and remote communities). 
MLST typing 
PCR and Sanger sequencing of the TP0136, TP0548 and TP0705 loci was performed as per the MLST scheme proposed by Grillova et al.5 Cleaned and trimmed sequences of each of the target genes were compared to those available within the PubMLST database for T. pallidum subspecies pallidum. Novel sequence types were formally submitted to the database and new sequence type numbers assigned. 
Antimicrobial resistance screening 
T. pallidum macrolide resistance was determined using previously-published PCR primers,9 followed by Sanger sequencing to identify the single nucleotide polymorphisms (SNPs) in the 23S rRNA gene which are known to confer high-level resistance to macrolides. We also screened representative samples from each unique sequence type for the presence of putative markers of tetracycline resistance in the 16S rRNA gene using previously-published PCR primers,10 noting that these markers have been identified in other species but as yet there is limited data associating these mutations with resistance in T. pallidum. 
Phylogenetic analysis 
Sequences were imported, concatenated and aligned using Geneious Prime software (version 2020.0.3). Maximum likelihood (PhyML) trees were generated using the PhyML plugin within Geneious, with default settings, using the Tamura Nei model. Trees were visualised and annotated using the interactive Tree of Life (iTOL). 
Prevalence and transmission of syphilis genotypes over time were graphed using RStudio (Version 4.0.2). 
Results 
A total of 570 samples were genotyped as part of this study. Of these, 139 had incomplete genotyping results, predominantly as a result of low-load syphilis infections, and were removed from further analyses. An additional seven samples were removed from the dataset as they were suspected to be to other T. pallidum subspecies, based on a combination of PubMLST database information and subsequent BLAST searches of the genotyping targets. Of the remaining samples, 31 samples were found to be additional subsequent specimens from patients already included in the dataset and were removed, leaving only a single sample from each patient. Based on this, a final dataset of 393 samples were analysed. 
Patient population 
The majority of the 393 genotyped samples were from young people between the ages of 21–40 years (Appendix A, Table A.1) and were predominantly males (n = 337; 85.5%), with only 56 females in the dataset (Appendix A, Table A.2). The study included a variety of sample types, most commonly genital/labial samples from females and oropharyngeal/penile samples from males (Table A.2). Of the samples, 182 (46.3%) samples were isolated from patients residing in SEQ, while 74 (18.8%) were from NQ and a further 137 (34.9%) samples were from unspecified regions within Queensland. 
MLST typing 
Of the 393 patient samples in our dataset with complete MLST typing results, we identified a total of 36 different sequence types (Figure 1; Table 1; Appendix A, Figure A.1). Of the 36 STs observed in this study, 23 were novel and one sample harboured a mixture of ST 1 and novel ST 100. The majority of STs (n = 28; 78%) belonged to the SS-14-like clonal complex; the remaining eight STs (22%) belonged to the Nichols-like clonal complex (Table 1). Of the 36 STs, 15 were present in two or more patients, whereas 21 were singletons (only observed in one patient). The top eight STs (ST 1; 100; 3; 26; 11; 2; 6; 103) comprised 89% of all samples. These mainly included males, with the proportions of females for each of these top eight STs ranging from 0% (0/10) to 19.8% (35/177). Two STs comprised 79% (44/56) of all samples from females; ST 1 (n = 35 females) and the closely-related ST 100 (n = 9 females). These trends held for both remote and urban areas (for samples where region was known), with these two strains comprising 86% (25/29) and 50% (6/12) of samples from females in NQ and SEQ areas, respectively. By using rectal samples from males as a proxy for MSM status (n = 31 in the dataset), we identified that several of the most common syphilis STs (ST 1; 100; 3, 26; 11; 6; 27) were present among both MSM and females, suggesting bridging of sexual networks (Figure 2; green dots). A comparison of the STs identified here with those already on the PubMLST database are presented in Figure A.1; in brief, 11 previously-identified STs were identified within our Queensland dataset. 
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Table 1. Sequence types among the 393 fully typed T. pallidum subsp. pallidum samples
	Sequence type
	Allelic types
	Clonal complex
	Samples N = 393
	Macrolide resistance mutations (%)

