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Resistance–Associated 16S rRNA 
Mutations in Treponema pallidum 

Subspecies pallidum 
Appendix 

This study analyzed 784 T. pallidum subsp. pallidum (TPA) genomes, comprising 

previously published global genomes from NCBI and SRA (n = 767), along with 17 newly 

sequenced Canadian genomes generated in this study. The following sections provide 

methodological approaches. 

Sample Source, Sequencing, and Consensus Building 

Clinical swab samples from across Canada were submitted to the National Microbiology 

Laboratory (NML) in Winnipeg, Manitoba for confirmatory TPA PCR testing by provincial 

public health agencies. These submissions represent routine clinical diagnostic requests rather 

than targeted sampling. The samples were screened for TPA DNA quantity, and those with polA 

gene concentrations >1,000 copies/µl were selected for sequencing to ensure adequate genome 

recovery and high-confidence variant calling. Table 1 presents 17 Canadian TPA genomes 

included samples collected between 2016 and 2024 from Canadian provinces: Manitoba, 

Saskatchewan, British Columbia, Quebec, and Nova Scotia. Eight of the seventeen Canadian 

genomes were sampled in Saskatchewan in 2024 during a province-wide syphilis outbreak in the 

Prairies. These cases were geographically dispersed across Saskatchewan. Although this 

distribution likely suggests multiple independent transmission events, detailed sexual contact 

tracing information is not available. 
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Sample extraction was performed using a QIAamp DNA Mini Kit, as per the 

manufacturer’s instructions (Qiagen, USA). One round of hybridization was then performed 

using TPA enrichment baits designed with the SureSelect protocol by Agilent (Agilent 

Technologies Canada, Inc., Mississauga, Ontario) (1). The samples then underwent Miseq 

sequencing, resulting in 300bp paired-end reads. The raw sequencing libraries quality controlled 

with fastp and filtered for reads originating from the Treponema genus using Kraken 2 (2,3). The 

filtered Treponema reads were mapped against the Nichols lineage (GCF_000410535) with 

BWA-MEM (H. Li, unpub. data, http://arxiv.org/abs/1303.3997). BCFtools was used to create 

consensus sequences from the mapped reads (4). 

De novo Assembly of Public Library Sequences 

827 raw sequencing libraries from two previously published papers were obtained from 

the Short Read Archives (SRA; 4,5). These reads were similarly quality controlled with fastp and 

filtered using Kraken 2 (2,3). Following this, reads classified as originating from the Treponema 

genus were obtained used to create genome assemblies with Shovill (6). Assembly quality 

control was performed using both CheckM and Quast (7,8). Assemblies were excluded from the 

analysis if they contained > 1% contamination, < 90% marker gene completeness, or were not 

within 100kbp of the mean genome length of T. pallidum. Ten additional genomes were removed 

based on their phylogenetic positioning, likely due to genome mis-assembly. This led to a final 

count of 279 T. pallidum subsp. pallidum, three T. pallidum subsp. pertenue, and one T. pallidum 

subsp. endemicum genomes. 

PopPUNK Lineages 

Genomic lineages were called using a pre-existing POPulation Partioning Using 

Nucleotide Kmers (PopPUNK) database (9,10). This database was created using 827 T. pallidum 

genomes (544 assembled genomes from NCBI and 283 de novo assembled from previous 

papers) (5,6), across the three subspecies (784 TPA, 34 T. pallidum subsp. pertenue, and 9 T. 

pallidum subsp. endemicum). To minimize the effects of hypervariable regions on the clustering, 

the tpr gene family, along with arp, and tp0470 were hard-masked (12). The T. pallidum 

PopPUNK database was created using a two-step process. The first was to create genomic 
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sketches of the 544 genomes from NCBI to serve as the initial groundwork for the database. 

During quality control, the SS14 lineage (GCF_000017825) was selected as the reference isolate, 

leading to the removal of 347 genomes. The remaining strains were then used to calculate nearest 

neighbor clusters using the PopPUNK lineage model. Following this, the 283 de novo assembled 

genomes as well as the 347 failed NCBI sequences were added to the PopPUNK database. T. 

pallidum lineages were defined using results from Rank 5 (i.e. clusters created using the five 

nearest neighbors of a strain). The Canadian strains not initially included in the PopPUNK 

database were typed during this study. 

Confirming the lineages of the two Nichols strains 

Upon the identification of two Nichols (CDN15 and CDN9) strains using the T. pallidum 

PopPUNK database (13), further confirmatory tests were performed. The first of these tests was 

to confirm the PopPUNK identification using a previously published three loci MLST (14). The 

three loci MLST confirmed that CDN15 was a member of the Nichols lineage (ST = 26, allele 

profile = 9.7.3). CDN9 failed during typing as the TP0705 could not be identified, however, it 

shares the same first two alleles as CDN15, albeit with two SNPs in TP0548 (allele 

profile = 9.7*.X). 

The next step was to determine whether CDN15 and CDN9 were classified as Nichols 

due to an increased fraction of ambiguous nucleotides in the consensus genomes. This was not 

the case as both Nichols strains consisted of ≤ 1% Ns in their genomes (Appendix Figure 1). 

The classification was finally confirmed using both a k-mer based dendrogram and a 

recombination masked core SNP phylogeny. Prior to both clustering and making the core SNP 

phylogeny, the tpr gene family, along with arp (tp0433), and tp0470 were hard-masked to 

minimize the impact of these hypervariable regions (12). This was done by using coding 

sequences from EMBL-EBI and using BlastN (15) to identify their locations in the Canadian 

consensus sequences. BEDtools (16) was then used to mask the top blast hit for each gene in the 

genomes. 

A subset of TPA genomes from GenBank from a previous publication (10) were chosen 

to act as the background when classifying the Canadian consensus genomes. The k-mer 
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dendrogram was created using Mashtree (17) with the genome size set to 1.2 Mbp. The resulting 

dendrogram was mid-point rooted. 

A core SNP maximum likelihood (ML) phylogeny was constructed following previously 

published methods (18), using the TPA SS14 reference genome, GCF_000017825. In brief, a 

core SNP alignment was created using Snippy with additional recombination masking performed 

using Gubbins v3.3.5 (19,20). The resulting alignment was then filtered to retain only canonical 

nucleotides using SNP-sites (21). A ML phylogeny was then reconstructed with IQ-TREE 2 (22) 

with 1000 ultrafast bootstrap replicates. The best-fitting nucleotide substitution model was 

selected using ModelFinder (23) with an ascertainment bias correction. 

The resulting dendrogram and core SNP phylogeny both firmly placed CDN15 and 

CDN9 within the Nichols lineage (Appendix Figures 2, 3, and 4). 

16S and 23S rRNA Variant Calling 

The 17 Canadian consensus genomes and 784 TPA genomes from the PopPUNK 

database were fragmented into 250 bp reads along a 5 bp sliding window using SeqKit and 

mapped against the Nichols 16S rRNA reference (NC_010741.1:231287 – 232831) using BWA-

MEM (24; H. Li, unpub. data, http://arxiv.org/abs/1303.3997). Reads with a minimum mapping 

quality score of 30 were retained and deduplicated using SAMtools (4). Variant calling was 

performed using BCFtools (4), assuming diploidy due to the presence of two 16S and 23S rRNA 

genes in T. pallidum. The resulting VCF files were filtered for variants with a minimum quality 

score of 100 and were then subsequently normalized and merged into a single file. 
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Appendix Figure 1. Number of ambiguous nucleotides in the Canadian consensus genomes. 
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Appendix Figure 2. K-mer distance heatmap of the Canadian T. pallidum consensus sequences and 

GenBank T. pallidum subsp. pallidum genomes. Distances were calculated using MashTree (17). Labels 

indicate Canadian genomes. 
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Appendix Figure 3. K-mer dendrogram of Treponema pallidum subsp. pallidum. A k-mer based 

dendrogram created using Mashtree (17) showing the relative similarities of the 17 Canadian genomes 

within TPA. 

 

 

Appendix Figure 4. Core SNP phylogenetic tree of Treponema pallidum subsp. pallidum. A core SNP 

phylogenetic tree of TPA. 
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