	
	TP0136
	TP0548
	TP0705
	
	(Male/Female)
	No mutation
	A2058G
	A2059G

	1
	1
	3
	1
	SS14-like
	177 (142/35)
	1 (0.6%)
	176 (99.4%)
	0 (0%)

	100
	1
	70
	1
	SS14-like
	94 (85/9)
	0 (0%)
	94 (100%)
	0 (0%)

	3
	1
	1
	8
	SS14-like
	18 (16/2)
	1 (6%)
	17 (94%)
	0 (0%)

	26
	9
	7
	3
	Nichols-like
	18 (17/1)
	0 (0%)
	18 (100%)
	0 (0%)

	11
	1
	1
	3
	SS14-like
	14 (13/1)
	8 (57%)
	0 (0%)
	6 (43%)

	2
	1
	1
	1
	SS14-like
	11 (9/2)
	3 (27%)
	8 (73%)
	0 (0%)

	6
	3
	2
	3
	Nichols-like
	10 (10/0)
	0 (0%)
	10 (100%)
	0 (0%)

	103
	1
	32
	9
	SS14-like
	9 (9/0)
	0 (0%)
	9 (100%)
	0 (0%)

	27
	1
	1
	9
	SS14-like
	5 (5/0)
	0 (0%)
	5 (100%)
	0 (0%)

	101
	1
	79
	1
	SS14-like
	3 (3/0)
	0 (0%)
	3 (100%)
	0 (0%)

	108
	19
	70
	1
	Nichols-like
	3 (3/0)
	0 (0%)
	3 (100%)
	0 (0%)

	92
	35
	70
	1
	SS14-like
	3 (1/2)
	0 (0%)
	3 (100%)
	0 (0%)

	94
	6
	70
	1
	SS14-like
	3 (3/0)
	0 (0%)
	3 (100%)
	0 (0%)

	50
	1
	32
	1
	SS14-like
	2 (1/1)
	0 (0%)
	2 (100%)
	0 (0%)

	109
	9
	16
	3
	Nichols-like
	2 (2/0)
	0 (0%)
	2 (100%)
	0 (0%)

	8
	1
	5
	1
	SS14-like
	1 (0/1)
	0 (0%)
	1 (100%)
	0 (0%)

	13
	6
	3
	1
	SS14-like
	1 (1/0)
	0 (0%)
	1 (100%)
	0 (0%)

	67
	1
	48
	10
	SS14-like
	1 (1/0)
	1 (100%)
	0 (0%)
	0 (0%)

	75
	1
	55
	1
	SS14-like
	1 (1/0)
	0 (0%)
	1 (100%)
	0 (0%)

	1 & 70 mix
	1
	3 + 70 mix
	1
	SS14-like
	1 (1/0)
	0 (0%)
	1 (100%)
	0 (0%)

	93
	1
	78
	1
	SS14-like
	1 (1/0)
	0 (0%)
	1 (100%)
	0 (0%)

	95
	1
	1
	19
	SS14-like
	1 (0/1)
	0 (0%)
	1 (100%)
	0 (0%)

	96
	1
	1
	18
	SS14-like
	1 (1/0)
	0 (0%)
	1 (100%)
	0 (0%)

	97
	1
	71
	1
	SS14-like
	1 (1/0)
	0 (0%)
	1 (100%)
	0 (0%)

	98
	1
	74
	8
	SS14-like
	1 (1/0)
	0 (0%)
	1 (100%)
	0 (0%)

	99
	1
	76
	1
	SS14-like
	1 (1/0)
	0 (0%)
	1 (100%)
	0 (0%)

	102
	1
	32
	8
	SS14-like
	1 (1/0)
	0 (0%)
	1 (100%)
	0 (0%)

	114
	1
	73
	9
	SS14-like
	1 (1/0)
	1 (100%)
	0 (0%)
	0 (0%)

	104
	34
	1
	3
	SS14-like
	1 (1/0)
	0 (0%)
	0 (0%)
	1 (100%)

	105
	32
	3
	1
	SS14-like
	1 (0/1)
	0 (0%)
	1 (100%)
	0 (0%)

	106
	39
	70
	1
	SS14-like
	1 (1/0)
	0 (0%)
	1 (100%)
	0 (0%)

	107
	40
	70
	1
	SS14-like
	1 (1/0)
	0 (0%)
	1 (100%)
	0 (0%)

	110
	9
	3
	1
	Nichols-like
	1 (1/0)
	1 (100%)
	0 (0%)
	0 (0%)

	111
	9
	3
	3
	Nichols-like
	1 (1/0)
	0 (0%)
	1 (100%)
	0 (0%)

	112
	23
	7
	3
	Nichols-like
	1 (1/0)
	0 (0%)
	1 (100%)
	0 (0%)

	113
	31
	7
	3
	Nichols-like
	1 (1/0)
	0 (0%)
	1 (100%)
	0 (0%)




Figure 1: Prevalence of syphilis sequence types (STs) over time within the study for all 393 samples included in the final dataset
[image: Stacked bar chart represents the percentage prevalence of each syphilis sequence type (ST) according to year of isolation. In particular, of the two main STs identified within the study, ST1 was the dominant strain in the first year of the Queensland syphilis outbreak, which went on to be displaced by ST100, which is a single SNP different to that of ST1, and this has now become the dominant syphilis ST in Queensland between 2018 and 2020. The prevalence of most other syphilis STs was either not sustained in the local population, or the prevalence did not significantly alter during the study period. ]

Temporal analysis of syphilis STs in Queensland 
Figure 1 shows all 393 samples and associated STs by year. ST 1 was the single most common sequence type (n = 177/393; 45%). Notably, ST 1 accounted for 80% (33/41) of syphilis STs at the beginning of the Queensland syphilis outbreak in 2011, and remained common among circulating strains in subsequent years (2012–2020; mean prevalence 41%; 144/352) (Figure 2). Of further interest, the novel ST 100, which was highly similar to ST1 (one SNP difference in TP0548 allele), first appeared in samples in 2017 (n = 12/56; 21% of all STs) and appeared to displace ST 1 as the dominant ST in Queensland from 2018 to 2020 (mean prevalence 28%; 82/291). While the most stringent social distancing measures associated with the pandemic occurred in March 2020 when the Queensland border was closed to all international and interstate visitors, we still observed sustained transmission of major syphilis STs, as well as several singleton syphilis STs (Figure 2; Appendix A, Figures A.2 and A.3). 
Antimicrobial resistance in syphilis 
Macrolide resistance was prevalent among syphilis strains across the state, with 377/393 samples (96%) harbouring mutations associated with resistance. Of the top eight STs, 338/351 samples (94%) belonging to these STs had macrolide resistance mutations (Table 1), including STs 1 and 100. The most common macrolide resistance mutation was the A2058G mutation, which was harboured by the majority of syphilis samples within our study (370/393; 94%). The A2059G macrolide resistance mutation was observed in only seven samples in our dataset, and seemed to be linked to ST 11 and novel ST 104, which is 1 SNP different to ST 1.1.3. Only 16 samples within the dataset had no identifiable mutations associated with macrolide resistance (macrolide susceptibility denoted on Figure 2 by the letter “S” and in Figure A.2). The 16S rRNA gene did not indicate tetracycline resistance in any strain; all sequenced samples harboured the A965T mutation but no additional mutations (G966T, A967C or G1058C) that are otherwise associated with elevated minimum inhibitory concentrations (MICs) to tetracyclines. 
Figure 2. Syphilis sequence types (STs) plotted by date of collection for 393 samples in our dataseta
[image: Syphilis sequence types (STs) plotted by date of collection for 393 samples in our dataset. Each dot represents an individual patient sample and is plotted according to the date of sample collection. Dots have been coloured according to gender, using male rectal samples as a proxy for MSM status, where samples were found to be susceptible to macrolide antibiotics, these samples are denoted by an “S”.]
a	Each dot represents an individual patient sample and is plotted according to the date of sample collection. Dots have been coloured according to gender, using male rectal samples as a proxy for MSM status, where samples were found to be susceptible to macrolide antibiotics, these samples are denoted by an ‘S’.

Discussion 
Here, we used the PubMLST typing scheme to better understand the spread of syphilis within the Australian state of Queensland and its geographically distinct populations. We found that two T. pallidum subspecies pallidum sequence types, ST 1 and ST 100—closely related (on the basis of only a single SNP difference in the TP0548 allele)—together accounted for the majority of syphilis cases (69%; 271/393) in Queensland, one of which (ST 1) was present at the start of the syphilis outbreak in 2011. Previous studies have reported ST 1 to be, for example, the predominant sequence type in samples originating from Europe, North America, Asia and South America.4 Subsequent studies have further confirmed that ST 1 is the most common syphilis sequence type in France, Switzerland,5 the Czech Republic,11 and Cuba.6 This could indicate that the outbreak within Queensland was perhaps driven via importation and expansion of an internationally successful macrolide-resistant ST 1 strain, followed by its displacement and the expansion of ST 100, which is only a single SNP different to ST 1, based on the PubMLST typing scheme. 
For females, we observed that ST 1 and ST 100 again comprised the majority of samples in both remote and urban settings. However, based on male to female ratios, and also male rectal samples, our data suggest these STs are primarily among MSM populations, and may further suggest that bridging of syphilis strains between MSM and heterosexuals may potentially contribute to infections among females. The concept of bridging of sexually-transmitted infections has been previously described for syphilis in MSM in the USA,12 while in China, syphilis rates among MSM who also engage in bisexual behaviour are reportedly high.13 Within Australia, bridging of gonorrhoea strains/lineages has been reported between MSM and heterosexual communities in the state of Victoria,14 but further studies are needed to substantiate this. 
Macrolide resistance rates were high in samples within our study, and are higher than those previously reported by Read et al. who found that 83% of syphilis samples in Sydney, Australia, harboured the A2058G mutation associated with macrolide resistance, and who suggested that the presence of macrolide susceptible strains were importations from overseas.15 Of note was that our study also comprised samples when social distancing protocols were put in place to reduce the spread of COVID-19; however, we observed that these interventions clearly had limited impact upon syphilis notification rates. Given this, specific and targeted public health interventions are clearly warranted to reduce the spread of syphilis in Queensland and elsewhere in Australia. 
Of further interest, we identified a small number of samples which were suspected to be misclassified T. pallidum subspecies pallidum samples. While the number of misclassified samples was extremely low within our study (approximately 1% of all samples screened), the allelic profiles for these samples were easily distinguishable as they were remarkably different to the sequences available in the PubMLST scheme, and further BLAST searches pointed to the fact that these samples belonged to either non-venereal T. pallidum subspecies endemicum or pertenue. While the TP0574 (TP47) and TP0105 (polA) targets remain the most widely used for molecular diagnosis of syphilis,16–18 our results act as a timely reminder that, due to highly-conserved sequences among T. pallidum subspecies, these tests can also detect non-venereal Treponema species and thus caution may be required in the interpretation and clinical context of the patient symptoms in order to make the correct diagnosis. 
There are some limitations of this study. Firstly, we were reliant on nucleic acid samples for testing. The majority of samples collected for diagnosis of syphilis include rapid plasma reagin (RPR)/serology testing, and additional samples such as these were not available. The samples used for this study relied heavily on convenience banks, which also meant that they were not sufficiently representative, potentially including the relative numbers of males and females in the study, and particularly between 2012 and 2017 in terms of sequences types; for this period we only obtained a single sample for analysis, and there may be other syphilis sequence types that were not able to be captured or reported within this study. Secondly, the sample dataset appeared to contain higher numbers of samples from South East Queensland, and we had a high number of samples that were reported to be from unspecified regions in Queensland. Similarly, whole genome sequencing analyses are required to better assess the utility of the PubMLST scheme in our dataset, as it is likely that targeting only a small number of gene loci may lead to some errors in strain groupings; therefore, additional studies are required to provide further local context and resolution for transmission/sexual network analyses. 
Overall, this study provides novel insight into the geographical and temporal spread of syphilis sequence types in Queensland, Australia. The fact that two key strains accounted for the majority of infections, including among females, stresses the need for further studies to inform targeted public health interventions against chains of transmission, in order to better control the spread of syphilis in Queensland.
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Appendix A
Figure A.1: Phylogenetic tree showing all alleles available in the PubMLST database, including all previously identified and novel sequence types isolated within our study of syphilis samples in Queensland, Australia
[image: phylogenetic tree showing the relatedness of each syphilis sequence type identified as part of our study. Yellow and red boxes denote whether the syphilis sequence type belongs to the Nichols or SS-14 clonal complex. Open circles denote this sequence type was not identified within the study in that year, while shaded circles indicate that this particular sequence type was identified in samples obtained during that year of the study period.     ]
Figure A.2: Syphilis sequence types (STs) plotted by date of collection for 393 samples,a and coloured according to regionb
[image: Syphilis sequence types (STs) plotted according to the date of sample collection for n = 393 samples. Each dot represents an individual patient sample, and is coloured according to the region in Queensland, Australia. Purple dots include samples originating from South East Queensland (including the capital of Queensland, Brisbane), orange dots represent samples originating from Northern Queensland (including Cairns and Townsville), while grey dots represents samples collection in otherwise unspecified regions of Queensland. ]
a	Each dot represents an individual patient sample. 
b	NQ: Northern Queensland; OR: Other region in Queensland not specified; SEQ: South East Queensland; S = macrolide susceptibility.


Figure A.3: Syphilis sequence types (STs) present in the months leading up to the implementation of COVID-19 social distancing rules (from November 2019), through to July 2020a,b
[image: Syphilis sequence types (STs) present in the months immediately prior to the implementation of COVID-19 social distancing measures (from November 2019), through to the end of the study period (July 2020). Each dot represents an individual patient sample, while the solid red line denotes the date implementation for enhanced social distancing measures in Queensland, Australia. ]
a	Each dot represents an individual patient sample and is plotted according to the date of sample collection. 
b	The red line coincides with the approximate timing of the Queensland COVID-19 ‘lockdown’, highlighting the timing of enhanced social distancing measures, which included border lockdown to other states of Australia.


Table A.1: Age range of patient samples included in the study
	Age range (years)
	Number of patients (%), n = 392a

	< 18
	16 (4.1%)

	19–20
	17 (4.3%)

	21–25
	71 (18.1%)

	26–30
	58 (14.8%)

	31–35
	70 (17.9%)

	36–40
	52 (13.3%)

	41–45
	27 (6.9%)

	45–50
	27 (6.9%)

	51–55
	23 (5.9%)

	56–60
	15 (3.8%)

	61–65
	8 (2.0%)

	> 65
	8 (2.0%)


a	Age range for one patient sample in the dataset was not available; n = 392 patients with available age ranges are shown.
Table A.2: Gender and specimen type for all samples
	Gender
	Specimen type (number of samples)

	Female (n = 56)
	Specimen not specified (11)
Anal/rectal (1)
Back lesion (1)
Buttocks (1)
Cervix (1)
Foot (1)
Genital (15)
Labia (12)
Lesion not specified (3)
Vulva (3)
Lip/oral/throat (2)
Perianal (1)
Pharynx (2)
Skin biopsy (1)
Tongue (1)

	Male (n = 337)
	Specimen not specified (51)
Anal/rectal (31)
Foot (1)
Genital (7)
Glans (11)
Lesion not specified (5)
Lip/oral/throat (45)
Liver (1)
Penile/scrotum (180)
Perineum (4)
Thigh lesion (1)
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